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Definitions 
 
 
The deposition velocity is the physical magnitude of the soil uptake rate. Conversion to flux 
can be made by multiplying the deposition velocity value by the atmospheric gas mixing ratio.  
 
Haplic podsol is a classification term for the typical podsol soil of a coniferous forest or Boreal 
forests. Podsol soils are formed in a slow podsolisation process, in which the topsoil is depleted 
of iron, aluminium, clay and organic compounds. The topsoil contains most of the carbon in the 
soil. If eluviation is pronounced, a thin eluviation layer is formed under the topsoil layer and the 
eluviated compounds are accumulated in the subsoil layer. The term haplic is used, when the 
upper 0.5 m of the soil profile is coloured throughout. It also means that, the soil described 
matches none of the other subgroups of soil classes. 
 
Histosol is a classification term for a highly organic soil material. The organic content of the soil 
material is above 12 percent by mass, depending on the clay content of the soil. 
 
The mixing ratio is the dimensionless ratio of the mass of a substance in an air parcel to the mass 
of the remaining substances. In atmospheric chemistry, atmospheric gas concentrations are 
usually expressed as molar mixing ratios, i.e., mole fractions. Mixing ratios are used to describe 
relative concentrations of atmospheric trace gases and impurities. 
 
Peat is a highly organic soil classified as a histosol, it is partially-decayed vegetable matter found 
in damp and marshy regions. 
 
Peatland is a specific ecosystem, in which organic matter is produced faster than it is 
decomposed and forms peat. It usually has a high water content, unless drained. 
 
The soil uptake rate is the amount of hydrogen consumed by the soil in unit time. 
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1. Introduction 
 
 
The interest of atmospheric scientists in molecular hydrogen (H2) is partly prompted  by the need 
to better understand the atmospheric balance of trace gases and on the other hand by a desire to 
develop carbon-dioxide-free energy production methods (Prather 2003, Service 2004), where 
hydrogen can be used to transport energy. 
 
The global mean atmospheric mixing ratio of CO2 was about 379 ppm in 2005. The average CO2 
increase rate is 1.4 ppm yr-1 (Forster et al. 2007). This global increase in CO2, together with the 
effect of other greenhouse gases, will cause global warming of the Earth’s atmosphere. Hydrogen 
is an indirect greenhouse gas, affecting the mixing ratios of both methane and ozone. 
 
When hydrogen is oxidized, the only burning product produced is water. The major 
anthropogenic H2 emission sources are the combustion of fossil fuels (e.g., traffic emissions) and 
biomass burning. The main natural H2 emission sources are volatile organic compounds (VOCs), 
(e.g. Sanderson et al., 2003). The oceans and nitrogen fixation by legumes are also mentioned as 
emission sources (Conrad et al. 1980), but rarely volcanoes (e.g. Sanderson et al., 2003 and 
references therein). The VOCs are transformed in oxidation processes, in which an important 
intermediate, formaldehyde, is produced; this is further decomposed in the photolysis reaction to 
molecular hydrogen. The largest uncertainties in the H2 mixing ratio are related to the emissions 
from nitrogen fixation and the oceans.  
 
Soil uptake is the major sink of H2, while the photochemical degradation by hydroxyl radicals is 
the only known atmospheric sink of H2. There are more factors affecting the soil sink strength 
than those in the H2 oxidation by hydroxyl radicals, whose uncertainty is also smaller. Rhee et al. 
(2006) estimated the total hydrogen budget for the Northern Hemisphere (NH). The hydrogen 
soil sink consumed 62 Tg (H2) a-1 in the NH. In the Southern Hemisphere (SH) the hydrogen sink 
in the soil consumed 26 Tg (H2) a-1, according to Rhee et al. (2006). The total sink of H2 was 
lower in the SH than in the NH. The total hydrogen sources in the SH were lower than in the NH. 
Globally, estimates of the atmospheric sink and source budgets of H2 vary between 136 and 
155 Tg (H2) a-1 (Hauglustaine and Ehhalt 2002, Novelli et al. 1999). Due to their relatively long 
lifetimes, the long-range transportation of methane and hydrogen is possible. The global lifetime 
of methane is 8.7 years (Denman et al. 2007). The lifetime of carbon monoxide varies globally 
from one month in the tropics to several months in the high-latitude winter (Seinfeld and Pandis, 
1998). Recent estimates for the global lifetime of molecular hydrogen lie between 1.4 (Rhee et 
al., 2006) and 2.1 years (Novelli et al. 1999). Ehhalt and Rohrer (2009) estimated lifetime of 2.0 
years. 
 
The mixing ratio of H2 is lower in the NH due to its vast land areas (an effective soil sink). In the 
SH the soil sink is weaker due to the larger ocean areas there than in the NH. In this thesis, the H2 
soil uptake rate is expressed using vd values. Both the soil uptake rate and the atmospheric H2 
mixing ratio have a seasonal variation with a different latitudinal distribution. Traffic produces 
about 90% of CO emissions (Niemi et al. 2008). CO was measured for the calculation of the 
ΔH2/ΔCO slope at Kumpula. In an urban environment, hydrogen and carbon monoxide are highly 
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correlated with high traffic flow periods. With the aid of the ΔH2/ΔCO-ratio, hydrogen emissions 
from the local sources can be estimated if carbon monoxide emissions are determined using, e.g., 
the radon tracer method. CO was measured in Pallas as a reference for the measurements made at 
Kumpula.  
 
The large wetland areas in the northern boreal zone are the major source of methane, but it is also 
transported to Finland from Central Europe. The long-range transportation of methane and other 
trace gases can be tracked by using backward trajectory analysis and cluster analysis (Eneroth et 
al. 2005). In cluster analysis, trajectories are grouped according to their distances and trajectory 
paths. The origin of methane and other trace gases can be determined, e.g., according to the 
correlation between methane and carbon dioxide. If the use of hydrogen becomes more common 
as a replacement for fossil fuel combustion, it can lead to a less enhanced greenhouse effect in the 
atmosphere. 
 
Aims of the study 
 

• to estimate the soil uptake rate and its seasonality for H2 
• to find the controlling factors for the soil uptake rate for H2 
• to estimate the traffic-induced hydrogen load  
• to measure the variation in the hydrogen mixing ratio together with that of other relevant 

trace gases 
 
 
 
2. Background 
 
 
2.1 Overview of the atmospheric techniques for measuring hydrogen 
 
Schmidt and Seiler (1970) were the first to employ the mercury oxide technique, which is 
currently a widely-used method for the determination of molecular hydrogen and carbon 
monoxide. In the 1970s the first estimates of sources and sinks and of atmospheric hydrogen 
levels were made by Schmidt (1973) and by Ehhalt et al. (1977), respectively. There are only a 
few convenient methods for measuring molecular hydrogen. The highest sensitivity is achieved 
by gas chromatographic methods, which are used for the determination of molecular hydrogen at 
atmospheric levels, typically ranging from 400 – 700 ppb. The detection is based on the 
absorption of mercury gas, which is released in the chemical reactions between hydrogen- or 
carbon-monoxide-rich sample air and mercury oxide. The absorption of UV-light is proportional 
to the concentration of molecular hydrogen in the sample air. The reduction gas detector (RGD) 
is the most commonly-used sensor in gas chromatographs (e.g. Simmonds et al. 2000, Yonemura 
2000a, Hammer and Levin 2009), but the electron capture (ECD) detector is also sometimes used 
(Barnes et al. 2003). A recent detector type is the pulsed discharge detector (PDD). Other 
techniques used for the detection of molecular hydrogen are mainly based on electrochemical or 
semiconductor methods. There are also detection sensors that are based on thermal conductivity 
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and catalytic principles. The typical detection range for the semiconductor probes for hydrogen is 
10 - 1000 ppm, which is higher than the atmospheric levels monitored. 
 
 
2.2 Atmospheric interactions of hydrogen  
 
The hydrogen mixing ratio is asymmetrically distributed between the hemispheres. In the NH it 
reaches 490 ppb at 80°N. In the SH the mixing ratio reached 535 ppb at 88°S (Novelli et al. 
1999) during the years 1992 - 1995. In the NH the soil sink strength is greater than in the SH due 
to the land coverage. For this reason the hydrogen mixing ratio is higher in the SH. Barnes et al. 
(2003) observed a seasonal cycle for the mixing ratio of atmospheric hydrogen in a Harvard 
forest with a maximum in the winter and spring months (February to June) (~530 ppb) and a 
short minimum in September - October (~480 ppb). Simmonds et al. (2000) observed a similar 
seasonal cycle in Mace Head baseline air, with the highest mixing ratio during the spring months 
of March to May (~510 ppb) and the lowest values in September to November (~480 ppb). 
 
The most important sink for the atmospheric hydrogen is the soil, which is 75 - 82% responsible 
for the decomposition of hydrogen (Novelli et al. 1999, Hauglustaine and Ehhalt 2002, Sanderson 
et al. 2003). This is a unique feature compared with the situation of other trace gases such as 
carbon dioxide, methane and ozone. Hydrogen changes the atmospheric mixing ratio balance of 
methane and ozone (Prather 2003). Molecular hydrogen also reacts with the hydroxyl radical, 
with a 25% share forming water (Fig. 1). 
 
 

H2

OH
CO2

HO2

H

HO2

NOx75% 10%

O3

 
 
 

Figure 1.   The air-soil interactions of molecular hydrogen and 
carbon monoxide with other gas components in the atmosphere, 
adapted from Prather (2003). 
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Hydrogen, methane and carbon monoxide are connected with each other through a methane 
oxidation process. Especially hydrogen is in a close relationship with carbon monoxide. 
Hydrogen and carbon monoxide are the photochemical reaction products of formaldehyde 
(HCHO). Molecular hydrogen mitigates the atmospheric self-cleaning mechanism by reducing 
the amount of hydroxyl radicals; these are also needed to decompose methane into its oxidation 
products. Methane reacts with the hydroxyl radical (OH), forming intermediate products (e.g., 
methylperoxy radicals, CH3O2·), which can further take part in reactions between NO or 
hydroperoxyl HO2· radicals. The reaction route, where HO2· is participating, leads to the 
formation of hydrogen. CH3O2· and HO2· radicals form CH3OOH, which decomposes in the 
presence of an OH radical into HCHO or back into a CH3O2· radical. HCHO is decomposed in a 
photolysis reaction into molecular hydrogen and carbon monoxide (CO) (Seinfeld and Pandis 
1998). The methane oxidation process chain is shown in Figure 2. 
 
 

CH O •3 2

O2 H O2

CH O• + NO3 2

NO

CH OOH + OH•3

HCHO

HO •2

hv OH•

H + CO2 HO • 2 + CO + H O2

hv

 
 

 
Figure 2.   Simplified methane oxidation process. In 
overhead sun conditions, 55% of formaldehyde is 
decomposed into molecular hydrogen, adapted from 
Seinfeld and Pandis (1998). 

 
 
Compounds classified as volatile organic compounds (VOCs) include e.g. isoprene, the 
monoterpenes and methanol (Ehhalt and Rohrer 2009) and all other atmospheric vapour-phase 
organics excluding CO and CO2 (Seinfeld and Pandis 1998). Only a small fraction of the 
oxidation of volatile organic compounds takes place photochemically, compared to methane 
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oxidation. Due to the reactive nature of different VOC compounds, their atmospheric lifetimes 
are only a few hours and their distributions are non-uniform. The VOC oxidation chain produces 
H2 through the photolysis of formaldehyde (Ehhalt and Rohrer 2009). 
 
 
2.3 Soil interactions of hydrogen and soil uptake rate 
 
Soil uptake is the major sink for hydrogen, and soil properties control the gas diffusion into the 
ground. Increased soil moisture due to precipitation hinders gas diffusion, when the air-filled 
porosity decreases in the soil material (Moldrup et al. 2000), leading to decreased hydrogen 
deposition velocity (vd) values. Soil moisture and temperature are coupled with each other. A 
higher soil temperature usually denotes lower soil moisture and is favouring an enhanced soil 
uptake rate. A snow layer above the soil surface is an inactive layer for H2, increasing the 
diffusion depth and also decreasing the vd values. According to Schmitt et al. (2009) and 
Yonemura et al. (1999), the uptake of molecular hydrogen into the soil takes place in the 
uppermost soil layers, due to activity of soil microbes and enzymes (hydrogenases and 
nitrogenases)(Conrad 1996, Conrad and Seiler 1985). Recently Guo and Conrad (2008) and 
Constant et al. (2009) isolated microbes that consume hydrogen. Natural hydrogen emissions 
from soils take place in nitrogen fixation processes, e.g., in the root nodules of leguminous plants 
(Conrad and Seiler 1980). This occurs in the O layer (humus) in Fig. 3a in mineral soils. The 
organic carbon and the total nitrogen content in the second layer, A (2 - 4 cm), is lower than that 
of the humus layer. Minerals are diluted through the eluvial layer (E) to the coloured illuvial layer 
(B). The organic peat soil profile is shown in Fig. 3b.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 3.   Schematic presentation of soil layers. a) In upland forest 
soil : O, the organic layer (0 - 2 cm); A, the surface soil layer 
(leachete) ; E, the eluvial layer, ; B, the illuvial layer of podsolic soil ; 
C the unchanged parent material. b) In peatland soil: O1, the surface 
layer, O2 other organic layers. 
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2.4 Overview of chamber technique 
 
Three major types of soil chambers are used for the measurement of soil gas fluxes. According to 
Pumpanen et al. (2004), these chamber types are classified as non-steady-state-non-through-flow 
(closed static chamber), non-steady-state-through-flow (closed dynamic chamber) and steady-
state-through-flow (open dynamic chamber). Several chamber methods have been introduced, but 
none of them are pre-eminent compared to each other. The methods all have different sources of 
errors, and are also in varying degrees sensitive to measurement errors (Norman et al 1997). The 
closed static chamber technique is the most widely-used method. The concentration change inside 
the chamber is determined by a variety of methods, such as infrared analysis for CO2, α-
scintillation counting for radon, and gas chromatography for CH4, N2O (Conen and Smith 2000 
and references therein) and H2 (Novelli et al. 1999, Simmonds et al. 2000).  
 
The closed static chamber technique was used throughout the hydrogen studies in this thesis. The 
trace gas flux is determined by the rate of decrease (or increase) inside the closed chamber. The 
headspace of the closed static chamber is usually enriched with the trace gas under investigation 
during the measurement. In the case of soil production, a fraction of the trace gas being produced 
by the soil is stored in the soil profile, when the chamber cover is deployed, which leads to a 
decreased soil flux estimate (Conen and Smith 2000). The diffusivity declines in the case of 
clayey and loamy soil due to the finer soil texture (Davidson et al. 2000). The surface layer can 
also be affected by advective fluxes driven by pressure gradients. Concentrations may vary 
rapidly near the surface (Davidson et al. 2000). The sources of error in the closed static chamber 
technique can be minimized by using a greater chamber headspace, i.e., by increasing the height 
of the chamber, provided that the trace gas concentration is within the detection limits of the 
instrument (Conen and Smith 2000, Davidson et al. 2002). Closed static chambers tend to 
underestimate the flux values (Pumpanen et al. 2004). 
 
In open dynamic chambers, the efflux is calculated from the concentration difference between the 
inlet and outlet of the chamber. The sources of error in open dynamic chambers are related to the 
pressure difference of the air inside and outside the chamber, which can develop a mass flow of 
trace gas from the soil into the chamber. Open dynamic chambers tend to overestimate flux 
values, if the pressure inside the chamber is lower than that outside the chamber (Pumpanen et al. 
2004).  
 
The altered diffusion gradient may cause the trace gas (e.g. CO2) to diffuse laterally in the soil, 
outside the chamber area (Davidson et al. 2002). Increasing the flow rate through steady-state 
chambers could lower the measurement errors, but it also creates pressure differences, which 
could create larger errors. Windy conditions are also known to cause errors to the flux estimate 
(Davidson et al. 2000). A better estimate for the mean value of the soil fluxes is achieved when a 
larger covered soil area is closed inside the chamber. The larger chamber dimensions also 
minimize error sources due to pressure gradients (Conen and Smith 2000, Davidson et al. 2002). 
Fans are sometimes used, but these could create undesirable pressure differences (Davidson et al. 
2002).   
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3. Materials and methods  
 
 
3.1 Field sites in Finland  
 
The field sites were selected according to their different soil and vegetation properties. Two sites 
in southern Finland (Fig. 4) were selected for field measurements. The rural field site at Loppi 
(60°38´49´´N, 24°21´8´´E) represents a drained peatland and a pine (Pinus sylvestris) forest site. 
Four chambers were installed on a drained pine bog (histosol), which has a high organic carbon 
(50%) and high total nitrogen (1.18%) content in the surface layer. Two chambers were placed on 
a mineral soil (haplic podsol), whose surface layer also has a high organic carbon (30 - 40%) and 
nitrogen (0.98 - 1.21%) content. The surrounding vegetation on the peat surface included 
blueberry (Vaccinium myrtillus) and marsh tea (Ledum palustre) (Paper I). Soil chambers were 
also installed at the urban park site at Kumpula, Helsinki (60°12´13´´N, 24°57´40´´E). This was 
selected for the chamber measurements to represent soil uptake in mineral soils (gravely sandy 
loam) (Paper III and Paper IV).  
 
At Sammaltunturi and Kenttärova, the effect of a thin soil layer on soil uptake rate was examined. 
Field measurements were performed on the treeless top of the arctic hill of Sammaltunturi 
(67°58´24´´N, 24°06´58´´E, 565 m a.s.l.). The ground here comprises a thin organic soil layer 
and a partly revealed and fractured bed rock. The vegetation consists mainly of mosses, lichens 
and low vascular plants. The soil material is organic, consisting mainly of the roots of different 
shrubs. The thickness of the soil layer is about 0 - 7 cm. Two soil chambers were used at each 
measurement site. The second field site for chamber measurements was selected to represent a 
northern boreal forest site environment. The forest site at Kenttärova (67°59´14´´N, 24°14´36´´E, 
347 m a.s.l.) consists mainly of Norway spruce (Picea abies), its soil type being haplic podsol, 
while the surface vegetation is of the Hylocomium-Myrtillus type according to Kalliola (1973). 
The third field site is a wetland (sedge fen) at Lompolojänkkä (67°59´50´´N, 24°12´33´´E, 269 m 
a.s.l), where the soil uptake rates were examined in high soil moisture conditions. The wetland 
and forest sites are about 2 km from each other, while they are situated about 5 and 6 km, 
respectively, from the hill site. All these sites lie within the Pallas region. 
 
For the period 1971-2000 (Drebs et al. 2002), the mean temperature in Helsinki (Kaisaniemi) was 
below zero from December to March (4 months) and at Jokioinen (distance to Loppi ca. 50 km) 
from November to May (7 months). Helsinki lies at the northern limit of the hemiboreal forest 
zone (Solantie 1990). Loppi is in the southern boreal forest zone. At Alamuonio (distance to 
Pallas ca. 30 km), the mean 30-yr temperature was below zero from October to April (7 months). 
Alamuonio is on the northern boundary of the northern boreal zone.  
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Figure 4.   The map of Finland and locations of the field sites. 
 
 
Permanent snow covers the soil surface from November to mid-April in Helsinki and to the end 
of April at Jokioinen. Snow covers the soil from October to mid-May at Alamuonio, whose 
annual precipitation is lower than that of Helsinki and Jokioinen (Table 1).  
 
 

Table 1.   Statistical facts for the period 1971-2000 (Drebs et al. 2002). 
 

Location Mean annual 
temperature 
°C 

Mean annual 
precipitation 
mm 

Kaisaniemi 5.6 642 
Jokioinen 4.3 607 
Alamuonio -1.4 484 

 
 
Chamber measurements were made at Helsinki and Loppi to determine the soil uptake rate of 
molecular hydrogen. The first chamber experiments were made at Herttoniemi, Helsinki in 
August 2005. One chamber was installed at the end of October 2005 at a new location at 
Kumpula, Helsinki, until October 2007. At Pallas two separate three-day campaigns were held in 
both September 2007 and in August 2008. At Loppi, four chambers were installed in an organic 
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peat soil and two in a mineral soil. The field measurements there were made between September 
2005 and October 2007 on a monthly basis. 
 
The surface layer acidity, its pH , is around 4 unlike in the lower layers the pH is 5 - 6. The 
organic carbon content decreases between these layers from about 5% to 1%. This corresponds to 
the mineral soil samples taken at Loppi. The peat soil layers (O1 and O2) at Loppi are very 
similar to each other. The organic carbon content of the surface layer is about 50% (the layer O1 
in Fig. 3b), while the lower peat layers (O2) have a carbon content of about 40%. The total 
nitrogen content was high in all the peat layers (1.01 - 1.18%). The acidity of peat soil is about 
3.5 pH (see more details in Paper I). 
 
Continuous measurements were made in two distinct locations (Fig. 4). Background levels of the 
hydrogen mixing ratio were monitored at the remote site at Pallas, which represents a clean 
northern boreal vegetation zone. In contrast, the urban site at Kumpula, Helsinki was selected for 
measurements to represent a polluted environment. The inlet of a continuous mixing ratio 
measurement system was placed 2 m above the roof of the FMI (Finnish Meteorological 
Institute) building, which is 25 m above the ground level (53 m a.s.l.). The background signal of 
molecular hydrogen was occasionally disturbed by pollution episodes coming from two nearby 
high-traffic-volume roads (Hämeentie and Mäkelänkatu), with weekday traffic volumes 
exceeding 40000 cars (Paper IV). Hydrogen and carbon monoxide were monitored at Kumpula 
between June 2007 and July 2008 (Table 2).  
 

Table 2.   The measurement sites and types. 
 

Site Measurement type Time Reference 
Herttoniemi, 
Helsinki 

Chamber August 2005 Paper I 

Kumpula,  
Helsinki 

Chamber 
Continuous atmospheric 

October 2005 - October 2007 
June 2007 - July 2008 

Paper I, III  
Paper IV 

Loppi Chamber September 2005 - October 2007 Paper I 
Pallas Three-day chamber campaign 

Continuous atmospheric H2 and CO 
Continuous atmospheric CH4 

September  2007 and August 2008 
September  2006 onwards  
2004 onwards 

Paper II 
Paper II 
Paper V 

 
 
 
3.2 Continuous atmospheric measurements 
 
An RGA5 (Trace Analytical, Menlo Park, CA ,USA) instrument was used at Kumpula and a PP1 
(Peak Performer 1, Peak Laboratories LLC, Mountain View, CA, USA) at Pallas. The sample air 
was delivered to the RGA5 instrument through a common line, which also distributed sample air 
to the radon instrument. A sideflow (200 cm3 min-1) delivered the sample air to an inline teflon 
filter (1.0 μm) and finally to a hydrogen detector. Normally four ambient air samples were 
measured in 20 minutes (RGA5), followed by the measurement of a working standard. The 
working standard was pressurized air, whose hydrogen concentration was about twice that of 
ambient air (900 - 1000 ppb). The calibration procedure for hydrogen consisted of 10 - 19 
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calibration samples and four to nine working standard samples. Standard deviations varied 
between 0.5 - 1.5% and were calculated using real values.  
 
CO was calibrated using NOAA/CMDL, (Climate Monitoring and Diagnostics Laboratory) 
CH4/CO standards. The calibration standard deviation was between 1.5 - 3.4%. The 
reproducibility of the RGA5 was determined by running the instrument for two days with four-
minute cycles and by taking ten consecutive samples. The standard deviation of reproducibility 
was 1.1%. Calibrations were performed by taking at least ten standard samples and at least four 
working standard samples. Standard deviations were calculated using real values, and varied 
between 0.5 - 1.5% for CO. The air sample was mixed with synthetic air purity grade 5.0 in the 
RGA5.  
 
At Pallas (Sammaltunturi), a continuous (PP1) monitoring system for hydrogen and carbon 
monoxide has been operational from September 2006 to the present day. The sample air is 
delivered through a common sample manifold, which distributes the sample air through the cryo-
cooler and finally to the monitoring instrumentation inside the Pallas station building. The 
hydrogen inlet is attached to this system and the sample air is filtered with a 7 μm inline filter. 
The measurement cycle consists of three atmospheric samples, after which a working standard is 
included in the sampling queue. The working standard is pressurized dried natural air, whose 
hydrogen concentration is above the ambient level (900 - 1000 ppb). The peak-height ratio of the 
sample air to the working standard is used in the determination of atmospheric levels. In the 
calibration procedure, all the four calibration standards are measured against the working 
standard ca. 12 times. A new MPI (Max-Planck Institute, Jena) 2009 scale was used in the 
calibrations. The reproducibility σ = 2 ppb of the PP1 instrument was determined using 15 
consecutive samples. 
 
The carrier gas in Sammaltunturi is produced with a zero-air generator. The sample flow is 
pressure stabilized by shutting the flow off for 5 seconds for equilibrium before the injection in 
both of the systems. The PP1 instrument uses the same type of detector (RCP, reducing 
compound photometer) as the RGA5 instrument. A mixture of carrier gas and the sample is 
delivered through the pre-column (Unibeads 1S) for water vapour removal. Hydrogen and carbon 
monoxide are separated in an analytical column, Mole Sieve 5A (RGA5, Trace Analytical, Menlo 
Park, CA ,USA) or Mole Sieve 13X (PP1, Peak Performer 1, Peak Laboratories LLC, Mountain 
View, CA, USA). The gas chromatographic detection is based on a chemical reaction, in which 
hydrogen (or carbon monoxide) reduces mercury oxide to elementary mercury gas at 265 °C. The 
concentration of the hydrogen gas is proportional to the released mercury gas, whose 
concentration is detected by ultraviolet absorption. In both systems the measurement cycle takes 
300 seconds (5 minutes). 
 
Intercomparisons between the PP1 and RGA5 instruments were made using flask samples. Four 
canisters (volume 0.75 L) were filled with ambient air on the roof of the FMI (Finnish 
Meteorological Institute) building. Two hydrogen flask samples were measured at Kumpula 
(RGA5) and the other two at Pallas (PP1). At Kumpula, the hydrogen mixing ratios were 520.4 
(σ = 6.7) ppb and 515.8 (σ = 2.2) ppb, while at Pallas, the corresponding mixing ratios were 
518.5 (σ = 0.7) ppb and 517.7 (σ = 1.5) ppb. At Kumpula the sampling line was also checked by 
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comparing the flask samples with the continuous measurement samples that were taken during 
the flask filling. The three-sample average was 521.4 (σ = 4.4) ppb, which was close to the flask 
results. The linearity of the RGA5 instrument was checked using concentration samples within 
the atmospheric range (400 - 700 ppb), resulting in R2 = 0.97. The PP1 instrument was checked 
within the same range, resulting in R2 = 0.996. 
 
At both Kumpula and Pallas, a radioactive 222Rn isotope (τ = 3.8 days) concentration is 
measured, which determination is based on the short-lived 222Rn progeny, which is assumed to be 
in equilibrium with radon. Air samples are collected onto a filter, and a one-hour mean of its beta 
activity is calculated. The analysis method is similar to that described in Paatero et al. (1998) and 
Hatakka et al. (2003). The radon mixing ratio is needed in the radon tracer and in the two-
dimensional model. 
 
At Kumpula, the weather information was collected from an automated Milos 500 weather 
station, where the wind parameters were obtained from a sonic anemometer on a 32 m high mast. 
Temperature was recorded with a Pt100 sensor at a height of 2.5 m above the ground. The same 
type of automated weather station system is used at Pallas, where the wind parameters were 
obtained at a height of 7 m, while the temperature sensor was at a height of 5 m above the 
ground. Precipitation was recorded with weighing gauges or probes at a height of 1.5 m above the 
ground. The precipitation records were used to estimate the effect of water in the soil.  
 
Methane was monitored at Pallas four times an hour with a gas chromatograph using a flame 
ionization detector. The working standard was measured after every air sample, and the working 
standard was calibrated against NOAA/ESRL standard gases. The precision of all the methane 
measurements is 1.5 ppb (Paper V). 
 
 
3.3 Chamber and cuvette techniques 
 
Static soil chambers were used for the soil flux measurements and for the determination of soil 
uptake and hydrogen deposition velocity. The same setup was used at all the chamber 
measurement sites. The static closed chamber system consists of a stainless steel chamber (60 cm 
x 60 cm x 20 cm; L×W×H) and an aluminium cover (height 20 cm). A silicon sampling tube was 
mounted on the cover and a small battery-operated fan was used inside the cover to ensure proper 
mixing. One measurement cycle consisted of 5 samples. The air samples were collected using 
plastic syringes. The first air sample was taken immediately after closing the cover. The second 
sample was taken after about two minutes and the following samples were all taken at successive 
five-minute intervals. At Loppi all the six chambers were measured once and analyzed during the 
same day (Paper I). At Kumpula, one chamber was measured three or four times in sequence. 
Between successive measurement cycles, the cover was left open for a few minutes for 
ventilation. Again air samples were analyzed during the same day. Soil moisture and temperature 
were also measured at both of the locations. 
 
Peat and mineral soil samples were collected into a 10-cm diameter column, keeping the soil 
layers intact. A stainless steel cuvette (radius 9.5 cm, height 27 cm) was used in the laboratory 



 

 
 

21

studies. The same plastic syringes were used in the cuvette as in the chamber measurements, but 
the sampling volume was 10 mL. A constant room temperature was maintained during the 
laboratory measurements. Soil samples were stored at a temperature of 6 °C. Some of the 
samples were stored in a freezer overnight at a temperature of about -20 °C. Soil moisture and 
temperature were measured, and the cuvette air samples were analyzed for the hydrogen vd 
calculation. The laboratory measurements were made for the determination of the soil moisture 
and temperature dependency of the soil uptake. 
 
The soil moisture probe ThetaProbe ML2X (Delta-T Devices Ltd, Cambridge, UK) was used for 
soil moisture measurements, while thermocouples and resistors were used for temperature 
measurements. The vd values were measured to determine the optimum soil moisture range for 
the uptake of H2. The soil temperature dependency of the vd values were also measured at the 
optimum soil moisture conditions (Papers I, II and III). 
 
 
3.4 The hydrogen deposition velocity and emission calculations 
 
3.4.1 Soil chamber measurements 
 
The uptake of hydrogen into the soil follows first-order kinetics, i.e., the hydrogen concentration 
changes inside the closed chamber according to an exponentially decreasing function, Equation 
(1). The concentration records of the five air samples in one chamber measurement were used in 
the equation, which is solved using numerical methods to get the parameters. These parameters 
are used for the determination of the hydrogen deposition velocity term. The hydrogen 
concentration change is rapid: only one-third of the initial concentration was remaining after ca. 
15 minutes. 
 
 
C(t) = (C0 - y τ) exp(-t / τ) + y τ, (1) 
 
 
where t (s) is time, C0 (ppb) is the concentration at zero time, y (ppb s-1) is the production term 
for hydrogen and τ (s) is the decay term. The hydrogen deposition velocity is calculated as vd=h/τ 
(m s-1), where h (m) is the chamber height. Conversion between the quantities can be made by 
multiplying the deposition velocity by the ambient hydrogen concentration. A vd value of 
0.5 mm s-1 corresponds roughly to a flux value of 10 nmol m-2s-1 at 500 ppbv H2 at 20 °C 
temperature and 1 atm pressure.  
 
Based on the field measurements and a three-hour experiment (Paper II and III), the hydrogen 
concentration decreased to a level of 10 - 20 ppb. The production term was not used in the 
calculations, since emissions from the soil were not significant, according to the measurement 
results. The field sites contained no leguminous plants (Conrad and Seiler 1980) that could have 
produced hydrogen. 
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3.4.2 The radon tracer method 
 
The radon tracer method (Schmidt et al. 2001) can be used to estimate the hydrogen flux jH2, (mol 
m-2 s-1) when the radon flux jRn (Bq m-2 s-1) is known (Eq. 2). The change in the hydrogen 
concentration (ΔcH2, mol m-3) and in the radon concentration change (ΔcRn, Bq m-3) can be plotted 
against each other. The radon tracer results were applied only on nights when the hydrogen 
concentration decreased by more than 5 ppb and the radon concentration increased by more than 
0.6 Bq m-3 between 23 and 5 LT (local time). Correlation events for hydrogen and radon of five 
to six hours, having R2 > 0.8, were selected for the calculations. The ratio between these two was 
multiplied by a known mean radon emission flux jRn, which has different values in summer and 
in winter (Eq. 2). A correction term in radon concentration is taken into account (see brackets in 
Eq. 2). λRncRn (Bq m-3 s-1)is a specific decay term for radon, where λRn (s-1)is a radioactive decay 
constant for 222Rn, whose concentration term is cRn (Bq m-3) The ratio between radon 
concentration change and time difference is determined as ΔcRn/Δt. 
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A mean correction factor of 0.965 was used for the correction term (Schmidt et al., 2001).  
 
 
3.4.3 Hydrogen emission calculations with the aid of the H2-to-CO ratio 
 
If the carbon monoxide mixing ratios increase simultaneously, it is possible to estimate the 
hydrogen emission. However, before Equation (3) can be applied, the carbon monoxide emission 
is needed  
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where emis

H2j and emis
COj (mole m-2 s-1) are the emission fluxes of hydrogen and carbon monoxide, 

and ΔH2 (ppb ppb-1) and ΔCO (ppb ppb-1) are the changes in the atmospheric hydrogen and 
carbon monoxide mixing ratios, respectively. A flux term soil

H2j  (mole m-2 s-1) represents the 
hydrogen soil uptake. The second term on the right side of Equation (3) is a correction term for 
soil uptake (Hammer et al. 2009). The CO emissions emis

COj (mole m-2 s-1) can be estimated with, 
using the mixing ratio records of CO from continuous measurements obtained from Kumpula and 
applying, e.g., the radon tracer method (Eq. 2). 
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3.4.4 The two-dimensional model 
 
A two-dimensional model (Paper II and Paper III) was created for support and comparison of 
the other methods. The model is based on the three-dimensional model by Aalto et al. (2006). 
Fluxes were defined at the air-soil interface of the model. The thick surface layer was built into 
the model and the soil acted as a passive solid. The vertical extent of the model was 3 km (12 
layers) and the horizontal extent was 10 km (10 grid boxes). A commercial fluid dynamics 
software, Fluent©, was used with user-defined codes for the mass and energy exchange 
formulations added to the model (Aalto et al 2006). The necessary boundary conditions were set 
based on local observations. The two-dimensional model was used for estimating the H2 
deposition velocity using local meteorological input values such as air temperature, humidity, 
atmospheric pressure and wind speed (Paper II and Paper III). To solve for the deposition 
velocities, the model minimizes the difference between the modelled and observed concentration 
values. 
 
 
 
4. Results 
 
 
Three methods were used for comparing and verifying the soil uptake rate. The first method was 
the chamber measurements. The second was the radon tracer method (Levin et al. 2002, Schmidt 
et al. 2001), which was used for the comparison of the chamber measurements with the two-
dimensional model (Aalto et al. 2006). The two-dimensional model calculations were based on 
the atmospheric observations of hydrogen and carbon monoxide. The hydrogen deposition 
velocities were estimated using all the three methods. The results are summarized and compared 
to the selected references in Table 3. 
 
 
4.1 The atmospheric mixing ratios of hydrogen, carbon monoxide and methane 
 
At Kumpula the mean annual background (June 2007 - 2008) mixing ratio for hydrogen was 
490±22 ppb. The lowest mixing ratios were found in October - November and the highest in 
February - May. The long term mean annual carbon monoxide mixing ratio was 167±60 ppb 
(June 2007 - 2008). The lowest mixing ratio values were measured in July - September and the 
highest values in March - April. The hydrogen and carbon monoxide time series are depicted in 
Figure 5. 
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Figure 5.   The mixing ratios of hydrogen and carbon monoxide at Kumpula. The black time series 
represent clean background air. 
 
The measured mean annual mixing ratio for hydrogen at Pallas was 533±20 ppb (September 
2006 - 2007), the lowest values being observed in October - November and the highest values in 
February - June. The time series for H2 and CO recorded at Pallas are depicted in Figure 6.  
 
The measured mean annual mixing ratio for carbon monoxide at Pallas was 136±31 ppb 
(September 2006 - 2007), the lowest values were being found in June - September and highest 
values in February - April.  
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Figure 6.   The seasonal variation of the H2 and CO mixing ratios at Pallas. 
 
 
The measured mean annual mixing ratio for CH4 at Pallas was 1878±20 ppb (January 
2007 - 2008). The lowest values occurred in June - August and the highest values in 
November - March. A time series for methane recorded at Pallas is depicted in Figure 7. The 
long-term monitoring (between 2004 and 2008) reveals seasonality in methane. The highest 
mixing ratios occurred in November - March and the lowest in June and early July. Methane also 
has a diurnal variation, which was less than 10 ppb (Paper V) in the well-mixed air masses in 
July. In winter the variation was minimal.  
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Figure 7.   The methane mixing ratio at Pallas between 2004 and 2008. 
 
 
A major fraction of the hydrogen emissions in Helsinki originates from local sources. An 
exceptionally high episode was recorded at Kumpula on the evening of 20 November 2007. The 
hydrogen mixing ratio was over 750 ppb and that for CO over 900 ppb (Fig. 5). Other measuring 
sites within the Helsinki area also showed increased CO mixing ratios. (See details in Paper IV). 
This large-scale increase in the carbon monoxide mixing ratio is an example of long-range 
transport. A long atmospheric lifetime is a prerequisite for long-range transport through the upper 
troposphere. Long-range emissions are distinguishable from local emissions if the incoming air 
mass is not interfered with large vast land areas in the near vicinity of the monitoring site. For the 
atmospheric monitoring site in Helsinki the most favourable wind directions are restricted to the 
sector between 60° and 300° (through south), with the maximum mixing ratios being recorded 
between 210° - 240° (Paper IV). In Paper V, a trajectory analysis method is used to categorize 
long-range transport events of methane and other trace gases (e.g. CO2 and O3). Different source 
areas can be located according to the trajectory calculations, and identified by examining the 
differences in the trace gas compositions of the arriving air mass. The trajectories can be grouped 
into several categories according to the differences in the atmospheric compositions. In air 
masses originating from areas, where anthropogenic emission sources are dominant, elevated 
methane and carbon dioxide mixing ratios are detected simultaneously, especially in winter time. 
(Paper V). 
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Table 3.   Hydrogen deposition velocities measured and modelled with different methods. 
  

Reference Location and method Comments vd (mm s-1) 

Paper I Kumpula and 
Loppi chamber 

Sep 2005 to Apr 2007 
winter 
snow-free months 

 
0.0 - 0.4 
0.4 - 0.7 

Paper II 
 

Pallas  
chamber  

Sep 2007 
Aug 2008  
three-day campaign 

0.06 - 0.12 
0.16 - 0.52 

Paper II Pallas  
radon tracer 

Sep 2006 - Aug 2007 
ten separate days  

0.18 - 0.52 

Paper II Pallas  
two-dimensional 

Jun 2007 - Aug 2007  
four separate days 

0.19 - 0.41 

Paper III Kumpula  
chamber  

Oct 2005 to Oct 2007 
May to Oct  
Nov to April  
drought (Jun to Aug 2006) 
snow 

 
0.13 - 0.70 
0.00 - 0.45  
0.50 - 0.70 
<0.20 

Paper III Kumpula 
radon tracer 

Jun 2007 to Jul 2008 
May to Oct  
Nov to Apr  

 
0.14 - 0.93 
0.13 - 0.27  

Paper III Kumpula  
two-dimensional model 

Jun 2007 to Jul 2008 
May to October  
November to April 

 
0.13 - 0.61 
0.12 - 0.33  

Hammer and Levin 
2009 

Heidelberg, Germany 
radon tracer 

Jan 2005 to Jul 2007 
urban/suburban 
environment  

 
0.1 - 0.8 

Rahn et al., 2002 
 

Delta Junction, Alaska 
concentration gradients 

one week in mid-July 2001 
burnt boreal forest 
mature boreal forest 

 
0.44 a) 

0.73 a) 
Smith-Downey et al., 
2008 
 

southern California 
chamber 

Sep 2004 to Jul 2005 
forest 
desert 
marsh 

 
0.63 a) 
0.51 a) 
0.35 a) 

a) mean deposition velocities 
 
 
In Paper IV, the simultaneous increase in the mixing ratios of hydrogen and carbon monoxide 
indicate that the emissions originate from the same source, i.e., from traffic. The hydrogen and 
carbon monoxide mixing ratios were used for the estimation of hydrogen emissions. The 
hydrogen-to-carbon-monoxide ratio can be used for the estimation of the atmospheric load of 
hydrogen emissions originating from traffic. For the calculation of ΔH2/ΔCO, carbon monoxide 
was measured simultaneously at Kumpula. The mean ΔH2/ΔCO ratio was calculated for the 
morning period when increased mixing ratios were observed due to the rush hour. By selecting a 
morning rush hour between 6:00 - 9:00 LT, the ΔH2/ΔCO ratio was calculated, the result being 
0.43±0.03 ppb (H2) / ppb (CO). This ratio was corrected according to Hammer et al. (2009) to 
take into account the uptake of hydrogen by the soil. The corrected result was 
0.49±0.07 ppb (H2) / ppb (CO) (Paper IV). Using this slope together with the emission statistics 
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of CO provided by the Metropolitan Area Council (YTV), the road traffic emission estimated for 
Helsinki was 261 t (H2) a-1 in 2007 (Niemi et al. 2008, Statistics Finland 2009).  
 
The total load of H2 emissions from the traffic was estimated using carbon monoxide emission 
estimates. The total amount of traffic CO emission was in 2007, including diesel powered cars, 
that are in fact only a minor source of H2 (Vollmer et al. 2007), was 8285 t (CO) a-1. The major 
source of H2 is traffic, excluding diesel powered cars, so that this latter fraction was left out of the 
total amount of vehicles and from the CO emission estimate, yielding 7455 t (CO) a-1 in 2007, 
based on the vehicle statistics (Statistical Centre of Finland 2008) (Paper IV). 
 
 
4.2 The soil deposition velocity of hydrogen 
 
Hydrogen deposition velocity values were calculated based on the field measurements. The mean 
vd value in a highly organic peat soil (histosol) at Loppi was 0.57 mm s-1 during the snow-free 
season in 2005 - 2007, when the air temperature exceeded 5 °C. The corresponding vd value for 
mineral soil was 0.50 mm s-1 (Paper I). The deposition velocity values of H2 were plotted in the 
time series presented in Fig. 8a; the corresponding soil temperature and snow depth are presented 
in Fig 8b and the effect of snow depth in Fig. 8c. The difference between the mean values for 
peat and mineral soil was statistically significant at the 0.05 level. The deposition velocity values 
of H2 were highest from summer to late autumn.  
 
At the Sammaltunturi site at Pallas (Paper II), the mean vd value was 0.45±0.04 mm s-1 
(mean±SE, standard error of the mean) in August 2008, when the air temperature varied between 
4 - 15 °C. In September 2007, the mean vd value was 0.12±0.02 mm s-1. The air temperature was 
lower in September 2007 than in August 2008. During the campaign in 2007 the maximum 
diurnal temperature varied between 0 °C and 8 °C, but sub-zero temperatures were measured 
before the campaign days. The vd values were lower at Kenttärova (0.070±0.004 mm s-1, 2007; 
0.17±0.02 mm s-1, 2008). Chamber measurements were also made at a wetland site, 
Lompolojänkkä. Due to the high water table level, there were no emissions nor significant soil 
uptake, i.e., the soil surface was found to be saturated with water in September 2007 and in 
August 2008. (Paper II). 
 
The lowest vd values in the snow-free season were observed in rainy conditions. On 24 August 
2007 an intensive thunderstorm two days earlier had moistened the upper soil layers, decreasing 
the vd value to 0.13±0.01 mm s-1, which was the lowest summer time vd value in the whole 
measurement period. A decreased vd value was also recorded on 2 August 2007. The soil 
temperature (15 °C) and the volumetric water content (0.24 m3 m-3) favoured strong soil uptake, 
but only 0.34 mm s-1 was recorded, which was also the summertime mean value (Paper III). In 
wintertime, the frozen soil surface hindered the soil uptake, e.g., in March 2006, when the soil 
temperature was close to zero, and vd values varied between 0.12 mm s-1 and 0.23 mm s-1, and 
near zero values at Kumpula. (Paper I). A thick (>10 cm) snow cover also restricted vd values to 
be < 0.18 mm s-1 (see Figure 8c and Paper III). The highest measured vd value of 
0.18±0.04 mm s-1 concurrent with permanent snow cover was measured on 2 Feb 2007 (Fig. 8c). 
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Figure 8.   a) Seasonal variation of hydrogen soil uptake rate (a and b 
redrawn from Paper I), b) soil temperature and snow depth and c) effect of 
snow depth (c redrawn from Paper III). 
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The soil uptake rate of hydrogen defined with chamber measurements and the results of the 
two-dimensional model were compared and verified with the radon tracer method. The latter 
method produced vd values between 0.18 and 0.52 mm s-1, and the two-dimensional model 
between 0.19 and 0.41 mm s-1.  
 
The radon tracer method needs a radon flux (jRn) value, which was calculated using the two-
dimensional model. The vd calculations were made using a mean value of 32 Bq m-2 h-1 
(Paper II). At Pallas, only the results of four nights met the data selection criteria for the radon 
tracer method and the two dimensional model. The simultaneous radon increase and hydrogen 
decrease were clearly observed only on these four nights in Sep 2006 and in Jul - Aug 2007 (see 
Paper II for details). Radon accumulates during the nighttime in the shallow nocturnal layer, 
being trapped under the inversion. At the same time the consumption of hydrogen takes place in 
the soil, and the H2 mixing ratio decreases in the same nocturnal layer. During the morning hours, 
the nocturnal inversion weakens and the trapped radon escapes, leading to lower daytime radon 
mixing ratios. The correlation between the radon emission and the hydrogen mixing ratios at 
Pallas for the selected nights is depicted in Figure 9 (Paper II).  
 
In Paper III, vd calculations for the radon tracer method were made more accurate by fitting a 
smoothed curve to the radon exhalation values calculated using the two-dimensional model. The 
radon tracer results were estimated by applying a monthly estimate for the radon flux rate 
(jRn, Bq m-2 s-1) obtained from the smoothed curve.  
 
 

 
 
 

Figure 9.   Hourly mean hydrogen mixing ratio vs. radon activity during 
four nighttime events at Pallas (Jun-Aug 2007) (redrawn from Paper II).  
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At Kumpula the field measurements were performed between October 2005 and 2007. The mean 
vd values ranged from 0.0 - 0.7 mm s-1 (Paper I). The radon tracer method and the two-
dimensional model results were between 0.13 - 0.93 mm s-1 and 0.12 - 0.61 mm s-1, respectively 
(Fig. 10 and Paper III). The chamber measurements and the radon tracer method, as well as the 
two-dimensional model, were compared with each other and found to be in good mutual 
agreement (Fig. 10). 
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Figure 10.   Mean deposition velocities estimated by chamber measurements, two-
dimensional model and radon tracer method (redrawn from Paper III). 
 
 

The vd values of the two-dimensional model were distributed in  narrower range (0.12 mm s-1 to 
0.61 mm s-1) than the vd values of the radon tracer method (0.13 - 0.93 mm s-1). Both the radon 
tracer method and the two-dimensional model produced vd values lower than 0.33 mm s-1 in 
wintertime (Fig. 10). 
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5. Discussion 
 
 
The mean annual atmospheric mixing ratio of hydrogen (September 2006 - 2007) calculated for 
Pallas is 533±20 ppb, about the same as the global tropospheric mean value of 531±6 ppb 
estimated by Novelli et al. (1999). At Kumpula the mean annual mixing ratio was 490±22 ppb 
(June 2007 - 2008). According to Simmonds et al. (2000), the mean Northern Hemisphere mixing 
ratio was 504 ppb. The atmospheric measurement results at Kumpula and at Pallas show a 
significant and consistent difference. There is also a difference between the Pallas flask samples 
analyzed by NOAA/ESRL/CCGG (http://www.cmdl.noaa.gov /ccgg/index.html) and those 
analyzed by FMI. As analyzed by NOAA, the unpolluted background mixing ratio was in the 
range 435 - 510 ppbv (8 Sep 2006 - 7 Sep 2007).  
 
Using the continuous measurement system at Pallas, the hydrogen mixing ratio between 9 Sep  
2006 and 8 Sep 2007 varied between 470 - 560 ppb ( a seven-day moving average) as analyzed 
by FMI. The NOAA uses its own standards, while FMI uses Max-Planck Institute standards. The 
sampling methods of NOAA and FMI are also different. The NOAA uses flasks, while FMI uses 
a continuous method. In winter time, methane mixing ratios increased simultaneously with those 
of the other trace gases at Pallas.  
 
According to Paper V, air masses arrive at the Pallas station via seven different trajectory 
clusters (a set of trajectories that arrive from the same distances and along the same paths). 
Methane mixing ratios vary significantly between the clusters. In the Eastern Europe cluster, 
mixing ratios are at their highest in winter and in summer. In the Central Europe cluster, methane 
mixing ratios were the second highest.  
 
CO emissions are frequently monitored in cities. CO and H2 episodes in an urban environment 
are often related to work-day rush hours in the morning and afternoon. The uncorrected emission 
ratio estimate for Helsinki was 0.43 ppb (H2) / ppb (CO) and the soil-sink-corrected ratio 
0.49 ppb (H2) / ppb (CO). This fits well with estimates presented in the literature e.g. Barnes et 
al. (2003), of 0.40 ppb in a polluted environment in a Harvard forest and that of Vollmer et al. 
(2007) of 0.48 ppb (H2) / ppb (CO) in a high-traffic-volume tunnel in Switzerland. Hammer et al. 
(2009) obtained emission ratios estimated in an urban and a suburban environment. The fraction 
of H2 consumed by the soil was excluded from the estimate of 0.46 mol (H2) / mol (CO). 
 
 
5.1 The deposition velocity of hydrogen in different soil types 
 
Smith-Downey et al (2008) measured soil uptake rates in forest, desert and marsh ecosystems in 
California. The vd values ranged from 0.1 to 1 mm s1. Yonemura et al. (2000a) measured vd 
values of 0.0 - 0.9 mm s-1 during one year in an arable field and a forest. Schmitt et al. (2009) 
measured vd values of 0.1 - 0.8 mm s-1 in an arable field in Germany. The chamber results and 
modelled results from Helsinki, Loppi and Pallas are in good agreement with the chamber values 
of Yonemura and Schmitt. According to the field measurements (Paper I), the mean vd values in 
organic soils, e.g., in a peat soil, 0.57 mm s-1, are slightly higher than those measured in mineral 
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soils, 0.50 mm s-1, at Loppi. This is probably due to the porosity. All the chamber measurements 
made in the peat soil and in the mineral soil at Kumpula, Loppi and Pallas were in the range 
0.0 - 0.7 mm s-1  (Paper I) and all the simulated results within the range 0.12 - 0.93 mm s-1 
(Papers II and III). A seasonal variation in the hydrogen vd values was observed at Loppi and 
Helsinki, with low values in the early spring and high values from summer to the late autumn. 
 
Soil porosity affects gas diffusion into the ground. In general, gas diffusion is faster in coarse 
mineral soils or other highly porous soils, e.g., in peat, provided that the soil pores are not filled 
with water. The soil material of the peat soil was highly organic, consisting mainly of the roots of 
different plant species, with the degradation state increasing with increasing soil depth. The vd 
values were negligible at a wetland site at Lompolojänkkä, where the water table level was high. 
During the three-day campaign at Lompolojänkkä, the soil surface was in a water-saturated state, 
which effectively blocked the hydrogen diffusion, preventing both soil uptake and emissions 
from the soil. (Paper II). The hydrogen deposition velocity values 0.06 - 0.52 mm s-1 were high 
at Sammaltunturi, where only a thin (4 - 7 cm) soil layer lay above the fractured rock (Paper II). 
The result of Schmidt et al. (2009), 0.1 - 0.8 mm s-1, supports the presented Sammaltunturi result, 
although the thickness of the flux-restricting layer was in the range from 0.2 to 1.8 cm in the 
former. Yonemura et al. (1999) also found that the hydrogen vd value is closely related to the 
level of surface soil moisture. The topsoil is the layer most immediately affected by the weather 
conditions, such as drought, heavy rain and soil freezing. Air temperature and soil moisture are 
coupled with each other. H2 deposition velocity values decreased with increasing precipitation. 
During the summertime, high daytime temperatures and strong solar irradiation are able to dry 
the upper layer of the soil, which leads to an enhanced evaporation of water from deeper layers 
and opens air channels (Paper III). 
 
The error sources of the two-dimensional model are related to the boundary-layer assumptions, 
which have a direct effect on the inverted flux. Radon fluxes were estimated using the two-
dimensional model for the estimation of the H2 flux at Kumpula and Pallas (Paper II and IV). At 
Pallas the error sources of the radon tracer method are possibly related to the limited amount of 
data, where only the strongest radon emissions were selected for the radon tracer method (Paper 
II). The error sources of closed chambers are related to pressure differentials, which one cannot 
totally avoid. The effects of these artefacts can be minimized by using a large chamber volume 
and a short measurement time (Davidson, 2002). The chamber is kept closed for a shorter time in 
hydrogen measurements (15 - 20 min) than in CO2 measurements (30 min) (Norman et al. 1997). 
This also helps to minimize errors due to the altered conditions inside the closed chamber.  
Altered concentration gradients due to fan mixing can be avoided by using sufficiently low-speed 
mixing.  
 
In the two-dimensional model, the error related to the estimation of the boundary layer height is 
greater than the error related to fixing the soil vegetation to as a single uniform type. An accurate 
description of the vegetation is not as critical as in the case of CO2, for example. Hydrogen is 
consumed mainly by soils. In optimal soil moisture and temperature conditions, the uptake rates 
are relatively uniform (Paper I). In the radon tracer method, the uncertainties are related to the 
inversion development in a nocturnal boundary layer. In this study a slowly-formed inversion 
layer, in which the radon is accumulated, is assumed. 
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5.2 Water and snow precipitation, soil water content and vd 
 
A long time series revealed the seasonality in the soil uptake rate and in the mixing ratio of H2. 
The soil vd has its highest values during the snow-free season, especially between May and 
October, when the soil uptake rate is still high and the lowest mixing ratios of H2 were recorded. 
The lowest hydrogen mixing ratios were observed between March and May, when the soil uptake 
rate (soil sink) is decreased as a result of a moist soil surface or low soil temperature. Due to the 
limited number of soil moisture measurements, the amount of precipitation was used to estimate 
the effect of water in the soil. Increased precipitation, as expressed by the one-week cumulative 
rain sum, decreased the vd values according to the three methods (Paper III). All the methods 
were in good agreement with each other.  
 
During the long drought in the summer of 2006 (June to August, Paper III), the soil surface was 
dry due to evapotranspiration. This correspondingly enhanced diffusion due to the increased 
amount of air-filled porosity, which allowed increased radon emissions from the ground 
(Szegvary et al. 2007). A snow cover decreased vd values. The effect of snow cover is shown in 
Fig. 8c, where both the field measurement results and modelled points are depicted. Despite the 
limited number of modelled points in snow conditions, a decreasing trend for the deposition 
velocity was found. (Paper III). A thick permanent snow cover is a good insulator, and the soil 
temperature is usually slightly above zero in these conditions. A thick snow cover hinders the H2 
diffusion, leading to lowered vd values. A thin snow layer on the ground is not capable of 
insulating the soil surface, which is often frozen in these conditions, and gas diffusion into the 
ground is effectively hindered due to ice in the air channels of the soil (Paper I and Paper III). 
 
 
 
6. Summary and conclusion 
 
 
The author’s interest in molecular hydrogen is partly prompted by the need to obtain a better 
understanding of the interactions between the atmospheric gases. Hydrogen is an indirect 
greenhouse gas, which affects methane and other trace gases by altering the mixing ratios of 
hydroxyl through the methane oxidation process. The major source of H2 is traffic, excluding 
diesel-powered cars. Hydrogen can be used as a portable energy source if clean methods (CO2-
free) are used in the H2 production. 
 
The soil uptake rate of molecular hydrogen was estimated by chamber measurements, which 
were performed to calculate H2 deposition velocity (vd) values. At Loppi, static closed chambers 
were employed in field measurements between the years 2005 and 2007. Loppi represents a rural 
organic peat soil site. An urban park in Helsinki was selected for the chamber measurements 
between the years 2005 and 2008, representing the H2 uptake in mineral soils. The soil uptake 
rate of H2 was modelled, and compared with field measurements between June 2007 and October 
2008 at Kumpula. Continuous measurements were made to determine the mixing ratio of 
molecular hydrogen and carbon monoxide in the atmosphere. In addition, atmospheric mixing 
ratio values were used to estimate the H2 vd values using the radon tracer method and 
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two-dimensional model in Helsinki and at Pallas. The vd values found were also in good 
agreement with other chamber studies made in Europe, Japan and North America.  
 
The mean vd value in the Loppi peat soil was higher than in the Loppi mineral soil. The 
magnitude of the vd values were in the same range at both Loppi and Helsinki. The vd values were 
below 0.2 mm s-1 when a permanent and sufficiently thick (>10 cm) snow layer was present on 
the soil surface. The highest values were observed in dry conditions in 2006, when vd values were 
0.5 - 0.7 mm s-1. The soil uptake rate was higher in the organic peat compared to the mineral soil 
due to the former’s organic material and porosity. A seasonal variation in H2 vd values was 
observed at Loppi and in Helsinki, with low values in the early spring and high values from 
summer to the late autumn.  
 
An air temperature below freezing point and high soil moisture effectively hinder gas diffusion 
into the ground. The soil uptake rate is higher, if the soil material is porous and contains air-filled 
pores helping gases to penetrate the soil. Higher soil temperature usually decreases the soil 
moisture as a result of evapotranspiration. The amount of water-filled porosity decreases, when 
water evaporates from the soil pores. This further enhances the gas exchange leading to increased 
vd values for H2. Rainy conditions increased the soil moisture (volumetric water content), which 
decreased vd values. The effect of the cumulative rain sum on the H2 deposition velocity was 
evaluated with all the methods (chamber, radon tracer method and two-dimensional model). A 
decreasing trend between the H2 deposition velocity and the cumulative rain sum was found. All 
the modelled and calculated results were in good agreement with the chamber measurements. A 
relatively thin soil surface layer (at Pallas, less than 8 cm) is responsible for the soil uptake. This 
result was found in the three-day campaigns in 2007 and 2008. 
 
The atmospheric mixing ratios of hydrogen and carbon monoxide were used to estimate the 
atmospheric load of these gases. The total hydrogen load was estimated using the H2 and CO 
emission statistics and the H2 amount consumed by the soil (a significant correction factor in the 
total H2 budget). The mixing ratios of H2 were measured with that of CO in the urban 
environment at Kumpula. H2 and CO increased during the morning and evening hours, which 
coincided with the rush hours. The simultaneous change in the H2 and CO mixing ratios together 
with the wind statistics indicates that these were local emissions originating from traffic. The 
corrected emission estimate was 0.49 ppb (H2) / ppb (CO). The total hydrogen load originating 
from road traffic in Helsinki in 2007 was estimated to be 261 t (H2) a-1. 
 
A seasonal variation in the hydrogen and carbon monoxide mixing ratios was observed. The 
mean H2 mixing ratio was 490±22 ppb (June 2007 - 2008) at Kumpula. The hydrogen mixing 
ratio had low values in October - November and high values in February - May. Carbon 
monoxide had low values in July - September and high values in March - April. A significant 
peak value was observed on 20th November 2007, when H2 reached over 750 ppb and CO over 
900 ppb. The mean CO mixing ratio (June 2007 - 2008) was 167±60 ppb. 
 
At Pallas, the mean H2 mixing ratio (September 2006 - 2007) was 533±20 ppb. The mean CO 
mixing ratio (September 2006 - 2007) was 136±31 ppb. The correlation between H2 and CO was 
weak at Pallas, but high at Kumpula. There were no joint simultaneous pollution episodes of H2 
and CO at Pallas. The hydrogen mixing ratio had low values in October - November and high 
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values in February - June. Carbon monoxide had low values in June - September and high values 
in February - April. The mean methane mixing ratio (January 2007 - 2008) was 1878±20 ppb. 
Methane and hydrogen were weakly correlated with each other. By grouping the trajectories, it is 
possible to identify natural and anthropogenic sources of methane, based on the different source 
signatures. This can help to identify long-range transport events.  
 
In the future, the research could be focused more on urban environment emissions, as well as on 
natural sources of hydrogen, carbon monoxide and methane. Strong natural sources of methane 
have recently been discovered on the Arctic Ocean floor. Small-scale biomass burning produces 
hydrogen emissions and affects the total hydrogen load, which is not well-known. Possible 
leakages from hybrid or electric automobiles or from fuel cells need also to be investigated.  
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