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A B S T R A C T
Measurements of H2 at the high-altitude site of Jungfraujoch, Switzerland are reported upon for the period of August,
2005–November, 2009. The time series consists of measurements that are primarily representative of free tropospheric
background conditions. Highest background H2 mixing ratios were observed in May, while the lowest were observed
in November. The mean seasonal H2 peak-to-trough amplitude of 21 parts per billion (ppb, 10−9 dry air mixing ratio)
at Jungfraujoch was considerably less than at other stations at similar latitudes and the seasonal minimum in November
was comparatively delayed. These differences are primarily attributed to a dampening and delay of the surface soil
sink signal during its vertical propagation to the free troposphere. Excess (mixing ratio minus corresponding baseline
value) H2 (�H2) and excess CO (�CO) displayed no significant correlation. This lacking correlation is attributed to
H2 removal by soil during transport to Jungfraujoch, thereby significantly altering the �H2/�CO ratio from traffic
combustion sources, which is the largest source of anthropogenic H2 influencing measurements at Jungfraujoch.

1. Introduction

Atmospheric molecular hydrogen (H2) has received increased
attention recently due to its potential as a sustainable energy
carrier and fuel source for transportation, along with the possi-
ble environmental consequences that may accompany its large-
scale adoption. An increase in tropospheric H2 could lead to
a reduction of the atmosphere’s oxidizing capacity, primarily
through the reduction of hydroxyl radicals (OH), which would
consequently increase the lifetime of methane (CH4) in the at-
mosphere (H2 and CH4 similarly compete for the oxidizing
OH radical), thereby increasing the radiative forcing of CH4

(Schultz et al., 2003). In addition, an increase in the atmospheric
H2 burden could favour the production of tropospheric ozone
(O3) due to changes in tropospheric OH radical concentrations
(Hauglustaine and Ehhalt, 2002). Derwent et al. (2006) found
that through these interactions, H2 can be considered an indirect
greenhouse gas with an indirect global warming potential of 5.8
over a 100-yr time horizon, which is low compared with most
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other radiatively active trace gases. An increase in atmospheric
H2 has also been implicated in the impact on stratospheric chem-
istry. For example, an increase in stratospheric H2 could lead to
rising water vapour (H2O) mixing ratios in the stratosphere, with
the ultimate result of enhanced O3 destruction (Tromp et al.,
2003), although the extent to which this O3 destruction may oc-
cur has been the subject of debate (Schultz et al., 2003; Warwick
et al., 2004).

H2 has a globally averaged tropospheric mixing ratio of ap-
proximately 530 parts per billion (ppb, 10−9 dry air; Novelli
et al., 1999). In recent years, many studies have provided es-
timates for the source and sink terms in the global H2 budget
(Novelli et al., 1999; Hauglustaine and Ehhalt, 2002; Sanderson
et al., 2003; Rhee et al., 2006; Price et al., 2007; Xiao et al.,
2007; Ehhalt and Rohrer, 2009). We provide a range of source
and sink estimates based on the above literature. Most terms
are subject to considerable uncertainty, which is reflected by
the large ranges. The overall source strength has been reported
at 70–107 Tg a−1. From this overall source term, 15–26 Tg
a−1 originate from CH4 oxidation, 10–18 Tg a−1 from the ox-
idation of non-methane hydrocarbons (NMHC), 11–20 Tg a−1

from fossil-fuels, 10–20 Tg a−1 from biomass burning, and 0–
6 Tg a−1 for each of oceanic and terrestrial nitrogen (N2) fixa-
tion processes. Microbial and enzymatic processes in soil rep-
resent the predominant sink in the overall H2 budget (Conrad
et al., 1983; Conrad and Seiler, 1985; Yonemura et al., 2000;
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Smith-Downey et al., 2006; Hammer and Levin, 2009).
Soil uptake accounts for approximately three quarters (55–
88 Tg a−1) of the global sink strength, while oxidation through
reaction with OH accounts for the remainder (15–19 Tg a−1).
The lifetime of H2 in the atmosphere is ∼2 yr (Warneck, 1988;
Novelli et al., 1999; Hauglustaine and Ehhalt, 2002). Novelli
et al. (1999) reported a ratio of 0.97 for the Northern Hemi-
sphere/Southern Hemisphere burden, i.e. H2 levels that are 3%
higher in the Southern Hemisphere. This is attributed to the
hemispheric asymmetry of landmasses and soil sink capacity,
with the Northern Hemisphere comprising 60–70% of the global
land area.

The assessment of trends in tropospheric H2 over the past
decades has revealed variable results. The longest available
record is reported by Grant et al. (2010), who revealed the ab-
sence of a trend in their study of continuous H2 measurements
at Mace Head over the 15-year period of 1994–2008. Other past
estimates were possibly limited by the length of the available
data sets, thereby leading to partly contrasting results, likely
influenced by inter-annual variability. For example, in their 5-
year study from 1994–1999 at Mace Head, Ireland, Simmonds
et al. (2000) reported a slight upward trend of 1.2 ± 0.8 ppb
a−1 for the Northern Hemisphere. Novelli et al. (1999) reported
a slight decreasing trend in the Northern Hemisphere of 2.2 ±
0.2 ppb a−1 in the global marine boundary layer for the period
1991–1996. Langenfelds et al. (2002) modelled a mean global
H2 increase of 1.4 ppb a−1, which is based on measurements for
the period of 1992–1999. In their 5-year study from 1985–1989
covering latitudes ranging from 71.5 oN to 71.4 oS, Khalil and
Rasmussen (1990) observed an increasing trend in global H2

mixing ratios of 3.2 ± 0.5 ppb a−1, which was attributed to
increasing anthropogenic sources.

In this publication, continuous measurements of H2 from
August, 2005–November, 2009 at the high-altitude research sta-
tion at Jungfraujoch (Switzerland) are discussed. The goal of
these observations is to evaluate temporal variations in back-
ground free tropospheric H2 conditions in the Northern Hemi-
sphere and to identify important European source regions. Due
to the prominent relationship between H2 and carbon monoxide
(CO) at the anthropogenic source, observations of CO are also
addressed.

2. Methods

2.1. Measurement site

The Jungfraujoch observatory (46◦ 32′ N, 7◦ 59′ E, 3580 m a.s.l.)
is a high altitude research station in the Swiss Alps, located be-
tween the peaks of Mönch (4099 m a.s.l.) to the east and of
Jungfrau (4158 m a.s.l.) to the west. It is part of the Global At-
mospheric Watch (GAW) program of the World Meteorological
Organization (WMO) and is also part of the Swiss National Air
Pollution Monitoring Network (NABEL). With its isolated and

elevated position, Jungfraujoch is only periodically influenced
by anthropogenic source regions. Pollution events occur primar-
ily during frontal transport, thermally driven vertical transport
(Henne et al., 2004) and southerly foehn events (Forrer et al.,
2000; Reimann et al., 2004).

2.2. Gas chromatograph

H2 and CO are measured with a gas chromatograph (GC), using
a modified reduction gas analyser (RGA-3, Trace Analytical),
which is controlled by Linux-based chromatography software
(GCWerks, gcwerks.com). The modifications include a gas se-
lector valve, an internal carrier gas pressure regulator, a nafion
drier and a thermally insulated sample loop with a volume of
∼1 mL. The detector and column temperatures are set to 270 ◦C
and 110 ◦C, respectively. Although more frequent measurements
are possible, air samples are taken at 30-min intervals, bracketed
by working standard measurements to calibrate the RGA-3 and
to determine and correct for instrumental drift.

2.3. Quality assurance

Working standards were prepared by compressing ambient air
into ∼35 L stainless steel canisters (Essex Cryogenics and
Graeven Metalltechnik) using an oil-free diving compressor
(RA-3, RIX Industries). These working standards—in this study
ranging from 559.3–822.4 ppb H2 and 209.5–298.0 ppb CO—
were referenced against higher ranking standards and ultimately
linked to the Max Planck Institute (MPI)-2009 calibration scale
for H2, which has an accuracy of 0.5% (A. Jordan, MPI Jena,
personal communication, 2010) and the WMO-2000 calibra-
tion scale for CO, which has an accuracy of 1% (Novelli et al.,
2003). Our Jungfraujoch measurement precision, which was de-
rived from recurrent standard measurements, was 0.9% (1σ ) for
H2 and 0.6% (1σ ) for CO. Including the uncertainties from the
measurements of the higher-ranking and working standards, the
accuracies of our field measurements are estimated at 1.2% for
H2 and 1.3% for CO.

Quality control was also assured through participation in a
round-robin intercomparison as part of the European 6th Frame-
work Programme EuroHydros project, during which our mea-
surements of the four intercomparison canisters (spanning 490
ppb–650 ppb) were found to be well within the uncertainty lim-
its of those determined at the MPI Jena (home of primary scale)
for the same canisters. In addition, a specific time period of
our in situ RGA-3 H2 measurements was compared with flask
measurements (A. Jordan, unpublished data) taken at Jungfrau-
joch over the same period. The comparison did not exhibit a
significant bias (mean difference between in-situ and flask mea-
surements = 4.7 ± 8.3 ppb, R2 = 0.67, n = 28) and results
were generally in good agreement considering the constraints
associated with matching the results of non-simultaneous sam-
pling. CO measurements from this study agree well with ongo-
ing CO measurements conducted with three other independent
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instruments (R2 ranging from 0.935 to 0.981) at Jungfraujoch
(Zellweger et al., 2009).

The non-linearity of our RGA-detector was initially charac-
terized in 2005 through the dynamic dilution of a high mixing
ratio reference cylinder that contained (among some other com-
pounds) ∼3.0 ppm H2 and ∼1.2 ppm CO (in synthetic air).
Simultaneous CH4 measurements on a linear flame ionization
detector (GC-FID) were conducted as a cross-check of the dy-
namic dilution. Synthetic air was used for the dilution, which
was further purified to remove potential traces of H2 and CO
using a SOFNOCAT-magnesium perchlorate [Mg(ClO4)2] car-
tridge. Residual CH4 was removed using a pure air generator
(AADCO 737). The purified synthetic air was mixed with the
high mixing ratio reference to provide 14 different H2 and CO
mixing ratios ranging from air completely free of H2 and CO to
pure high mixing ratio reference levels. Dilution ratios were set
with mass flow controllers to ensure stable flow rates. These flow
rates were accurately measured with a DryCal flowmeter (Bios
International Corp.). CH4, which is assumed to be linear on a
GC-FID over the whole range of our experiment, was used as
an independent check of the dynamic dilutions. This experiment
was repeated in 2008 with slight modifications. As a cross-check
during these experiments, simultaneous CO measurements
with a vacuum ultraviolet resonance fluorescence instrument
(Aerolaser AL5001) with linear response were used. Aliquots
of these dynamic dilution mixtures were sub-sampled into stain-
less steel flasks and measured on the RGA at Jungfraujoch within
a week of collection, serving as a second non-linearity check for
this instrument. The aliquots in the stainless steel flasks were
found to remain stable for at least 2 weeks following filling.

The two non-linearity experiments resulted in minor differ-
ences, which were well within the measurement precisions. For
the sake of simplicity and consistency, we have therefore only
applied the 2008 non-linearity results. Figure 1 depicts the vari-
able detector sensitivity used to correct the non-linearity of the
RGA-3 at Jungfraujoch as a function of the normalized height.
The normalized height equals the ratio of the unknown sample
peak height divided by the mean of the bracketing standard’s
peak height. Our experiments showed that the instrument sensi-
tivity increases with increasing mixing ratios. For example, the
normalized height sensitivity (height mol−1 of a sample divided
by height mol−1 of the standard) is enhanced by approximately
10% for H2 and 20% for CO for a sample with a peak height
about double the height of a standard with mixing ratios of
H2≈640 ppb and CO≈210 ppb.

2.4. Baseline estimation

The measurements were filtered to identify pollution events
using the statistical two-dimensional Robust Extraction of
Baseline Signal (2-D-REBS) filter, which extends the Robust
Baseline Estimation (RBE) filter first published by Ruckstuhl
et al. (2001) for baseline estimations in spectroscopic measure-

ments and available as a package for the statistical software
package R (Ruckstuhl et al., 2009). The original RBE approach
is a purely statistical means of estimating the baseline from a
time series that is partly influenced by recent source/sink pro-
cesses (emissions, but also surface depletion). A local regression
(see Loader (1999) for a textbook on local regression) is itera-
tively fit to the data, which successively excludes data points for
the next iteration that are not within ±3.5 σ around the current
fitted curve. σ is estimated from the fit residuals. Individual data
points are weighted by their distance to the previous baseline fit
using an asymmetric version of Tukey’s bisquare robust weight
function.

The two-dimensional REBS was developed for atmospheric
components that show strong latitudinal gradients due to asym-
metric source/sink distributions about the equator. Separating
the background signal from a time series containing pollution
events is an ill-posed problem and can only be solved by the
RBE filter if the baseline signal varies slowly in time (mainly
dominated by a seasonal cycle in the case of atmospheric trace
species). However, for species showing a strong latitudinal gra-
dient in background concentrations, rapid latitudinal transport
might bring air masses to a sampling site that are not represen-
tative for the site’s latitude. Such events therefore create a fast
change in background concentrations that is not handled well
by the RBE approach. The 2-D-REBS method provides a pos-
sibility to derive the latitudinal distribution of a trace species

Fig. 1. Non-linearity functions for the RGA-3 at Jungfraujoch. The
experimental results for H2 (filled circles) and CO (filled squares) were
fitted to the functions shown in the graph using a least-square fitting
technique. Fits were forced through (1,1) to approach unity sensitivity
at the normalized height of one.
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background and use this information to estimate the baseline
at a receptor site. Assumptions of neither the latitudinal gradi-
ent nor the source/sink distribution need to be made. In addi-
tion to standard RBE, a second explanatory variable is added
to the local regression: the latitude of origin of a sampled air
mass. With this, it is possible to derive a smoothed surface fit of
baseline concentrations in time and latitude. For this purpose,
10-day back-trajectories were calculated using the atmospheric
trajectory model FLEXTRA (Stohl et al., 1995) and European
Centre for Medium-Range Weather Forecasts (ECMWF) analy-
sis, along with 3-h forecast (T+3) wind fields with a horizontal
resolution of 1◦ by 1◦ and a temporal resolution of 3 h. Trajec-
tories were initialized every 4 h over the investigation period
at the location of Jungfraujoch. The initial altitude was set to
the actual station altitude, 3580 m a.s.l. The latitude of origin
was then calculated from the back-trajectories. While for the
original RBE, the main model parameter to be varied is the
bandwidth of the local regression, there are several more param-
eters that have to be adjusted for the two-dimensional version.
These parameters include how to estimate the air mass origin
from the back-trajectories, the bandwidth of the local regres-
sion, the degree of the local polynomial and a scaling factor
for the two incomparable dimensions (time and latitude) of the
fit. Next to estimating a baseline time-series, the 2-D-REBS al-
lows the estimation of latitude-time distributions of the baseline.
These can be compared to other such products as derived from
measurements at various locations. Here we used the National
Oceanic and Atmospheric Administration (NOAA) GlobalView
CO reference marine boundary layer matrix (GlobalView CO.,
2009) to compare our fit results for CO and optimize our fit pa-
rameters. The comparison period was August, 2005–December,
2008. Best results in terms of correlation and residual mean
square with GlobalView CO were obtained for (a) a latitude of
origin as estimated as the average latitude of the trajectory 5 to
10 days before arrival at Jungfraujoch, (b) a bandwidth (local
neighbourhood) according to 45 days or 2160 observations, (c)
a degree of two of the local polynomial and (d) a scaling factor
of 10 days degree–1.

The local differences of our optimized baseline fit to the Glob-
alView reference marine boundary layer CO were in the range
±25 ppb. The 2-D-REBS fit for Jungfraujoch underestimated
the amplitude of the annual cycle as compared to the one ob-
served in the marine boundary layer. The latitudinal gradient
was overestimated in winter with mixing ratios being too low
south of 45◦ N, while the summer-time gradient compared well.
Part of the differences could be explained by different represen-
tativeness of the measurements: global marine boundary layer
air masses versus lower free tropospheric air masses mostly
originating over the North Atlantic. The latitude of origin for
Jungfraujoch covered a range from 10◦ N to 82◦ N. However,
the data density south of 25◦ N and north of 65◦ N was rather
small and therefore the uncertainties of the fit increased strongly
in these areas. Between 25◦ N and 65◦ N, the standard error

(95% confidence level) of the fit varies between 0.6 and 0.8
ppb for CO and between 0.4 and 0.6 for H2. The standard de-
viation of the fit residuals (σ ) was 11 and 9.5 for CO and H2,
respectively.

The presented method is neither limited to stations in the free
troposphere nor to individual stations. The 2-D-REBS approach
allows the filtering of more pollution influenced time series as
well as the combination of several sites in the same regression
to derive a more complete global distribution of a trace species.
A detailed discussion of the method and exemplary applications
are the subject of a forthcoming publication.

3. Results and discussion

3.1. Time series, seasonal cycles, trends

The H2 and CO data sets from August, 2005–November, 2009
are shown in Fig. 2 and monthly averaged mixing ratios are
listed in Table 1.

In this paper, we define ‘baseline’ mixing ratios as the fit-
ted curve resulting from the 2-D-REBS filter (single points in
time, black lines in Fig. 2). We define ‘background’ as the range
of mixing ratios within 2σ (estimated from the fit residuals,
see Section 2.4) from the baseline (grey band in Fig. 2) and
‘pollution’ and ‘depletion’ as the mixing ratios above and below
background values, respectively. Baseline mixing ratios (Fig. 2)
oscillate rapidly due to the latitudinal influence of the air mass
origin (see Section 3.5). The standard deviation of half hourly
baseline estimates for individual months ranged from 1 to
7 ppb. No seasonal cycle or systematic change of this oscil-
lation was seen in the observation period. For example, baseline
data for H2 will be higher for air with its origin in the more
southerly latitudes than it would be for northerly advection from
the Arctic. Depletion events (i.e. points below the background
measurements) are sparse for both H2 and CO. These points
represent events in which measurements were outside condi-
tions stipulated for background conditions (2σ ), likely the result
of significant soil uptake. Mean baseline mixing ratios for H2

and CO were 536 ppb and 118 ppb, respectively. Figure 3 depicts
the seasonal cycle of mean baseline H2 mixing ratios, which is
characterized by an average peak-to-trough amplitude (hereafter
termed amplitude) of 21 ppb, a maximum in late spring (May),
and a minimum in autumn (November).

The seasonal cycle of mean baseline CO mixing ratios de-
picted in Fig. 3 is characterized by an amplitude of 45 ppb,
a maximum in spring (March) and a minimum in autumn
(October). A phase shift in the H2 seasonal cycle of 1–2 months
compared to that of CO is observed. The delayed minimum in
H2 compared to that of CO is attributed to a maximum soil H2

sink predicted to occur later in the year due to moderately warm
and dry soils in autumn (Lallo et al., 2008). The H2 minimum in
November at Jungfraujoch is delayed by ∼1 month compared to
most other sites at similar latitudes (Novelli et al., 1999; Grant
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Fig. 2. H2 (top) and CO (bottom) data sets for the period August 2005–November 2009 at Jungfraujoch. The calculated baseline fits are depicted by
the black lines through the background data. Background mixing ratios (baseline fit ± 2σ of the fit residuals) are depicted by grey shaded areas,
while pollution and depletion events border either side of the background measurements.

Table 1. Mean monthly H2 mixing ratios at Jungfraujoch for the period August, 2005–November, 2009

Month 2005 2006 2007 2008 2009

All BG All BG All BG All BG All BG

Jan – – 545.4 539.6 530.5 530.5 533.9 532.8 529.0 526.7
Feb – – 540.1 539.4 535.6 534.5 546.7 546.0 531.0 530.8
Mar – – 545.0 543.6 538.4 536.5 544.8 544.2 536.8 536.2
Apr – – 545.8 544.5 547.1 544.3 544.9 544.4 538.0 536.9
May – – 546.0 544.5 547.3 545.7 549.2 547.5 545.7 544.5
Jun – – 548.6 546.6 546.0 543.8 550.2 547.7 540.2 539.1
Jul – – 548.2 545.5 543.5 542.5 545.7 543.6 536.8 535.2
Aug 539.2 537.1 531.5 531.0 538.2 536.3 540.6 539.1 537.3 534.6
Sep 536.4 534.4 538.9 535.5 526.6 528.0 533.1 532.9 529.0 525.6
Oct 533.1 529.3 531.9 530.2 529.3 529.8 526.0 525.8 520.5 520.1
Nov 530.8 528.2 529.0 528.7 526.7 526.6 520.8 520.1 515.8 515.3
Dec 534.0 531.9 530.9 529.3 524.9 525.3 523.5 522.8 – –

Notes: All mixing ratios are reported in ppb as dry-air mole fractions on the MPI-2009 calibration scale. All represents mean observations from all
measurements; BG represents mean observations from background measurements.

et al., 2010), but has been similarly observed at the high-altitude
Northern Hemisphere stations of Niwot Ridge (3523 m a.s.l.,
40o 3′ N) and Mauna Loa (3397 m a.s.l., 19o 32′ N). We at-
tribute this delay to the travel time of surface signals to higher

altitudes in the free troposphere, particularly during the cooler
months due to reduced vertical transport. Thus, air masses that
have been transported to the free troposphere during the summer
months (that are less depleted in H2 due to weaker soil uptake
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Fig. 3. Seasonal monthly mean baseline H2 (left y-axis) and CO (right
y-axis) mixing ratios at Jungfraujoch. Error bars represent expanded
uncertainty at the 95% confidence level.

and faster vertical transport) will have a prolonged influence on
average mixing ratios.

The mean seasonal H2 amplitude at Jungfraujoch is signif-
icantly smaller compared to other stations at similar latitudes.
For stations within a latitude band of ±7o of Jungfraujoch, we
find a general decrease in amplitude with increasing altitude.
This is illustrated in Fig. 4, where Jungfraujoch measurements
are compared with data from the NOAA flask sampling network
(http://esrl.noaa.gov) and continuous Advanced Global Atmo-
spheric Gases Experiment (AGAGE) observations from Mace
Head (Grant et al., 2010). The amplitudes for the flask (NOAA)
and continuous data (AGAGE) from Mace Head match, from
which we conclude that there is no major potential bias due to
differing sampling techniques, observational periods, or scales.
We attribute this altitude effect to the dislocation of the major
H2 sources and sinks. With increasing altitude, the influence of
the soil sink weakens and the tropospheric sources (CH4 and
NMHC oxidation) and the OH sink gain importance. Both of
these major atmospheric sources, along with the atmospheric
H2 sink, are driven by OH chemistry, but the source strength is
approximately double that of the sink, assuming that the ratio of
the global sources and sinks also hold true for Jungfraujoch. This
creates a net tropospheric source with a maximum in summer,
thereby counteracting the soil sink, which in turn dominates the
free tropospheric fluxes only a few months later. Such a weaken-
ing of the seasonal signal with increasing altitude has also been
modelled for H2 (Price et al., 2007). This phenomenon has also
been observed for other trace gases, for which the seasonal cycle
is influenced by sources and sinks located predominantly at the

Fig. 4. H2 seasonal amplitudes versus altitude for sites from flask
measurements (http://esrl.noaa.gov) with latitudes similar to that of
Jungfraujoch (46.55 oN ± 7 oN). Note that the Mace Head data point
corresponds to both flask and continuous measurements, which
both displayed an amplitude of 41 ppb [continuous Mace Head
measurements from Grant et al. (2010)]. The error bar corresponds
to the uncertainty of continuous Mace Head measurements.

surface, for example CO2 (Tanaka et al., 1983; Stephens et al.,
2007).

Similarly to the work on trend measurements by Zellweger
et al. (2009), we apply a linear trend model including the first
four annual harmonics to remove any annual cycle from the
data. This method results in a linear trend (± standard error) of
–2.04 (±0.02) ppb a−1 for baseline H2 and –3.77 (±0.02) ppb
a−1 for baseline CO results over the study period. These short-
term trends observed at Jungfraujoch must be approached with
caution, however, since inter-annual variation could play a role in
trends derived from shorter data sets. Although the time period
is too short to assess this H2 trend in a statistical context, its
similarity to trends from other data sets (Novelli et al., 1999;
Simmonds et al., 2000; Grant et al., 2010) complements previous
estimates, suggesting that atmospheric H2 mixing ratios have
remained relatively stable over the past couple of decades.

3.2. Case studies

H2 mixing ratios at Jungfraujoch are driven by a complex in-
terplay of (a) advection of air masses with latitudinally variable
background H2 concentrations, (b) the influence of H2 emissions
in the atmospheric boundary layer (ABL), (c) photochemical H2

formation in the free troposphere, (d) photochemical H2 degra-
dation and (e) H2 depletion by soil uptake during transport to
the sampling site.
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Fig. 5. Seven-day time series of H2 (panel A) and CO (panel B)
mixing ratios illustrating a pollution event on January 12, 2008. The
grey filled circles correspond to background measurements, the
black crosses to pollution and the black open circles to depletion
measurements—all based on the 2-D-REBS filter algorithm. The
corresponding 5-day backward trajectories arriving at Jungfraujoch at
0400 on January 12, 2008 are depicted in panel C. Different colours
represent different arrival altitudes between 2 and 4 km a.s.l.

These conditions explain why—in contrast to measurement
sites in the ABL where CO and H2 mixing ratio time series gener-
ally show a good correlation (Steinbacher et al., 2007; Hammer
et al., 2009; Yver et al., 2009)—only a small number of simul-
taneous pollution events for both H2 and CO could be detected
at Jungfraujoch. Figure 5 illustrates such an event, where fast

advection of pollution from the nearby Po Basin (Italy) has not
provided adequate time for significant deposition of H2 to the
soil during transport to Jungfraujoch. The backward trajectory
analysis (panel C) confirms that the H2 and CO pollution event
on January 12, 2008 coincides with a stagnant meteorological
situation where the air masses sampled at Jungfraujoch have
spent several days within the European ABL prior to sweeping
through the Po Valley before arrival at the measurement station.
Given that pollution events from the Po Valley are observed fre-
quently for other anthropogenic trace gases (Seibert et al., 1998;
Reimann et al., 2004; Reimann et al., 2008), the relative infre-
quency and magnitude of such events with H2 are presumably
due to the strong soil sink.

When the situation at Jungfraujoch is more strongly driven by
larger-scale advection of air masses that have spent a significant
amount of time within the ABL above major land mass re-
gions (with less distinct H2 emissions), soil deposition begins to
play an increasingly important role. Under these circumstances,
events with CO pollution can be observed in the absence of H2

pollution or even depleted H2 mixing ratios (Fig. 6). Such situa-
tions are observed more frequently than the conditions described
above, pointing to the dominance of soil uptake.

A few times per year, enhanced H2 mixing ratios with simul-
taneous drops in other trace gas mixing ratios are observed when
air masses originating from southern latitudes arrive at Jungfrau-
joch. This feature is due to the unusual above-mentioned inter-
hemispheric H2 distribution (Southern Hemisphere mixing ratios
are larger than in the Northern Hemisphere). The most prominent
example occurred on October 1, 2005, when clean maritime air
masses from the southern North Atlantic reached Jungfraujoch
without major land contact over Europe (Fig. 7). This pattern
of reduced mixing ratios in most anthropogenic trace gases and
concurrent enhancement of H2 is unique to southerly advection.
Stratospheric air mass descents to Jungfraujoch would yield de-
pleted mixing ratios for most anthropogenic compounds. How-
ever, since H2 varies little with altitude throughout the upper
troposphere and stratosphere (Rahn et al., 2003), the enhanced
H2 mixing ratios can serve as an effective tracer for southerly
advection.

3.3. H2 pollution events and ratios of excess H2

to excess CO

Periodically, anthropogenically polluted air masses reach
Jungfraujoch. There is a strong seasonality in the mean ABL res-
idence time of air masses reaching Jungfraujoch (Fig. 8). ABL
residence times over the continent for the period 2005–2008
were calculated from 10-day air mass back-trajectories arriv-
ing at Jungfraujoch (FLEXTRA/ECMWF trajectories, see Sec-
tion 2.4). An air mass was considered to reside in the ABL when
the trajectory altitude above ground was below the climatolog-
ical average ABL depth. Summer months displayed more fre-
quent ABL contact and mean monthly residence times of up to 15
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Fig. 6. Seven-day time series of H2 (panel A) and CO (panel B)
mixing ratios illustrating a CO pollution event on October 24–26, 2007
with corresponding decrease in background H2 mixing ratios. The
corresponding 5-day backward trajectories (panel C) arriving at
Jungfraujoch at 0000 on October 25, 2007. See also caption of Fig. 5
for details.

h in the ABL, three to four times as much as in the winter months
when ABL contacts were infrequent (below 20%). In addition,
vertical transport of ABL air in thermally-induced circulations
that are not fully captured by the trajectory calculations are more
frequent in summer (Zellweger et al., 2003; Henne et al., 2005),
further increasing the seasonal contrast between ABL influenced
observations in summer and free tropospheric conditions in
winter. With longer residence times close to the surface allowing

Fig. 7. Seven-day time series of H2 (panel A), CO (panel B), CH4

(panel C) and CHCl3 (panel D) mixing ratios illustrating a depletion
event for the latter gases on October 1, 2005 with simultaneous
enhancement in ambient H2. Panel E illustrates the corresponding
10-day backward trajectories arriving at Jungfraujoch on October 1,
2005. Different colours represent different arrival altitudes and times.

an enhanced loading of H2 and CO pollution, these processes
alone would suggest that the summer months should show the
most frequent and also the strongest pollution events at Jungfrau-
joch. For H2, we do indeed find the highest frequency of pollution
events in the summer months (with the exception of January due
to an exceptionally high number of pollution events during that
month in 2006). However, there is no pronounced seasonality
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Fig. 8. Monthly mean (line referring to left y-axis) and its 95%
confidence levels (error-bars; log-normal statistics) of atmospheric
boundary layer (ABL) residence times calculated from 10-day back
trajectories arriving at Jungfraujoch (3580 m a.s.l.). Bars (right y-axis)
give the frequency of ABL influenced trajectories.

in the magnitude of the H2 pollution events. We speculate that
the strong soil sink may be responsible for the lack of large-
magnitude pollution events and that there is a resulting compen-
satory source–sink effect in the ABL. After assessing the H2 and
CO pollution characteristics at Jungfraujoch more quantitatively
in the next paragraphs, we will then provide a rough calculation
in Section 3.4 to support this speculation.

Combined investigation of H2 and CO pollution helps to un-
derstand their common sources (e.g. gasoline traffic combustion)
and to upscale H2 emissions against much better known CO
emission inventories. For our discussion of pollution, we define
excess H2 (�H2) as the H2 mixing ratio minus the corresponding
baseline value. We define excess CO (�CO) analogously. For
measurements in urban and suburban areas, the �H2/�CO is
dominated by that of gasoline engine exhaust (Bond et al., 2010;
Vollmer et al., 2010). These ratios have typically displayed a
range of ∼0.3–0.5 (Steinbacher et al., 2007; Vollmer et al., 2007;
Aalto et al., 2009; Hammer et al., 2009; Yver et al., 2009). For re-
mote stations such as Mace Head, the �H2/�CO is much lower
at 0.15–0.18 (Simmonds et al., 2000; Grant et al., 2010) and the
extraction of the anthropogenic �H2/�CO source signature is
more difficult. For Jungfraujoch, we have also investigated the
�H2/�CO relationship since it might allow retrieving represen-
tative numbers for aggregated sources over large parts of Central
Europe due to the huge footprint observed at Jungfraujoch. Our
results must be treated with caution because they depend signif-
icantly on the data selections and the type of fitting routine. We
have ultimately chosen a least-squares fitting technique, fitexy
(Press et al., 1992), which takes the uncertainties of both H2 and
CO data into account. Had we chosen to use a standard linear re-
gression, too much weight would have been put on the high-end
extreme values, which would have had too much influence on
the slope of the curve and thus led to less representative results.

Fig. 9. Excess (mixing ratio minus corresponding baseline value) H2

(�H2) and CO (�CO) for Jungfraujoch. The black filled circles
correspond to the above-background (pollution) data. Linear
regressions are shown as solid lines.

We find �H2/�CO to be 0.324 ± 0.005 (R2 = 0.142) when
choosing above-background data (black filled circles in Fig. 9).
Note that for this calculation, only data when both H2 and CO
are above the grey band in Fig. 2 (baseline plus 2σ ) are selected,
but the �-values used are the differences of the measured val-
ues from the baseline fit. This data selection depends on the
width of the background data set and also a priori excludes
data for which one of the two compounds in not elevated (e.g.
depleted H2). This �H2/�CO (∼1140 data points) is similar
to urban measurements, presumably because the data selection
process limits the data set to pollution events that are likely de-
rived from air masses rapidly transported to Jungfraujoch with-
out significant H2 soil removal or mixing with background air
(hence the elevated values). The poor correlation between �H2

and �CO (R2 = 0.142) and the relatively high y-axis intercept
(∼26 ppb) illustrate that this �H2/�CO ratio must be interpreted
with caution.

If we select all above-baseline data, then our �H2/�CO is
0.257 ± 0.002 (R2 = 0.134). This relationship also captures
the enhanced events of both H2 and CO that were not classi-
fied as pollution events, but within the upper half of the back-
ground band. If we choose the entire data set, then �H2/�CO
is 0.026 ± 0.001 with essentially no correlation between the
two trace gases (R2 = 0.006). Nevertheless, these results quali-
tatively confirm the decreasing �H2/�CO ratio with increasing
distance from the anthropogenic source, but also show the dif-
ficulties and dependencies on the data selection for such ratios
(Fig. 9). The lack of a correlation between �H2 and �CO is
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Fig. 10. Latitudinal dependence of H2 and CO using the graphical 2-D-REBS method, illustrating the results of trajectory analysis for the origin of
H2 (panel A) and CO (panel B). Clearly visible is the origin of low-northern latitudes for the highest H2 mixing ratios, while mid- to high-northern
latitudes are responsible for the highest CO mixing ratios. The latitude of Jungfraujoch (46 oN) is represented by the dashed black line. The colour
bar on the right of each diagram represents atmospheric mixing ratios of both H2 and CO.

attributed to variable H2 removal by soil. A rough estimate for
this removal process is provided in the following sub-section.

3.4. Soil uptake assessment

A method involving 222-radon measurements has recently been
proposed to remove the influence of the soil sink from the
�H2/�CO ratio in urban/sub-urban areas (Hammer et al., 2009).
This method cannot be applied to our Jungfraujoch data due to
the lack of 222-radon measurements at Jungfraujoch and the
lack of a correlation in the observed �H2/�CO. To evaluate
the possible influence of H2 soil deposition on the H2 mixing
ratios during transport to Jungfraujoch we make a rough calcu-
lation that aims at assessing the magnitude of the H2 removal
by soil during the warmer and dryer months. We consider an
initial air mass with a characteristic molar �H2/�CO ratio of
0.45–0.48 in polluted environments (Hammer et al., 2009). We
assume typical transport times to Jungfraujoch of 8 h, an up-
valley wind layer height of 100 m (Henne et al., 2004), negligible
CO deposition, a H2 deposition velocity of 1 × 10−4 m s−1 and
background conditions of 520 ppb and 90 ppb for H2 and CO,
respectively. Based on these assumptions we find a �H2/�CO
of 0.35–0.38 upon arrival at Jungfraujoch. This ratio is only
slightly higher than the observed �H2/�CO of 0.324 ± 0.005
(see Section 3.3) for polluted air masses. However, given the
uncertainties in our assumptions, it suggests that soil deposition
can explain the observed ratios at Jungfraujoch. Other processes
such as photochemistry during transport or entrainment of air
masses might also influence the �H2/�CO at Jungfraujoch.

The key role of soil deposition also becomes visible when
looking at the residence times in the boundary layer for the dif-
ferent sub-sets of the H2 data (pollution, background, depletion).
Whereas the median residence time in the boundary layer within
the last 96 h before arrival at Jungfraujoch for the whole data

set is 12.8 h, the residence times of the sub-sets for pollution,
background and depletion are 10.3 h, 12.7 h and 35.3 h, re-
spectively. This indicates that a strong boundary layer influence
favours low H2 mixing ratios in contrast to most of the other
trace gases observed at the high-Alpine site. A similar, but more
regional approach to distinguish prevailing residence times in
regions close to Jungfraujoch and more distant regions was not
possible due to limited statistics.

3.5. Latitudinal dependency of background H2 mixing
ratios

A co-benefit of the background determination with consideration
of the air mass origin—that is the mean latitude of the air mass
5–10 days before arrival at Jungfraujoch—is the information
about the latitudinal dependence of background H2 and CO.
Thus, the 2-D-REBS method allows for graphical display of the
latitudinal dependence of H2 and CO at a single station (Fig. 10),
in contrast to multi-station approaches as they are reported for
other trace gases by the World Data Centre for Greenhouse
Gases (JMA and WMO, 2009) or GlobalView CO (2009). The
dependence of H2 on latitude is distinct, with highest mixing
ratios originating from more southerly latitudes. At ∼40–60 oN,
a slight trough is observed in H2 levels. This can be attributed
to the active soil sink at these latitudes, which is much less
pronounced outside this latitude band due to decreasing source
strength and land mass area optimally suited for H2 uptake by
soils. This same north–south gradient was observed by Novelli
et al. (1999) in their global H2 assessment. In that study, the
latitudinal gradient equated to an approximately 30 ppb decrease
between the latitudes of 20 oN and 60 oN. According to our
study, the gradient from 20–60 oN is ∼20 ppb (Fig. 10A). For
CO, the well-known opposite latitudinal gradient compared to
H2 is visible in Fig. 10B. Our approach shows considerably
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smaller annual amplitudes than the GlobalView CO product and
a general overestimation of the latitudinal gradient in winter, as
has already been highlighted in Section 2.4. The main reason
for these differences can be seen in the different air masses
taken into account in the fit. Here we use (unpolluted) samples
that are more representative of the lower free troposphere over
the North Atlantic and Western Europe, while GlobalView CO
is derived from (unpolluted) samples in the marine boundary
layer. The agreement was not as good during the winter months,
indicating a stronger decoupling between surface air and lower
free troposphere, when compared with the summer months.

4. Conclusion

This paper provides a first insight into the characterization of at-
mospheric molecular H2 in a primarily free tropospheric context,
along with the key processes determining the free tropospheric
mixing ratios. Highest background H2 mixing ratios were ob-
served in May, while the lowest were observed in November.
The seasonal minimum in November was delayed compared
with other stations at similar latitudes and the peak-trough am-
plitude of 21 ppb was comparatively less pronounced than that
of lower elevation sites. These differences suggest that a damp-
ening and delay of the surface soil sink signal occur during
its vertical propagation to the free troposphere and that the
delay and decreasing peak-trough amplitude become more pro-
nounced through a combination of increasing distance from the
source and greater vertical transport time. Further research in
these areas at both high and low altitude observatories would
help to further develop this hypothesis.

Our specific case studies have revealed that H2 mixing ratios
at Jungfraujoch are influenced by a number of factors including
advection of air masses with latitudinally variable background
H2 concentrations, the influence of H2 emissions in the ABL
and H2 depletion by soil uptake during transport to the sampling
site. Measurements of �H2/�CO at Jungfraujoch often reveal
lower ratios compared to the ∼0.5 from traffic combustion stud-
ies (Vollmer et al., 2007), a discrepancy most likely caused by
a compensatory effect between pollution and the strong H2 soil
sink. The largest of these compensatory effects occur in sum-
mer when air masses have longest contact with the ABL before
reaching Jungfraujoch. At that time, pollution is strongest, but
so is the soil sink. A simple box model calculation revealed that
soil uptake can largely explain the small �H2/�CO ratios at
Jungfraujoch compared to ratios observed at less remote sites.

The present study has shown that Jungfraujoch is a favourable
location (central Europe) for studying H2 in the free troposphere.
The suitability of the site allows the investigation of transport
processes from the ABL to the free troposphere, along with free
tropospheric transport and their effects on H2 mixing ratios. The
lengthening of the time series into the future will allow more re-
liable trend estimates and enable the investigation of effects of a
more H2-intensive economy, including the amount of time for the

atmospheric system to respond to disturbances (e.g. increased
emissions) of the current source–sink equilibrium. Future trend
analysis at Jungfraujoch could therefore serve as a robust indi-
cator for assessing the behaviour of H2 as the fraction of mobile-
and stationary-based H2 applications increases. This study has
illustrated some of the advantages of continuous measurements.
Whereas flask sampling is an appropriate approach for evaluat-
ing trends and the influence of increasing H2-based applications
on baseline mixing ratios, continuous measurements provide an
extended benefit when features such as specific sources, sinks
and transport phenomena are of interest.
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