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T E L L U S

Measurements of molecular hydrogen and carbon
monoxide on the Trainou tall tower

By C A M ILLE Y V ER 1∗, M A RTINA SC H M ID T 1, PH ILIPPE B O U SQ U ET 1,2

and M IC H EL R A M O N ET 1, 1Laboratoire des Sciences du Climat et de l’Environnement, IPSL, CEA, UVSQ,
CNRS, Gif-sur-Yvette 91191, France; 2Université de Versailles Saint Quentin en Yvelines, 78035 Versailes, France

(Manuscript received 28 June 2010; in final form 2 November 2010)

A B S T R A C T
We present 2 yr (October 2008 to September 2010) of in situ measurements of molecular hydrogen (H2) and carbon
monoxide (CO) sampled at the tall tower of Trainou, France (47.96◦N, 02.11◦E, 131 masl, sampling height: 50, 100 and
180 m). Radon-222 (222Rn) measurements were added in May 2009. Background seasonal cycles, based on afternoon
values, exhibit an amplitude of 45 and 60 ppb for H2 and CO, respectively, for the three different heights (50, 100 and
180 m above ground). The vertical gradient also shows seasonal variations with a maximum (during the night) of 20
and 45 ppb for H2 and CO, respectively. We also observe diurnal cycles for H2 and CO for the three different heights. In
the afternoon, the mixing ratios at the three different heights are similar and are comparable with maritime background
stations, such as Mace Head (Ireland). The diurnal cycle of 222Rn follows the boundary layer height variations, with
maximum values in the morning. Throughout the year but especially in summer and autumn, the H2 mixing ratio shows
nighttime depletion, with the lowest values at 06:00 UTC, due to soil uptake and the low boundary layer height. Using
a simple box approach and the Radon-Tracer-Method, the H2 deposition velocity is calculated for the catchment area of
Trainou. We find a mean value for the H2 deposition velocity of 2.6 ± 0.9 10−2 cm s−1. During wintertime, H2 and CO
are sometimes strongly correlated leading to a H2/CO ratio around 0.25. This ratio is lower than the ratio from traffic
emissions, thus highlighting the mixing of sources in this area.

1. Introduction

Since 1958, which saw the first long-term measurements of CO2

at Mauna Loa (Keeling et al., 1976), the global network of sta-
tions monitoring atmospheric trace gases has greatly expanded.
North America and Western Europe are now covered by nu-
merous stations; the rest of the globe is covered more sparsely.
The objective of these sites is to describe the large-scale ex-
change of trace gases. To minimize the influence of local trace
gas sources, marine or mountain stations such as Mace Head
(a northern hemispheric background station on the west coast
of Ireland) or Schauinsland (Germany) have traditionally been
chosen (Schmidt et al., 2003; Grant et al., 2010a). However, due
to the influence of topography on air mass transport and mixing,
which results in large representation errors, measurements at
mountain sites are difficult to reproduce using large-scale mod-
els. One solution for addressing this representation problem is to
sample air at the top of tall towers located in plains. Throughout
the European project CHIOTTO, a new station called Trainou

∗Corresponding author.
e-mail: camille.yver@lsce.ipsl.fr
DOI: 10.1111/j.1600-0889.2010.00520.x

Tower, located near the Orléans Forest was provided with in-
struments in 2007 (Messager, 2007) to analyse CO2, CO, CH4,
N2O and SF6. In 2008, within the framework of the European
project EUROHYDROS, the analysis of H2 was added. With a
mixing ratio of about 530 ppb, tropospheric molecular hydrogen
is the second most abundant reduced trace gas in the troposphere
after methane (CH4) and it plays an important role in the CH4

budget as a product of CH4 oxidation and as a competitor in
the reaction with the free hydroxyl radical OH.. Moreover, the
development of H2 fuel cells in the future could lead to leak-
ages during production and transport and therefore to an en-
hanced H2 mixing ratio in the troposphere. This effect would
influence the CH4 mixing ratio in the troposphere and would
affect the water vapour in the stratosphere (Tromp et al., 2003;
Schultz et al., 2003; Jacobson, 2008). We briefly detail here
the H2 budget as found in the literature (Novelli et al., 1999;
Hauglustaine and Ehhalt, 2002; Sanderson et al., 2003; Xiao
et al., 2007; Price et al., 2007; Ehhalt and Rohrer, 2009). The
photolysis of HCHO, a product in the oxidation chain of either
methane or other volatile organic compounds (VOCs) accounts
for about half of the global H2 source. Fossil fuel and biomass
burning, two incomplete combustion sources have a similar
share in the global H2 budget (20% each). Minor H2 emissions
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HYDROGEN ON A TALL TOWER 53

originate from nitrogen fixation in plants on continents and in the
oceans, completing the sources. These sources are balanced by
the H2 oxidation through OH. and by the enzymatic H2 destruc-
tion in soils. H2 oxidation through OH. accounts for only about
15–25% of the total H2 sink. H2 deposition is then the major
sink in the H2 budget and it is responsible for the observed lat-
itudinal gradient. This deposition, however, is poorly estimated
due to uncertainties in the physical and chemical processes. The
molecular hydrogen budget is thus rather uncertain, particularly
in regard to soil uptake. Measuring H2 from a tall tower allows us
access to vertical concentration gradients. In the last few years,
numerous studies have been published that mainly focused on
suburban sites (Steinbacher et al., 2007; Hammer and Levin,
2009; Aalto et al., 2009; Hammer et al., 2009; Yver et al., 2009;
Grant et al., 2010b), whereas studies of rural continental sites are
rare (Barnes et al., 2003; Grant et al., 2010a). As Trainou Tower
is surrounded by fields and forests, we expect to observe a soil
sink with less interference from local sources than at suburban
sites like Gif-sur-Yvette (Yver et al., 2009). We can then esti-
mate the soil sink using a simple box model or in combination
with 222Rn measurements.

In this paper, we present H2, CO and 222Rn observations from
the tall tower located at Trainou (Orléans Forest, 100 km south-
west of Paris, France) from October 2008 until June 2010. In the
first section, we describe the experimental set-up. The second
section presents the H2, CO and 222Rn observations. These time
series provide information on seasonal and diurnal cycles and on
vertical gradients. In the last sections, we focus on the temporal
correlation of H2, 222Rn and CO. The H2 soil uptake is estimated
with two different methods in Section 3.2 and some pollution
episodes are studied in Section 3.3.

2. Experimental

2.1. Sampling location

The Trainou sampling site (47.96◦N, 02.11◦E, 131 masl, sam-
pling height: 50, 100 and 180 m) belongs to the television
transmission company TDF. Measurements on the tower are
performed for the Laboratory for Climate and Environmental
Sciences (LSCE) through the Atmospheric Network for Green-
house Gas Monitoring (RAMCES). Trainou station is about
15 km northeast of the city of Orléans (350 000 inhabitants)
and about 100 km south of Paris. The station is surrounded
by five small villages (<2000 habitants). Most of the nearby
land is covered by the Orléans Forest (22%) and by agricul-
tural fields (50%). Messager (2007) showed that the dominating
winds are southwesterlies that transport relatively clean air fol-
lowed by northeasterlies that are characterised by more polluted
air masses. Since 2007, the station has been equipped with a CO2

analyser and a gas chromatograph that measures CO2, CH4, N2O
and SF6 (Messager, 2007). Semi-continuous measurements (4
analyses per hour) of atmospheric CO and H2 were added in

October 2008. 222Rn analysis at 180 m began in May 2009 with
two measurements per hour.

2.2. H2 and CO measurement technique

The H2 and CO measurement technique is detailed in Yver et al.
(2009). Briefly, an automated gas chromatograph coupled with
a reduction gas detector (RGD, Peak Laboratories, Inc., CA,
USA) is used to analyse H2 and CO. The air sampled from three
different heights through 0.5 in. tubes (Dekabon type) and from
cylinders is dried before injection. The precolumn (Unibeads 1S
mesh 60/80; 1/8 in OD × 16.5 in) separates H2 and CO from
other components and the analytical column (Molecular Sieve
5Å mesh 60/80; 1/8 in OD × 80 in) effectively separates H2

from CO. These two compounds are then reduced into mercury
vapour on the mercury oxide bed. This vapour is analysed by
UV absorption. One analysis takes about 5 min and on average,
two air samples from each height are analysed per hour. The
concentration of H2 is calculated using the MPI2009 scale (Jor-
dan and Steinberg, 2010). For CO, we are using tanks calibrated
in 2007 with the NOAA2004 scale (Novelli et al., 1991). The
non-linearity of the RGD detector is corrected using a third de-
gree polynomial fit. This correction and the calibration of the
standard cylinder are evaluated every 3–6 months. The standard
cylinder (H2 and CO mixing ratios: 432.1 and 206.1 ppb, re-
spectively) shows a good reproducibility of 0.5 ppb for both H2

and CO. The short-term reproducibility (i.e. the standard devia-
tion of 24 hr measurements) of the control cylinder (H2 and CO
mixing ratios: 870 and 50 ppb, respectively) is below 2 ppb for
H2 and 0.5 ppb for CO. The long-term reproducibility calculated
from the regular injections of the control cylinder over the whole
measurement period reaches 7.5 ppb (this elevated value is due
to a drift in H2 concentrations in the control cylinder during the
first year of measurements) for H2 and 0.8 ppb for CO. The
comparison between cylinders analysed at Trainou and Gif-sur-
Yvette shows good agreement with a mean difference below 1
and 2 ppb for H2 and CO, respectively. Greater variability is
shown by a comparison between the flasks sampled at 180 m,
analysed at the central laboratory of Gif-sur-Yvette, and in situ
measurements of the 180 m inlet line performed in a 2 h time
span around the flask sampling. Indeed, the mean offset between
flask and ambient air measurements is 4 ± 5 ppb for H2 and
2 ± 3 ppb for CO. This greater difference and the high-associated
standard deviation can be explained by the large variability of
the ambient air mixing ratios.

2.3. Radon-222 measurement technique

Radon-222 (222Rn) is a natural radioactive gas in the uranium-
238 decay series. 222Rn is emitted by soils and is therefore more
abundant above continental surfaces than over the oceans. As
a noble gas, 222Rn is chemically inert and its mobility depends
only on physical processes (diffusion, adsorption, advection).

Tellus 63B (2011), 1



54 C. YVER ET AL.

The exhalation rate of 222Rn changes with soil type and mete-
orological conditions such as atmospheric pressure, soil water
content or precipitation (Schery et al., 1984). Its half-life of 3.82
days makes 222Rn a good tracer for regional atmospheric circu-
lation studies. Since May 2009, the 222Rn concentration at the
180-m height of Trainou Tower has been determined using a
two-filter radon detector. In the two-filter method (Whittlestone
and Zahorowski, 1998; Zahorowski et al., 2004), ambient air
is continuously pumped through a 400-L thoron (220Rn) delay
volume (in our case, the 180 m sampling tube with a diameter
of 65 mm plays the role of this delay volume) and through the
first filter to the analysis chamber. During this first step, 220Rn
disintegrates because the residence time is 10 times higher than
its half-life and the filter retains 222Rn daughters attached to
aerosols allowing only 222Rn into the analysis chamber. In this
chamber, new 222Rn daughters are produced and collected on
the second filter. The α-decay of these daughter elements is then
counted. The instrument is regularly calibrated with a known
quantity of 222Rn emitted by a 226Ra source. Two measurements
per hour are performed.

3. Results and discussion

3.1. Diurnal and seasonal cycles

Figure 1 presents the time series at each sampling height for 1
week in January 2010 and 1 week in August 2009. The H2 and
CO mixing ratios are far greater in winter than in summer with
CO varying between 80 and 500 ppb and H2 between 490 and
610 ppb (note that the scales of the y-axes are different for the
two panels). In summer, the variations range from 40 to 150 ppb
and from 480 to 560 ppb for CO and H2, respectively. The 2
weeks shown in Fig. 1 are typical of specific events: in winter,
episodes of strong pollution with a high correlation of H2 and
CO during a few hours to a few days are observed; 222Rn is
also correlated with the two other gases sampled at 180 m but
to a lesser extent as its variations are solely due to the transport
of polluted air masses and is not influenced by local pollution
sources. In summer, the dominating influence of the H2 soil sink
leads to the anticorrelation of H2 and 222Rn during the night with
the strongest H2 decrease observed at the 50-m height. During
the same period, CO is partly correlated with 222Rn. As shown
in Fig. 1, the decrease in the H2 mixing ratio at 50 m preceeds
the increase in 222Rn concentration at 180 m due to the greater
influence of the soil uptake at the lower level.

The left panel of Fig. 2 presents the complete time series
for H2, CO and 222Rn from October 2008 to September 2010.
Large variations in the mixing ratios of the three gases com-
bined with the seasonal cycles are observed. The CO mixing
ratios vary between 100 and 600 ppb, with the maximum values
mainly observed during wintertime. The H2 mixing ratios fluc-
tuate between 400 and 700 ppb, with maximum values dispersed
over the entire series. The 222Rn concentration varies between

0 and 30 Bq m−3. The monthly mean baseline, calculated using
the afternoon values (between 14:00 and 18:00 UTC) when the
boundary layer is well mixed, is plotted with crosses. For H2,
we observe nightly values that are lower than the baseline due
to soil uptake.

On the right panel, the baseline curves for Trainou Tower
as defined previously, are plotted separately to highlight the sea-
sonal cycles of the three gases. CO reaches its maximum in
winter and its minimum in summer with a seasonal amplitude of
75 ppb peak-to-peak. The CO anthropogenic emissions and the
boundary layer height variations lead to the winter maximum in
CO mixing ratios whereas the OH sink, which is at its maximum
in summer, causes the minimum. The H2 presents its maximum
in spring and its minimum in autumn with a seasonal ampli-
tude of 45 ppb peak-to-peak. This pattern is mainly explained
by the seasonality of the soil sink even if, as for the other trace
gases, the boundary-layer dynamics lead to enhanced concen-
trations during winter and lower concentrations during summer.
In the northern hemisphere, the soil sink is strongest at the end
of summer, being driven by the enzymatic activity, which is
enhanced by dry and warm conditions, and it has its minimum
in early spring (Ehhalt and Rohrer, 2009). 222Rn shows a small
seasonal pattern with a maximum in autumn and a minimum
in spring. The seasonal variations of the boundary layer height
(higher in summer and lower in winter) and of the 222Rn flux
can explain this seasonality. As the baseline values are selected
when the boundary layer is well mixed, we expect no significant
difference between the three different heights and we expect a
good agreement with the clean marine air at the same latitude.
To make this comparison, the background fit from the flasks
sampled at Mace Head on the west coast of Ireland is plotted
as a black dotted line. The grey-filled circles plot the baseline
computed for Gif-sur-Yvette (20 km south of Paris; Yver et al.,
2009) with the same method used for Trainou. For H2 and CO,
the three different heights agree well with each other and with
the two other series of Gif-sur-Yvette and Mace Head. How-
ever, we can see that the Mace Head data for H2 and CO are
delayed from Gif and Trainou by about 1 month. This delay
can be explained by the sources and sinks being located on the
continent. For 222Rn, the concentrations at Trainou are similar
to these of Gif-sur-Yvette. At Mace Head, the 222Rn concen-
trations are approximately two times lower, due to the oceanic
influence.

Figure 3 shows the mean diurnal cycles for H2 and CO for the
three different heights and for 222Rn at 180 m and the bound-
ary layer height modelled at the European Center for Medium
range Weather Forecasting (ECMWF) for Trainou Tower. The
annual, winter and summer mean diurnal cycles are presented
from top to bottom. The boundary layer height is always lower
during the night and higher during the day, with the maximum
between 12:00 and 15:00 UTC. In summer, the maximum values
are higher (up to 1500 m) than in winter (around 700 m). The
mean minimum value is 250 m. The number of nights when the

Tellus 63B (2011), 1



HYDROGEN ON A TALL TOWER 55

Fig. 1. Two weeks of CO, H2 and 222Rn. Each height is plotted with a different symbol: 50 m with full circles, 100 m with full squares and 180 m
with full diamonds. Upper panel: February 2010. Lower panel: August 2009. The scale of the y-axis differs from one panel to the other. Please note
that the time scale is in UTC time.

boundary layer height is below 180 m account for 50% of all the
nights.

As expected from Fig. 2 and from the daily boundary layer
dynamics, during the afternoon in all seasons, there is no signif-
icant difference between the three sampling heights for H2 and

CO. For CO, there is almost no difference in summer between
different sampling heights, though we observe a very low level
of concentrations, around 110 ppb, whereas in winter there is a
strong vertical gradient, except in the afternoon, combined with
high concentrations (≈200 ppb). The lowest mixing ratio are

Tellus 63B (2011), 1



56 C. YVER ET AL.

Fig. 2. Seasonal variations of H2, CO and 222Rn. The different colours plot the three sampling levels (dark and light green: 50 m, dark and light
blue: 100 m, red and orange: 180 m). Left panel: The hourly mean data are plotted with dots (light colours), the baseline values from Trainou with
crosses (dark colours); Right panel: the monthly mean baseline values from Trainou are plotted with coloured crosses; the monthly mean baseline
curve from Gif-sur-Yvette with grey full circles and the fitted flask measurements from Mace Head as black dotted line. The scale of the y-axis is
zoomed from left to right.

measured at 180 m where the air is less influenced by the local
emissions. The gradient between 50 and 180 m reaches up to
40 ppb in winter. For H2, in winter, there is almost no difference
between the three heights. In summer, due to the influence of the
soil sink at the lower level, the gradient can reach up to 20 ppb.
The mean concentration stays around 540 ppb throughout the
year. With the soil sink predominating during nighttime, when
the boundary layer is low and the emissions reduced, the lowest
mixing ratio are encountered at 50 m. The 100- and 180-m levels
do not differ significantly and in summer are up to 20 ppb higher
than the 50-m level. Contrary to the suburban site of Gif-sur-
Yvette (Yver et al., 2009), we do not observe a correlation of H2

or CO with traffic peaks. The proximity of the city of Orléans
do not seem to significantly influence the measurements. Either
the site receives no polluted air masses or, more likely, with the
nearby highways (more than 25 000 vehicles per day DREC,
2007), there is a relatively constant truck and car circulation
which leads to a stable daily level of fossil fuel emissions. 222Rn
presents a mean concentration of ≈3 Bq m−3. The greatest vari-
ations are seen in summer whereas in winter, there is almost
none. This observation can be explained by the boundary-layer
dynamics which encounter more variability in summer than in
winter. The maximum is reached at around 10:00 UTC and
the minimum is reached in the afternoon between 16:00 and
18:00 UTC. As the 222Rn emission flux is rather constant in time

(Schery et al., 1984), the daily variations of the 222Rn concentra-
tion are mostly caused by the daily boundary layer dynamics. In
the afternoon, when the boundary layer height is greater and the
boundary layer well mixed, the 222Rn is diluted and the concen-
trations reach their minimum. During night, the boundary layer
is lower and the concentrations increase until the morning when
the stable boundary layer breaks up.

We have also investigated the variations of the vertical gra-
dient during the day. The diurnal variations are computed using
the gradient between 50 and 180 m calculated at each sampling
time. The results are shown in Fig. 4. On the left panel, we
have plotted the diurnal variations of the yearly mean gradient
for CO and H2. For CO, the vertical gradient variations follow
the evolution of the boundary layer height. During the day, the
boundary layer height grows to reach its maximum during the
afternoon. The air masses are then well mixed and the vertical
gradient approaches zero between 50 and 180 m. During the
night, the 180-m can be higher than the boundary layer thus
encountering air masses from the free troposphere with a lower
CO mixing ratio. In contrast, at the 50-m level, the measure-
ments remain influenced by the boundary layer emissions which
are also concentrated in the low boundary layer. Here, we can
observe a negative vertical gradient up to −20 ppb. For H2, this
analysis is different because of the soil sink effect. As for CO,
we measure a weak vertical gradient during the afternoon with

Tellus 63B (2011), 1



HYDROGEN ON A TALL TOWER 57

Fig. 3. Mean diurnal cycles (UTC) of CO, H2, 222Rn for the three different levels (full circles: 50 m, full squares: 100 m, full diamonds: 180 m). On
the same panel as the 222Rn is plotted the boundary layer height (BLH) with full triangles. Top panel: yearly mean, middle panel: winter mean and
bottom panel: summer mean. For CO, the scale of y-axis differs for each plot but we kept the same interval (80 ppb).

Fig. 4. Diurnal cycle (UTC) of the vertical gradient between the 50 and 180-m sampling heights for CO and H2. Left panel: Yearly averaged data.
Right panel: Seasonally averaged data (stars: autumn, triangles: winter, circles: spring and squares: summer). The scale of y-axis differs from one
plot to another.

Tellus 63B (2011), 1



58 C. YVER ET AL.

a well-mixed layer, but during the night, the lowest mixing ratio
are found near the ground. The resulting positive vertical yearly
mean gradient reaches up to 8 ppb. On the right panel of the
graph, the vertical gradient is plotted for each season. In winter,
with a higher level of anthropogenic emissions, the negative ver-
tical gradient for CO can reach up to −40 ppb during the night.
For H2, the diurnal variation of the vertical gradient seen on the
left panel is mostly induced by the summer variation (maximum
20 ppb) when the soil sink is more active. During the rest of
the year, the smaller decrease due to the weaker soil sink leads
to a small positive vertical gradient or even a negative gradient.
From these observations, we expect to measure the strongest
soil deposition velocity in summer and the lowest in winter. To
estimate this soil sink, we have used the two methods described
and discussed in the next section.

3.2. H2 deposition velocity

Trainou Tower is surrounded by forests and arable land. We can
then expect to observe the soil-uptake effect, which causes a
strong decrease of H2 mixing ratios, more easily than at Gif-sur-
Yvette where the measurements are influenced by local traffic
sources. We calculate the H2 deposition velocity using two dif-
ferent methods. The first method is based on a simple approach
using a box model. The second method is the Radon-Tracer-
Method, which has been widely used to estimate trace gas fluxes
(Levin et al., 1999; Biraud et al., 2000; Schmidt et al., 2001;
Messager, 2007; Hammer and Levin, 2009; Yver et al., 2009).

In the first case, we use the vertical gradient of mixing ratios
between 50 and 180 m. We assume that there is no change in the
vertical gradient due to mixing, but that the change in mixing
ratios is entirely caused by the soil sink. During such conditions,
there is no mixing of air between the two levels which leads to a
stable 180-m mixing ratio and a decreasing 50-m mixing ratio.
Moreover, we suppose that the H2 sink flux remains constant
during the event. We can then write

C180 − C50m = −jH2 × �t

H
(1)

with C180 being the mixing ratio at 180 m, C50m the mixing
ratio at 50 m, jH2 the H2 deposition flux, t the period and H the
height of the box (in our case, 180 − 50 = 130 m). At night,
there are no more photochemical sources and sinks and there are
fewer anthropogenic activities. Therefore, one can assume that
the soil sink is the only term that is measured. Between 23.00 and
04:00 UTC, the boundary layer is stable (Fig. 3). We then select
the events with a decreasing C50m and a stable C180 between
23:00 and 04:00 UTC. To be selected as stable, the variation of
the mixing ratio at 180 m during this period should stay below
10 ppb (i.e. ±2% of the mean concentration). Moreover, we
estimate that the decrease of the mixing ratio has to be greater
than 15 ppb to be significant for a dominating soil sink and not
the result of a mix between sink and sources.

The second method is the Radon-Tracer-Method as described
in detail for the Gif-sur-Yvette station in Yver et al. (2009).
Gas fluxes (deposition for H2 and exhalation for 222Rn) can be
estimated using a simple one-dimensional approach; assuming
that the gas is released from the atmosphere at a constant rate
J in a well-mixed layer of height H, we can write the temporal
variation of its concentration (with an additional radioactive
decay term for 222Rn). If we combine the two equations, we
eliminate the boundary layer height

JH2 = JRn
�CH2

�CRn

(
1 − λRnCRn

�CRn
�t

)
. (2)

J Rn is the mean 222Rn emission rate of the region of influ-
ence,

�CH2
�CRn

is the slope of the linear regression of half-hourly

observations between H2 and 222Rn and (1 − λRnCRn
�CRn

�t

) is the factor

used to correct for 222Rn radioactive decay. Schmidt et al. (2001)
showed that during a typical nighttime inversion situation lasting
8–12 h, the change in radon activity as a result of radioactive
decay, offset by fresh emission from soil, was only 3–4%. On
the basis of this work, we used a correction factor of 0.965. In
this approach, the gas fluxes are considered collocated spatially
and temporally, with no mixing of air from the free troposphere.
The boundary layer height and the gas fluxes are assumed to re-
main constant during each event. We apply our methods between
23:00 and 04:00 UTC, for the same reasons that we outlined for
the box model, using a weighted least-squares algorithm. The
selection of events for the Radon-Tracer-Method is nearly the
same as for Gif-sur-Yvette:

(1) the correlation between H2 and 222Rn must be negative
between 23:00 and 04:00 UTC.

(2) the 222Rn concentration increase has to be over after 08:00
UTC to select only night-time inversion events.

(3) the coefficient of determination (R2) should be greater
than 0.6.

(4) the error on the H2/Rn slope must be less than 50% (this
criterium is chosen so loose to eliminate outliers and not to select
events).

These criteria are chosen to obtain a balance between a high
correlation and a significant number of selected events. There
are no measurements of the 222Rn flux for the surroundings of
Trainou to our knowledge. To estimate this 222Rn flux, we there-
fore use two methods. First, with the soil texture map of Zobler
(1986) and the mean 222Rn fluxes estimated by Jutzi (2001), we
find a mean value of 53.4 Bq m−2 h−1. Secondly, we infer a
flux with the radon map provided by Szegvary et al. (2008). The
mean flux reaches 46.08 Bq m−2 h−1. We then choose the mean
value of 50 Bq m−2 h−1. Due to the lack of data, we use the
same seasonal amplitude of 25% more in summer and 25% less
in winter as for Gif-sur-Yvette and Heidelberg (Hammer and
Levin, 2009; Yver et al., 2009). Finally, the deposition velocity
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Fig. 5. Deposition velocity of H2 calculated with the Radon-Tracer-Method (RTM, plotted with full circles for the monthly mean and crosses for
each event) and with the simple box model (box, plotted with full diamonds for the monthly mean and triangles for each event). The error bars
represent the errors computed by the weighted least-squares algorithm.

is inferred from the flux by

vd = JH2

CH2

(3)

with CH2 the mean H2 concentration of the month. The re-
sults for the two methods are presented in Fig. 5. With the
box model (blue symbols), we select only 16 events (2%) out
of 900 nights. We then calculate a mean flux of 4.2 ± 0.5
10−5 g m−2 h−1, corresponding to a mean deposition veloc-
ity of 2.5 ± 0.3 10−2 cm s−1. No seasonal cycle is apparent
and most of the events are selected during spring. The number
of events and their repartition can be partly due to the seasonal
variations of the boundary layer. Indeed, to apply our model,
we need a nearly constant mixing ratio at 180 m that is to say a
stable boundary layer. In summer, with the temperature gradient,
there is generally more advection. We also observe a decrease in
the 180-m level, which is what we used for the Radon-Tracer-
Method. In winter, as stated previously, the soil sink is weak and
we tend to reject events with a mixing ratio decrease less than
15 ppb. Moreover, the decrease in the H2 mixing ratio can be bal-
anced by emissions leading to a smaller gradient and a smaller
flux.

As the 222Rn gas measurements only began in May 2009,
we have 16 months of hydrogen deposition velocities calcu-
lated with the Radon-Tracer-Method. Applying the criterion of
a negative slope between H2 and 222Rn, 50% of the available
350 nights are initially selected. Another 30% are rejected by
choosing a coefficient of determination greater than 0.6 and the

events with the radon increase stopped after 08:00. Finally, we
keep 7% of the nights after the 3-sigma iterative filter. The mean
value of the flux reaches −4.3 × 10−5 ± 2.1 × 10−5 g m−2 h−1

and the mean deposition velocity is 2.6 ± 1.3 × 10−2 cm s−1. As
expected from the seasonality of the sink, we observe a seasonal
cycle with a maximum in September and a minimum in March.
The amplitude of the seasonal cycle reaches 40% of the annual
mean.

We calculate the deposition fluxes during the night to min-
imize the influence of the other terms. Nevertheless, anthro-
pogenic emissions from the city of Orléans or from the high-
ways are still expected. We estimate these emissions by scaling
the nocturnal CO emissions from Thiruchittampalam and Köble
(2008) (provided with a 0.5 degree resolution) by using a ratio of
0.034 g(H2)/g(CO) (Yver et al., 2009). The CO emissions around
Trainou between 23:00 and 04:00 UTC are estimated to be 6.4
× 10−6 g m−2 h−1, which lead to H2 anthropogenic nocturnal
emissions of 2.2 × 10−7 g m−2 h−1. This emission flux has to be
compared to the H2 deposition flux of −4.3 × 10−5 g m−2 h−1.
The nocturnal anthropogenic emissions represent here only 0.5%
of the inferred deposition flux and are therefore, not taken into
account. The greatest uncertainties come from the estimation
of the 222Rn flux which can be estimated as ≈25%. The er-
ror on the slope reaches 11% leading to an overall uncertainty
of ≈30%.

The estimation of soil uptake for the two methods is based on
the decrease on the H2 mixing ratios. During winter and spring,
when the deposition is weak, the methods do not select any
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Table 1. Hydrogen deposition velocity in suburban and rural areas.

Deposition velocity

Reference Range Mean Seasonal cycle amplitude Location Method
(10−2cm s−1) (10−2cm s−1)

Yonemura et al. (2000) 0–9 4.3 – Field (Tsukuba, Japan) Chamber
Yonemura et al. (2000) 5–8 6.3 – Forest (Tsukuba, Japan) Chamber
Steinbacher et al. (2007) 0.5–1 – – Suburb (Dübendorf,Switzerland) Boundary layer
Schmitt et al. (2009) 1–8 – – Field (Heidelberg, Germany) Chamber
Hammer and Levin (2009) 1–8 3.0 25% Suburb (Heidelberg, Germany) Radon tracer
Yver et al. (2009) 0.6–6.0 2.4 30–50% Suburb (Gif-sur-Yvette, France) Radon Tracer
Grant et al. (2010b) 0.9–5.7 2.2 – Suburb (Bristol, UK) Boundary layer
This study 0.5–5 2.6 20% Forest and fields (Trainou, France) Radon Tracer
This study 2–3.5 2.5 – Forest and fields (Trainou, France) Box model

events. The mean values given here, then represent a maximum
estimation.

Finally, to estimate the area where the flux calculation at
Trainou Tower is valid, we use the wind velocities during the
nocturnal inversion period. The maximum wind speed at 180 m
is found to be 5 m s−1, leading to a catchment area with a radius
of about 90 km around the tower. This result implies that the
deposition velocity we measure is valid for an area that includes
a mixing of forest, fields, villages and the city of Orléans. The
mean hydrogen deposition velocities calculated with the box
model and with the Radon-Tracer-Method agree well with each
other.

As shown in Table 1, these values also agree well with other
studies conducted in suburban and rural areas. Indeed, the val-
ues lie close to those found at Gif-sur-Yvette of 2.4 ± 1.3 ×
10−2 cm s−1, at Heidelberg of 3.0 ± 0.7 × 10−2 cm s−1 (Ham-
mer and Levin, 2009) or at Bristol (2.2 ± 1.5 × 10−2 cm s−1,
Grant et al., 2010b). These values are in the low range of those

from Yonemura et al. (2000), which were measured with a flux
chamber in a field and in a forest in Japan but are consistent with
each other within the uncertainties. The timing of the seasonal
cycle agrees well with the other studies (Hammer and Levin,
2009; Yver et al., 2009). The amplitude of the seasonal cycle
is similar to the one observed at Gif-sur-Yvette (±40%) but is
about two times lower than that observed at Heidelberg (±25%).

3.3. H2/CO correlation during winter months

As already shown in Fig. 3, the mean diurnal cycles of H2 and CO
vary greatly for all sampling heights. During winter, however, we
observe several pollution events with strong correlation between
H2 and CO (Fig. 1). For each day (00:00 to 23:59 UTC), we
calculate the correlation between H2 and CO at the 50 m given
by the slope of the linear regression between the two gas hourly
mean mixing ratios using a weighted least-squares algorithm. As
in Yver et al. (2009), since this calculated ratio corresponds to the

Fig. 6. H2/CO ratios calculated for the 50 m
height from the daily linear regression
between hourly mean H2 and CO mixing
ratios. Only regressions with R2 greater than
0.6 are shown.
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Table 2. Hydrogen to carbon monoxide ratio.

Study Duration Location and period Molar H2/CO (corrected)

Hammer et al. (2009) 2005–2007 Heidelberg urban setting, rush hours 0.46 ± 0.07
Hammer et al. (2009) 2005–2007 Heidelberg urban setting, pollution events 0.48 ± 0.07
Yver et al. (2009) 2006–2009 Gif-sur-Yvette, rush hour 0.47 ± 0.09
Aalto et al. (2009) 2007–2008 Helsinki, rush hour 0.49 ± 0.07
This study 2008–2010 Trainou, pollution events 0.27 ± 0.06

slope of the linear regression of the hourly mean mixing ratios,
it is independent of the seasonal variations. Figure 6 presents
all H2/CO ratios during pollution events with a coefficient of
determination (R2) higher than 0.6 and a correlation error below
50%. Most of the H2/CO ratios fulfilling the above criteria are
calculated during wintertime. Thirty-three events are used to
calculate a mean H2/CO of 0.22 ±0.06, without correction for
the soil sink. Indeed, during the day, the deposition process is still
going on, leading to a measured H2 mixing ratio lower than the
mixing ratio directly coming from the car exhausts. Therefore,
it needs to be taken into account to properly estimate the ratios
of anthropogenic emissions (Hammer et al., 2009). At Gif-sur-
Yvette, we used the total H2 flux as in the equation below (Yver
et al., 2009):

CH2

CCO

= CH2tot

CCO

(
1 − JH2sink

JH2tot

)
, (4)

where
CH2tot

CCO
is the ratio directly calculated each day with the

linear regression, JH2sink = −4.08 × 10−5 g m−2 h−1 is the soil
uptake as estimated at Gif-sur-Yvette and JH2tot is the total H2

flux composed of a negative flux from the soil uptake and of a
positive flux from the emissions. At Trainou Tower, it is difficult
to estimate the total flux of H2 with the Radon-Tracer-Method
as the period covers a whole day. Indeed, H2 and 222Rn are
never correlated for such a long period. We therefore use the CO
flux JCOtot :

− CH2

CCO
= CH2tot

CCO
− JH2sink

JCO
. (5)

As CO and 222Rn are, like H2 and 222Rn, not correlated for
a long period, we estimate the CO daily flux around Trainou
Tower with the inventory from Thiruchittampalam and Köble
(2008). The inferred mean CO flux of ≈8 × 10−4 g m−2 h−1

combined with the mean winter H2 soil uptake flux of −2.6 ×
10−5 g m−2 h−1 leads to a correction of +14% of the previous
H2/CO ratio. After applying this hydrogen deposition correction,
the ratio amounts to 0.25 ± 0.06. Figure 6 shows the H2/CO
ratio varying between 0.1 and 0.4 with no seasonal pattern. The
main uncertainties come from the H2/CO slope errors (15%) and
from the correction for the H2 deposition (the errors concerning
the deposition flux are estimated to be approximately 25% in
Yver et al., 2009). The overall uncertainty, then, amounts to
≈35%. Table 2 summarizes the H2/CO ratios from different
anthropogenic sources reported in the literature. The H2/CO ratio

at Trainou Tower is lower than all ratios previously reported
(Aalto et al., 2009; Hammer et al., 2009; Yver et al., 2009)
during traffic peaks. As previously shown, there is no apparent
correlation between traffic and the H2 and CO mixing ratios in
the diurnal cycles at Trainou.

Contrary to Gif-sur-Yvette and the others suburban sites, we
can not easily separate the contribution from the different sources
at Trainou. It seems that we measure a mix of emissions from
traffic, residential heating and wood burning. Indeed, the H2/CO
ratio from residential heating and wood burning are lower than
the ratio from traffic. The ratio from residential heating is be-
lieved to be between and 0 and 0.15 (M.K. Vollmer, personal
communication, 2009). For biomass burning, Hauglustaine and
Ehhalt (2002) proposed a value of 0.28 and Price et al. (2007)
of 0.29 and for biofuels of 0.32. The winter ratio that we have
calculated is then probably the result of the combination of all
these sources, especially as in winter, residential heating and
wood burning play a more important role than in summer.

4. Conclusion

Measurements of H2 and CO have been performed semi-
continuously at the tall tower of Trainou (at 50, 100 and 180 m
agl) since October 2008 and measurements of 222Rn have been
conducted since May 2009. We observe seasonal cycles for H2

and CO with baseline variations similar to those of the baseline
at Gif-sur-Yvette and to the northern hemispheric background
mixing ratios from Mace Head. We estimate the H2 deposition
velocity with a box model approach and with the Radon-Tracer-
Method. Both methods lead to similar results with a mean de-
position velocity around 2.6 × 10−2 cm s−1. The box model
selects sparse events and no seasonal cycle is apparent. With the
Radon-Tracer-Method, however, we find a seasonal cycle with
an amplitude of 40%. In contrast to Gif-sur-Yvette, there is no
diurnal cycle correlated with traffic peak in the morning or after-
noon but in winter, we sometimes observe a high correlation of
H2 and CO with a mean ratio of 0.25. This value, which is lower
than the ratio measured for the anthropogenic emissions from
transport is representative of the variety of sources that have an
influence on the concentrations at Trainou. Also in contrast to
Gif-sur-Yvette, there is no predominance of transport but a mix
of different sources.

This study has shown that tall tower measurements contain
local to regional information on the sources and sinks of trace
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gases. Through the vertical gradient we can apply an additional
method to access the soil uptake. This study also confirms the
mean value of H2 soil uptake for suburban area in the mid-
northern latitudes.
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