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Abstract. Atmospheric hydrogen (¥} mixing ratios were  might in total act towards less enhanced greenhouse effect.
observed over a one year period from summer 2007 toThe use of hydrogen technology is, however, at its infancy
2008 in Helsinki, Finland. Relatively stable background (Prather, 2003; Service, 2004).

values of hydrogen were occasionally observed at the site, Hydrogen mixing ratios have been measured during past
with minimum in October and maximum between March years at background and urban sites (Novelli et al., 1999;
and May. High hydrogen mixing ratios occurred simulta- Simmonds et al., 2000; Barnes et al., 2003; Steinbacher et
neously with high carbon monoxide (CO) values and co-al., 2007; Vollmer et al., 2007; Yver et al., 2009). The annual
incided with high traffic flow periods. Carbon monox- mean hydrogen background is lower in the Northern Hemi-
ide and radon¥?Rn) were continuously monitored at the sphere than in the Southern Hemisphere, and the northern-
same site and they were used in estimation of the hydromost continental sites have the largest annual cycles (Novelli
gen emissions from traffic. The morning rush hour slopeet al., 1999). Variations in the observed mixing ratio are due
of AH2/ACO was in average 0.43.03 ppb (H)/ppb (CO).  to different removal mechanisms in addition to changes in
After correction due to soil deposition of 2Hthe slope  emissions. The chemical removal of hydrogen from tropo-
was 0.49:0.07 ppb (H)/ppb (CO). Using this slope and CO  spheric air occurs through reaction with OH radical. Thus,
emission statistics, a road traffic emission of about 260 thydrogen is indirectly affected by numerous air chemical cy-
(H2)lyear was estimated for Helsinki in 2007. cles. Soil deposition is even more important removal route,
the mechanism and extent of which is due to large uncer-
tainties (e.g. Smith-Downey et al., 2006; Xiao et al., 2007;
Lallo et al., 2008; Schmitt et al., 2008). The difference be-
tween Southern and Northern Hemisphere hydrogen levels

Hydrogen as an energy carrier has been under discussion dJPs"‘? bgen attributed to asymmetry of Soilluptake, becau3e'the
ing recent years (e.g. Prather, 2003; Service, 2004; Jacobsof12i0rity of global land area is located in Northern Hemi-
2005). The impact of hydrogen economy on the global cli- sphere (Novelli et al., 1999). The low annual autumn — early
mate has been studied e.g. by Schultz et al., 2003: Tromﬁﬂ"imer minimum in northern continental high latitudes is also
et al.. 2003: Derwent et al.. 2006: Jacobson ’ 2008.’ Adop-due to dominance of the soil sink together with weakening of
tion of hydrogen economy could mean increased hydrogeﬁhe photochgmical sources apd for.m.ation qf a stable bound-
emissions (Tromp et al., 2003; Schultz et al., 2003; Warwick, &Y layer which prevents vertical mixing (Price et al., 2007).

2004). Hydrogen emissions are not without problems, sincd10Wever, the soil sink weakens in persistent freezing tem-
its role as an indirect greenhouse gas (IPCC, 2007). On th@eratures when soil freezes and snow cover becomes thick

other hand, using hydrogen instead of fossil fuels would de-hindering diffusion (Lallo et al., 2008).

crease emissions of N@tc. (Schultz et al., 2003), and thus ~ The most important sources of hydrogen include photo-
chemical methane and other hydrocarbon (mainly isoprene)
oxidation, biomass burning and combustion from technolog-

Correspondence tar. Aalto ical processes (e.g. Novelli et al., 1999; Rhee et al., 2006;
BY (tuula.aalto@fmi.fi) Ehhalt and Rohrer, 2009). The influences of the hydrogen
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source from fuel combustion are largest in the Northern
Hemisphere and can be seen as high short-term variability
in the continuous urban hydrogen observations (e.g. Stein-
bacher et al., 2007; Yver et al., 2009). Urban emissions
of hydrogen, such as sources from traffic-related combustion
processes, can be estimated by using simultaneous observi
tions of CO, whose sources are similar and emission inven-=
tories are well established. TheH,/ACO slopes have been _Q |
C
i®

observed at relatively polluted and unpolluted sites (Sim-
monds et al., 2000; Barnes et al., 2003; Steinbacher et al.:
2007; Hammer et al., 2009) as well as in a traffic tunnel 32
(Vollmer et al., 2007). The value of the slope depends on e.g.:
the vehicle types, chemical transformation, and depositionz ‘
on the way to the measurement site. This makes the slope
dependent on the local emission structure and environmenta \
conditions. The value of the slope may be influenced by the a AN ' 250 m
seasonal variation of the meteorological conditions. During > N
the high northern latitude winter the photochemical reactions Y/, \
and vertical mixing are suppressed, while in summer the ra-
diation may enhance vertical mixing and photochemical re-
actions already before the morning rush hour.

Urban studies are important for studying emissions andFig. 1. Location of the sampling site in Kumpula, Helsinki. Thick
trends in atmospheric hydrogen. They also help in closingines are major roads. The minimum distance from tkengenkatu
the current hydrogen budget. In this article we present thgoad to the sampling site is 250m. Distance takdinkatu is
variation of atmospheric hydrogen in Helsinki and calculate 860 M.
emissions using thaH,/ACO slope, and estimate the role
of soil deposition in the daily hydrogen dynamics. The soil one-year long measurement period wasG.ih March 2008
deposition rates in Helsinki are estimated in a companion arand highest 178 in August 2007.
ticle (Lallo et al., 2009).

Sea

2.2 Instrumentation

H> and CO were monitored using an automated gas chro-
matographic system based on Trace Analytical RGA5
) equipped with a Reduction Gas Detector. The instru-
2.1 Measurement site ment relies on a detection principle first introduced by
Schmidt and Seiler (1971). Reducing gas, in this case
Helsinki is located in southern Finland at the coast of themolecular hydrogen or carbon monoxide, reduces HgO
Baltic Sea. Population of Helsinki is about 568 000 (yearand the emerging Hg vapor is detected by UV absorp-
2007). The measurement site {@@13"N, 24°5740'E,  tion. The instrument has Unibeads 1S (1/&i81in.;
53ma.s.l.) is located at about 6 km distance from the city0.318 cm OD«79 cm) precolumn, and Molecular Sieve 5A
center in Kumpula campus area (Fig. 1). The nearby areq1/8in.x31in.; 0.318cmOX79cm) analytical column.
is occupied mainly by university, residential and commercial The columns were maintained at @) and carrier gas was
buildings. The shortest distance from the site to the Ba|tiCsynthetic air. Total measurement time for a sample was 300s.
Sea coast is about one kilometer. After every three ambient air samples one working standard
The sampling inlet was on the roof of the Finnish Me- gas sample were measured. Sample air was taken as a side
teorological Institute’s (FMI) building at about 25m above flow from a high flow stream (used by the radon instrument),
the ground. The wind parameters were measured at a 32msing a PTFE diaphragm pump. This stream was lead to
high mast next to the building and temperature at 2.5 m above pressure relief valve, which was adjusted to pass about
the ground. The building is located on a top of a hill about 200 ml/min through the sample loop.
15 m above the nearest majoaieentie road (Fig. 1). In au- Continuous CO observations by YTV Helsinki Metropoli-
tumn 2007, the traffic volumes adrheentie and klkebntie  tan Area Council at two urban sites were also used in this
roads typically exceeded 40000 cars in a workday (Helsinkipaper. The CO measurement was based on absorption of in-
city traffic office, 2008). The amount of traffic varies con- frared radiation. The instrument (Horiba APMA 360) was
siderably being lowest during holidays (July, weekends andregularly calibrated for a 0—16 ppm mixing ratio range, cre-
nights). The lowest monthly mean temperature during theated by dilution from a 150 ppm cylinder.

2 Materials and methods
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The radioactive radon isotopé?Rn was measured at the 2.4 Analysis of the results
Kumpula site with FMI's radon instrument. The system is
based on the method, where aerosols are collected continthe calculation of mixing ratios from the RGAS results were
uously onto a filter and its total beta activity is measured.made using Matlab®, as well as the figures and mathematical
The hourly mean values were calculated by assuming tha@nalyses concerning slope and emission calculations. Hydro-
the beta activity on the filter is only from short-lived radon gen emissions can be estimated from the simultaneous in-
(%22Rn) progeny in equilibrium with it (Paatero et al., 1998). crease in hydrogen and carbon monoxide mixing ratios, if
The weather parameters were monitored with an autoCO emissions are known:
mated weather station MILOS 500. Wind parameters were 'ﬁmi AH,
measured with a two component ultrasonic anemometer andﬁ = —,
temperature with a shielded Pt100 detector. Visibility was /co ACO
measured with a Vaisala FD12 visibility meter, based on
forward-scatter sensor.

@)

wherejS™ and j&T' are the emissions ofHand CO, respec-
tively, and AH, and ACO are changes in the hydrogen and
carbon monoxide mixing ratios.

According to recent findings by Hammer et al. (2009), the

The RGAS instrument's response was studied against a range H2/ACO slope in Eq. (1) should be corrected due to soil

of mixing ratios created from a high concentration (103 ppmdeposition of H, which is a significant factor in total H
H, in synthetic air, Messer, Air Liquide) reference gas using Pudget. The emission ratio can be reformulated as

2.3 Linearity, reproducibility and calibration checks

+soil

a gas blender (Peak Laboratories Peak Span Gas Blender)ﬁmi AH, S

First and higher order polynomials were fitted to the mea-—_2- = 23O s @)
surement series of concentration vs. sample peak area re/co Jco

sulting in R? of over 0.99 (the average standard deviation ywhere

~3.5%) over the atmospheric range (400-700ppb). Use ACO

of higher order polynomials did not improv&? suggesting is' = CJjRrn. 3)

that the response of the instrument was linear, and no non- ARn

linearity correction was applied. Reproducibility was esti- jﬁ‘z’” is the hydrogen soil sink anjggi can be estimated e.g.
mated using 10-40 consecutive working standard samplesvith the help of the radon tracer method (Schmidt et al.,
The standard deviation of the resulting values was 1.1%. 2001) by using the observed radon activity and soil exhala-
The measurement results were calculated using ratio ofion rate of radon fry), estimated from local measurements
sample peak area to peak area of calibrated working stan(see Lallo et al., 2009)C is a correction factor for radioac-
dard gas. Four primary hydrogen calibration gas cylinderstive decay, which can be approximated with a constant value
were used to calibrate the working standard. These standards965 (Schmidt et al., 2001).
(range 400-700 ppb) were acquired from Max-Planck Insti- In the current work we examined the variation in mixing
tute in Jena, Germany, and were in MPI12009 scale (revisedatios created mainly by anthropogenic emissions. Therefore
in March 2009, see also Jordan, 2006). Three NOAA/ESRLmixing ratios are often expressed as differences to the back-
standards (range 70-250 ppb) were used for carbon monoxground levels, i.e. “excess mixing ratios”. Background was
ide. No drift was observed in the working standard during defined as monthly means of selected data. Selection pro-
the measurement period. cedure excluded hourly means observed during weak mix-
Helsinki RGAS results were compared to other &hal- ing conditions when wind speed was lower than 3 m/s and
yses. Sample glass flasks were filled on the Helsinki insti-radon activity>2 Bqm23. Hourly means that were further
tute’s roof (K mixing ratio near 500 ppb) and analysed with than two standard deviations away from a harmonic function
RGA5. Online measurements made with RGA5 during thefitted to all data were also excluded, as well as cases when
flask filling period were in close agreement with the flask re- air masses came from the sector between 40>-1@€grees
sults, indicating that there was no loss or production ofitH  clockwise from north) and observations between 06:00 and
the sampling lines. Flasks were also analysed with an inde20:00 considered to be influenced by local traffic. All time
pendent Pallas $system (Peak Performer GC), showing less values are given in local time (LT), which is UTC+2 h in win-
than 5 ppb difference to Helsinki results. Pallas and Helsinkiter and UTC+3 h in summer.
H> analyses were also in good agreement with intercompar-

ison performed by European hydrogen monitoring laborato-
ries. 3 Results

3.1 Annual variation

Ho and CO were monitored in Helsinki from June 2007 to
July 2008. Emissions from close by sources were clearly
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Fig. 2. Hydrogen mixing ratios at Kumpula site in Helsinki. All

refers to all hourly mean values and background to selected hourl;}:_'g' 3_' Hourl_y means of carbon monoxide mixing ratios at three
values. Red line is the harmonic it to the background data sites in Helsinki region. Kumpula background refers to selected
' ' hourly values. Mannerheimintie and Lepmara data provided by

YTV Helsinki Metropolitan Area Council.

distinguishable (Fig. 2). Roughly 5 to 10 simultaneoys H

and CO episodes were observed in a month, occurring mos
likely during workdays outside summer holiday season. The
episodes lasted for few hours. Background values with rel- =/
atively stable mixing ratios of Hiwere also frequently ob- |
served at the site. This is due to the inlet elevation of about |
40 m and distance of more than 200 m from the nearest ma- =\ / ~ ; \ /
jor road. The lowest mixing ratios observed during noc- . e o
turnal low wind speed and high radon activity conditions

may indicate H soil deposition. The background minimum Fig. 4. Hydrogen and carbon monoxide in air masses arriving from
H> mixing ratios were observed in October and maximum the direction indicated by the 360 degree circle. O refers to winds
from March to May. H background levels were rather low, arriving from north, and 90 east. The length of each 10 degree sector
but in general agreement with northern results by e.g. Pricavedge is indicated by the numerical values inside the circle, either
et al. (2007). Price et al. (2007, Fig. 4 therein) estimatesin PPb for CO and H or in ppb (H)/ppb (CO) for H/CO. The
roughly 500-520 ppb for Helsinki latitude during March— value refe_rs to the mean mixing ratio (o0 ratio) in current
May, while our result was 503 ppb and 450-475 ppb forsectordurlng June 2007-July 2008,

September—-November (465 ppb).

CO experienced more short term variation thap i sjons from the major Bimeentie road close by. According
Kumpula (Fig. 3). However, the CO record at 5m dis- to |ocal micrometeorological COflux observations, 40
tance from a heavy traffic road Mannerheimintie in the city 18> was also defined as the sector influenced by road traffic
center showed considerably higher values, as well as thWesaIa etal., 2008).

Leppavaara site further away from the city (data provided H, mixing ratios were more evenly distributed among the
by YTV Helsinki Metropolitan Area Council). The lower \ind sectors and the difference between high and low con-
CO envelopes at these three sites were in very good agreentrations was smaller than in CO (Fig. 4). High mixing
ment showing similar long term variation due to synoptic ratios were observed when air masses were transported from
changes in air mass transport and annual cycle of CO. Thene sector between 683007, with maximum in 216-240.
background minimum CO mixing ratios were observed fromThe high mixing ratio sectors coinciding with those of CO
July to September and maximum from March to April at may indicate influences from traffic sources close by, but the
Kumpula. notable difference with CO in southwest sectors may refer to

The wind direction readings at the site were most oftendifferent source/sink patterns. This may indicate a notable
between 189-240, corresponding to air mass arrivals from contribution from the long range transport, because the dis-
southwest. High CO emissions were observed from windtant emission sources are mainly located in the south — south-
sectors 150-190 and 40-9C° (Fig. 4), indicating emis- west along the major wind direction. The traffic intensities

30

/
120
/
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in Europe are higher than in Finland, and the lifetime of H
is longer than that of CO supporting long range transport. 15k
A hydrogen sink may also draw concentrations down. Soil
deposition may contribute more significantly in air masses
arriving from north, where they are transported over the con-
tinent before arrival to the site.

The ratio of B to CO varied only little £30%) among the
wind sectors, being largest during westerly winds (Fig. 4).
Variation in H, was modest in comparison to CO. Therefore
the high CO in the most heavily traffic-influenced wind sec-
tors resulted in relatively low HCO ratio in those directions.

=
o
T

Excess H2 (ppb)
a

Mar-Apr
—— Jun-Jul
—=o— Sep-Oct

Dec-Jan

3.2 Diurnal variation

. 0 5 16 15 20
3.2.1 Seasonal differences Local Time

H, and CO mixing ratios varied significantly over the course Fig. 5. Diurnal variation of excess hydrogen mixing ratios at
of a day in Helsinki (Figs. 5 and 6). In summer the diur- Kumpula site in Helsinki during the four seasons in 2007-2008.
nal variation of CO was quite modest, while in there was The record is a combination of workday and weekend data.
an increase in mixing ratios towards afternoon hours and de-
crease during night. In winter a similar diurnal cycle was
observed in H and CO, but with a stronger increase towards
afternoon. During fall and spring there was a distinct morn-
ing maximum with decrease in midday and increase again in
the afternoon.

The diurnal variations are caused by the complex interplay g so
of emissions, loss rates, transport and meteorological con-£
ditions. The traffic flow and corresponding emissions were 3 4o

smallest during summer (July). In winter the traffic flow was

higher and more confined to rush hours in the morning and g *
afternoon (Helsinki city traffic office, 2008). Of the sink pro- 20}
cesses, hydrogen loss through photochemical OH reaction i¢
most efficient during daytime and summer (e.g. Novelli et 19 ]
al., 1999), while soil deposition is active throughout the day ‘
and year, if there is no flooding or permanent snow cover and % 5 10 15 20

temperatures are above zero (Lallo et al., 2008). The elevateu Local Time

mixing rat:os Ef hytlirogden aﬂd (t:)arbog mo|nOX|d§ n the_ mo_:_r;]'Fig. 6. Diurnal variation of excess carbon monoxide mixing ratios
ing may also be related to the boundary layer dynamics. The 'y, mpuia site in Helsinki during the four seasons in 2007—2008.

sampling site was often inside the night time stable bound—rpe record is a combination of workday and weekend data.
ary layer, since high radon mixing ratios were often observed

in the early morning hours during spring, summer and au-

tumn. Radon and other trace gas emissions may be captureglere frequently trapped under temperature inversion below
in the shallow nocturnal layer, and after sunrise diluted intothe inlet height, resulting in observations of more aged air

a larger air volume along with formation of daytime mixing masses obscuring the hour-to-hour variation.
layer. The highest Hland CO mixing ratios did not always

coincide with radon peaks, though. The sun rises in Helsinki3.2.2 Rush hour H/CO slopes

in June already at about 04:00 and in December after 09:00

while the rush hour occurs at about 06:00—09:00. The weakThe diurnal cycles of Hand CO were very different in week-
wintertime boundary layer development may partly explainends and workdays (Fig. 7). During workdays there was a
the December—January diurnal cycle (Figs. 5 and 6), whictsignificant increase in mixing ratios during early morning
showed no drawdown in midday. In comparison to autumn,hours with maximum at 08:00-09:00 The September 2007
the winter increase in mean hydrogen and CO mixing ratiosmean traffic densities in Helsinki were similarly peaked dur-
was modest during morning rush hour. The radon activitying the workday morning hours (Helsinki city traffic office,
was low in average and showed no diurnal cycle contrary to2008). As over 90% of CO emissions come from passenger
autumn. It is possible, that the winter morning emissionscars in Helsinki (Niemi et al., 2008), we can therefore assume

Mar-Apr

—+— Jun-Jul

70+
—=— Sep-Oct

60 Dec-Jan
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Fig. 7. Diurnal variation of excess hydrogén) and carbon monoxidé) mixing ratios during workdays and weekends in September—
October 2007.

that the morning increase in CO and K4 mainly caused by 3.3 Individual episodes
traffic.

The mean slope ohAH,/ACO was calculated from the in-  Large short term variation in Hand CO mixing ratios in
crease in K and CO mixing ratios during morning hours Kumpula was most probably caused by local emissions, but
(LT 05:00-08:00). Individual episodes were hand-pickedduring some synoptic conditions the background was also
from the data resulting in 81 events, mainly occurring dur- elevated suggesting long range transport. Local weather
ing fall, winter and spring. The slope derived by geomet- also had an effect on the intensity and length of individual
ric functional regression was calculated for each episodeepisodes. Generally, high mixing ratios were found on calm
with a squared correlation coefficienkR9)>0.8 and un-  conditions (often together with fog formation). For exam-
certainty of the slope0.09 ppb (H)/ppb (CO). The mean ple, during 27 September 2007 thé&udeentie traffic count
of all slopes was 0.480.03 ppb (H)/ppb (CO). The un-  showed the start of morning traffic at 6 (Fig. 9). Wind speed
certainty is given by the fitting procedure. Instrumen- was very low with fog lowering the visibility, and radon was
tal reasons (reproducilibility, non-linearity) might cause an highly elevated indicating weak atmospheric mixing. After
additional uncertainty of max. 0.01 ppb{}opb (CO). At  a small delay and further increase in radon,atd CO mix-
this point the value of the slope was not corrected dueing ratios increased simultaneously. Traffic count stayed at
to influence by soil deposition. For comparison, work- high level until late evening, but Hand CO decreased al-
day morning data presented in Figs. 5 and 6 were usedeady before midday. Wind speed stayed low and radon ac-
in calculations. The data represent an average from altivity high until midday, but the wind direction changed from
September—October measurements, not just episodes. Dudameentie to the more unpolluted north sector at the same
ing the morning hours from 05:00 to 08:00 the slope wastime when B and CO started to decrease. There also was
0.44+0.02 ppb (H)/ppb (CO), which is close to the previous the midday downswing in the traffic count between the rush
estimate. At this time of the year, radon activity typically hours, but here the meteorological conditions clearly domi-
started to decrease after 08:00, suggesting that the slope repated the development of observed mixing ratios.
resents stable nighttime conditions. The individual slopes anp exceptionally high episode was observed in the
were typically higher in summer0.5ppb (H)/ppb (CO))  evening of 20 November 2007 withoHbver 750 ppb and
than in winter ¢-0.35 ppb (H)/ppb (CO)), see Fig. 8. The O over 900 ppb (Figs. 2 and 3). The slope of the event
winter slopes had no clear connection to observed radon levas 0.46-0.01 ppb (H)/ppb (CO). Wind speed was rather
els, which showed no daytime decrease either. The summagy, around 2 m/s and radon close to 3 Bd/nsomewnhat,
slopes were rather variable and the scatter in hourly valuegt not exceptionally elevated. Traffic count was not avail-
was larger than in other seasons, probably due to reducegpje for Hameentie at that time, but supposedly the return
traffic and thermal convection causing efficient atmosphericyaffic was already finishing. Prevailing winds changed to
mixing already early in the morning. southwest a couple of hours before the episode maximum at

20:00 and backward trajectories showed air mass transport at
altitudes<1000 m along the westward coastline during the
past days. The other measuring sites also indicated elevated
CO (Fig. 3). Itis therefore tempting to suggest that at least

Atmos. Chem. Phys., 9, 7387396 2009 www.atmos-chem-phys.net/9/7387/2009/
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part of the increase in mixing ratios could be due to distant
sources, though the rate of increase was so fast that it could
have occurred due to more local sources, supported by the
preceding low wind speeds and air mass transport close to
ground. Helsinki was the largest town in the studied 5-day
air mass path, but the lifetime of CO is of the order of few 24 6 s 0 12 e 16 18 20 2
months, and thus long-range transport from other Finnish or Local Time, September 27, 2007
European sources is possible.

Traffic (cars/hr)
2 o
8 8

Fig. 9. Excess hydrogen and carbon monoxide mixing ratios, radon
activity and weather parameters (wind speed, wind direction, visi-
bility) at Kumpula, site and traffic flow at nearbyarheentie bridge

in 27 September, 2007. Visibility is expressed as fraction of the
maximum of the observation range, which is about 50 km. Traffic
data provided by Helsinki city traffic office.

3.4 Emission and deposition rates
3.4.1 Carbon monoxide emissions

Total CO emissions from Finland were 484 570t (CO)/yr and

from Helsinki 8888t (CO)/yr in 2007 (Niemi et al., 2008;

Statistics Finland, 2009). More than 90% of CO emissionsdiesel engines, a 10% share is obtained for diesel vehicle CO

were in Helsinki originated from road traffic, the rest be- emissions at Emeentie (see also Ylituomi et al., 2005).

ing due to air traffic, harbour activities and scattered small

scale combustion. The percentage of gasoline powered ca®4.2 Hydrogen emissions due to road traffic

in Finland was about 75% of the total fleet and diesel pow-

ered cars had a 25% sharegkék et al., 2008). 87% of the Hydrogen emissions from traffic can be estimated from the

fleet were passenger cars. 22% of all passenger car drivepimultaneous increase of hydrogen and CO during morn-

kilometers were diesel powered and 88% had catalytic coning rush hours, if carbon monoxide emissions are known, as

verters. Diesel engines have lower emission factors for Ccexplained in Sect. 2.4. However, there are a couple of is-

than gasoline engines. Of the total road traffic CO emissionssues to take into consideration while estimating the relevant

diesel engines had a 9.0% share and gasoline engines 91¥glue for the slope and CO emissions. Firstly, #ttd,/ACO

(Makeh et al., 2008). slope should be corrected due to soil deposition gfihich
Traffic calculations were made between 27 September anéé @ significant factor in total pibudget (Hammer et al.,

1 October 2007 in Helsinki at &eentie bridge, at about 2009). In Helsinki the |2‘ deposition velocity was in aver-

300 m distance from our measurement site. The total num2ge about (341.0)x10~*m/s during September and Octo-

ber of motorized vehicles was about 31 000 during a workdayPer 2007 (LaIIo et al., 2009) yielding (1.3®.42)x10 % g

and 10 500 during a weekend day. During workdays, the per(H2) m~2s~* for the soil sink (52") in areal basis. The CO

centage of diesel vehicles was 31.3% of the total fleet, i.eemissions in areal ba5|38‘3' in Eq. 2) can be estimated

somewhat higher number than in average in Finland. Eswith the help of simultaneous radon observations by using

timating from Finland’s statistics that gasoline engine COthe radon tracer method (Schmidt et al., 200A)CO/ARN

emission factors are roughly three times larger than those focan be estimated similary thaxH>/ACO by using the rush

www.atmos-chem-phys.net/9/7387/2009/ Atmos. Chem. Phys., 9, 73982009
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hour measurements of radon and CO. Measurements froratrong as in summer due to less heating by radiation. How-
05:00 to 07:00 during 13 days in September and Octobegver, surface temperature inversions may occur, trapping the
2007 were used here. The soil exhalation rate of radorpollutants below the observation height and causing delay
(jrn) needs to be known; the estimate of 43Bg¥h—1 and mixing of the observed air parcels. The diurnal varia-
was used for Kumpula (Lallo et al., 2009). Multiplying the tions of H, CO, radon and traffic were most consistent dur-
radon exhalation rate with tha CO/ARN slope resulted in  ing autumn and spring, suggesting that the slopes obtained
(319+74)x10-8g(CO) nT2s1 for jEF'. Using this result  during these seasons were most reliable.
and converting fluxes to molar units, a corrected slope of The AH2/ACO slope of 0.43 ppb (3J/ppb (CO) accord-
0.49+-0.07 ppb (H)/ppb (CO) was obtained fakHy/ACO. ing to the current work fits nicely to the range of lit-
Secondly, it has been estimated that hydrogen emissiongrature estimates presented in recent years. E.g. Ham-
from diesel engines are very small in comparison to gasolinegmer et al. (2009) and Barnes et al. (2003) both esti-
engines (Volimer et al., 2007). Therefore the diesel enginemated 0.4 ppb (k)/ppb (CO) for sites, which were influ-
CO emissions (10%) have to be subtracted from all trafficenced by traffic pollution. Steinbacher et al. (2007) and
originated CO-emissions in Helsinki (8285t (CO)/yr, Niemi Yver et al. (2009) both presented 0.33 ppb)dpb (CO)
et al., 2008) before calculating hydrogen emissions, yieldingfor suburban sites.  Simmonds et al. (2000) obtained
7455t (CO)/yr in 2007. only 0.15 ppb (H)/ppb (CO) for a relatively unpolluted site.
Finally, H, emissions were estimated using the cor- However, Novelli et al. (1999) estimated a higher value of
rected AHo/ACO slope and emissions of CO from 0.6 ppb(H)/ppb (CO) for a busy traffic intersection. As dis-
gasoline powered traffic at &eentie. The slope of cussed earlier (Hammer et al., 2009), the shift to lower val-
0.49 ppb (H)/ppb (CO) corresponds to 0.035gAkg CO. ues might be attributed to hydrogen soil deposition which
Multiplied with 7455t (CO)/yr an estimate of 261t §Myr depletes hydrogen from the air masses on their way to ob-
was obtained for Helsinki for year 2007. For the whole Fin- servation sites further away from pollution sources. After
land, using diesel fraction of 9.0% and road traffic emissionscorrection due to bl soil deposition in the current work,
of 208135t (CO)/yr (Mikek et al., 2008), estimated emis- @ value of 0.49 ppb (b/ppb (CO) was obtained, which is
sions for year 2007 were 6600 t {Hyr. close to 0.47 ppb (b/ppb (CO) by Hammer et al. (2009) and
0.47 ppb (K)/ppb (CO) by Yver et al. (2009). The result also
agrees well with Vollmer et al. (2007), who measuregl H
4 Discussion and conclusions and CO at a traffic tunnel where the soil deposition term can
be neglected. They obtained 0.48 ppb)tdpb (CO) for the
Hydrogen observations in Helsinki episodically showed highmean slope. Their diesel fraction in the car fleet was similar
mixing ratios. They usually occurred simultaneously with than in average in Finland.
elevated CO and coincided with high traffic periods. De- The estimate for CO emissions owes large uncertainties,
spite local pollution by traffic, relatively stable and low back- because th& CO/ARnN slope was not easy to solve by using
ground values were often observed at the site, enabling th@ust a couple of hours close to the sunrise, when CO increases
detection of main features of theyHeasonal cycle. The rapidly and Rn already starts to saturate before the transition
slope ofAH2/ACO, calculated during the morning high traf- to daytime boundary layer. For comparison, a simulation was
fic, also showed seasonal variation with the highest valuesnade with the 2D atmospheric model (Lallo et al., 2009) for
occurring in summer and lowest in winter. The summer vs.a few typical September weather cases by using the observed
winter variation has been discussed earlier by Hammer eCO increase to obtain the early morning CO emissions. Ac-
al. (2009), who found more seasonal variation when the latecording to the results, the original emission estimate could be
morning hours where included in the slope calculation. Theysomewhat biased upwards. If we use a lower limit of our er-
attributed this to the entrainment flux, which amplifies after ror estimate for CO emissions, 2480 8g(CO)nT?s ™1, a
the sunrise and brings hydrogen rich air from higher altitudesAH2/ACO slope of 0.51 ppb (4J/ppb (CO) is obtained lead-
close to the ground, where the stable nocturnal air layer hagg to <4% increase in the total Hemissions. The other
been depleted with hydrogen over the night due to soil dessources of uncertainties include e.g. instrumental accuracy
position. Due to sunrise at around 04:00-05:00 in June—Juland, more importantly, variation in radon exhalation from
at Helsinki, we can assume that there is significant mixingground and hydrogen deposition to soil. The last two were
already from the beginning of the morning traffic, which can estimated in the companion article by Lallo et al. (2009). To-
then affect the slope calculation. Seasonal variation in phogether all the uncertainties mentioned above might lead to
tochemistry of CO and pand possible minor sources of hy- about 9% change on the totap ldmissions.
drogen (e.g. seawater microbial activity) should maybe also To conclude, our results show, that it is possible to es-
be considered here. On the other hand, during winter thdimate hydrogen emissions in urban environment by using
H> soil deposition rate was about half of the summer valuesatmospheric tracers such as CO and radon. The results for
(Lallo et al., 2009) depleting lessoHrom the air. In win-  AHy/ACO slope agreed well with literature values, indicat-
ter the boundary layer development starts later and is not asg congruent emission structures. In the future, to place the
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results in a wider context, the hydrogen background levels in cuss., 9, 14873-14899, 2009,
Helsinki and in other sites should be examined more care- http://www.atmos-chem-phys-discuss.net/9/14873/2009/

fully including possible transport events and trends. Makeh, K., Laurikko, J., and Kanner, H.: Road traffic exhaust gas
emissions in Finland. LIISA 2007 calculation software, Techi-
Acknowledgementsie wish to thank Anu Kousa (YTV Helsinki cal Research Centre of Finland (VTT), Report VTT-R-05607-08,

Metropolitan Area Council) for CO data and valuable advice 92 pp., 2008.

concerning CO levels and emissions, Kariakék (Technical — Niemi, J., Vakewa, O., Kousa, A., Wecksim, M., Julkunen, A.,

research centre) for Finland traffic and emission statistics and Myllynen, M., and Koskentalo, T.: Air Quality in the Helsinki

Hannu Sepala (Helsinki city traffic office) for Fameentie traffic Metropolitan Area in 2007, YTV Helsinki Metropolitan Area

statistics. This work was financially supported by the Nessling Council, Publications 8/2008, 71 pp., 2008.

foundation, EU-project EUROHYDROS and Academy of Finland. Novelli, P. C, Lang, P. M., Masarie, K. A., Hurst, D. F., Myers,
R., and Elkins, J. W.: Molecular hydrogen in the troposphere:

Edited by: M. Petters Global distribution and budget, J. Geophys. Res., 104, 30427—
30444, 1999.
Paatero, J., Hatakka, J., and Viisanen, Y.: Concurrent measurements
References of airborne radon-222, lead-210 and beryllium-7 at the Pallas-

Sodankyd GAW station, Northern Finland, Finnish Meteoro-

Barnes, D. H., Wofsy, S. C., Fehlau, B. P, Gottlieb, E. W., logical Institute, Air Quality Research, Reports 1998:1, 26 pp.,
Elkins, J. W., Dutton, G. S., and Novelli, P. C.: Hydro- 1998.
gen in the atmosphere: Observations above a forest canopfprather, M. J.: An Environmental Experiment with® Science,
in a polluted environment, J. Geophys. Res., 108(D6), 4197, 302, 581-582, 2003.
doi:10.1029/2001JD001199, 2003. Price, H., Jaegle, L., Rice, A., Quay, P., Novelli P. C., and

Derwent, R., Simmonds, P., O'Doherty, S., Manning, A., Collins,  Gammon, R.: Global budget of molecular hydrogen and its
W., and Stevenson, D.: Global environmental impacts of the hy-  deuterium content: Constraints from ground station, cruise,
drogen economy, Int. J. Nuclear Hydrogen Production and Ap- and aircraft observations, J. Geophys Res., 112, D22108,
plication, 1, 57-67, 2006. doi:10.1029/2006JD008152, 2007.

Ehhalt, D. H. and Rohrer, F.. The tropospheric cycle of H2: Rhee, T. S., Brenninkmeijer, C. A. M., anddékmann, T.: The
a critical review, Tellus, 61B, 500-535, doi:10.1111/j.1600-  overwhelming role of soils in the global atmospheric hydrogen
0889.2009.00416.x, 2009. cycle, Atmos. Chem. Phys., 6, 1611-1625, 2006,

Hammer, S., Vogel, F., Kaul, M., and Levin, |.: Thet€O ratio of http://www.atmos-chem-phys.net/6/1611/2006/
emissions from combustion sources: Comparison of top-downSchmidt, U. and Seiler, W.: A New Method for Recording Molecu-
with bottom-up measurements in south-west Germany, Tellus, lar Hydrogen in Atmospheric Air, J. Geophys. Res., 75(9), 1713—
61B, 556-565, doi:10.1111/j.1600-0889.2009.00418.x., 2009. 1716, 1970.

Helsinki city traffic office: Traffic volumes on main streets of Schmidt, M., Glatzel-Mattheier, H., Sartorius, H., Worthy, D. E.,
Helsinki, September 2007, City of Helsinki, City planning of- and Levin, I.: Western European N20 emissions: a top-down
fice, Traffic planning division report, 5 pp., 2008. approach based on atmospheric observations, J. Geophys. Res.,

IPCC: Climate Change 2007: The Physical Science Basis. Con- 106, 5507-5516, 2001.
tribution of Working Group | to the Fourth Assessment Report Schmitt, S., Hanselmann, A., Wollséger, U., Hammer, S., and
of the Intergovernmental Panel on Climate Change, edited by: Levin, I.: Investigation of parameters controlling the soil sink of
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, Z., Av-  atmospheric molecular hydrogen, Tellus, 61B, 416—423, 2009.
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University =~ Schultz, M. G., Diehl, T., Brasseur, G. P., and Zittel, W.: Air Pol-
Press, Cambridge, United Kingdom and New York, NY, USA,  |ution and Climate-Forcing Impacts of a Global Hydrogen Econ-
996 pp., 2007. omy, Science, 302, 624-627, 2003.

Jacobson, M. Z., Colella, W. G., and Golden, D. M.: Cleaning the Service, R. F.: The hydrogen backlash, Science, 305, 958-961,
Air and Improving Health with Hydrogen Fuel-Cell Vehicles, 2004.

Science, 308, 1901-1905, 2005. Simmonds, P. G., Derwent, R. G., O’'Doherty, S., Ryall, D. B.,

Jacobson, M. Z.: Effects of wind-powered hydrogen fuel cell ve-  Steele, L. P., Langenfelds, R. L., Salameh, P., Wang, H. J., Dim-
hicles on stratospheric ozone and global climate, Geophys. Res. mer, C. H., and Hudson, L. E.: Continuous high-frequency ob-
Lett., 35, L19803, doi:10.1029/2008GL035102, 2008. servations of hydrogen at the Mace Head baseline atmospheric

Jordan, A.: Calibration of atmospheric hydrogen, in: Proceedings monitoring station over the 1994—-1998 period, J. Geophys. Res.,
of thel3th WMO/IAEA Meeting of Experts on Carbon Diox- 105(D10), 12105-12121, 2000.
ide Concentration and Related Tracers Measurement TechniqgueSmith-Downey, N. V., Randerson, J. T., and Eiler, J. M.: Tem-
Boulder, Colorado, USA, 19-22 September 2005, WMO TD No.  perature and moisture dependence of soil H2 uptake mea-
1359, 5663, 2006. sured in the laboratory, Geophys. Res. Lett., 33, L14813,

Lallo, M., Aalto, T., Laurila, T., and Hatakka, J.: Sea- d0i:10.129/2006GL026749, 2006.
sonal variations in hydrogen deposition to boreal forest soil Statistics Finland: Greenhouse gas emissions in Finland 1990-
in Southern Finland, Geophys. Res. Lett, 35, L04402, 2007, National Inventory Report, 402 pp., 2009.
doi:10.1029/2007GL032357, 2008. Steinbacher, M., Fischer, A., Vollmer, M. K., Buchmann, B.,

Lallo, M., Aalto, T., Hatakka, J., and Laurila, T.: Hydrogen soil  Reimann, S., and Hueglin, C.: Perennial observations of molecu-
deposition at an urban site in Finland, Atmos. Chem. Phys. Dis-

www.atmos-chem-phys.net/9/7387/2009/ Atmos. Chem. Phys., 9, 73982009


http://www.atmos-chem-phys-discuss.net/9/14873/2009/
http://www.atmos-chem-phys.net/6/1611/2006/

7396 T. Aalto et al.: Atmospheric hydrogen variations and traffic emissions

lar hydrogen H at a suburban site in Switzerland, Atmos. Envi- Xiao, X., Prinn, R. G., Simmonds, P. G., Steele, L. P., Novelli, P.
ron., 41, 2111-2124, doi:10.1016/j.atmosenv.2006.10.075, 2007. C., Huang, J., Langenfelds, R. L., O'Doherty, S., Krummel, P. B.,

Tromp, T. K., Shia, R.-L., Allen, M., Eiler, J. M., and Yung, Y. L.: Fraser, P. J., Porter, L. W., Weiss, R. F., Salameh, P., and Wang,
Potential Environmental Impact of a Hydrogen Economy on the R. H. J.: Optimal estimation of the soil uptake rate of molecular
Stratosphere, Science, 300, 1740-1742, 2003. hydrogen from the Advanced Global Atmospheric Gases Exper-

Vesala, T., arvi, L.,, Launiainen, S., Sogachev, A., Rannl,, iment and other measurements, J. Geophys. Res., 112, D07303,

Mammarella, |., Siivola, E., Keronen, P., Rinne, J., Riikkonen, A., doi:10.1029/2006JD007241, 2007.

and Nikinmaa, E.: Surface-atmosphere interactions over com-~Ii-Tuomi, T., Aarnio, P., Pirjola, L., Mikeh, T., Hillamo, R., and

plex urban terrain in Helsinki, Finland, Tellus, 60B, 188-199, Jantunen, M.: Emissions of fine particles, N@nd CO from

2008. on-road vehicles in Finland, Atmos. Environ., 39, 6696-6706,
Volimer, M. K., Juergens, N., Steinbacher, M., Reimann, S., 2005.

Weilenmann, M., and Buchmann, B.: Road vehicle emissions ofYver, C., Schmidt, M., Bousquet, P., Zahorowski, W., and Ramonet,

molecular hydrogen (H2) from a tunnel study, Atmos. Environ.,  M.: Estimation of the molecular hydrogen soil uptake and traffic

41, 8355-8369, doi:10.1016/j.atmosenv.2007.06.037, 2007. emissions at a suburban site near Paris through hydrogen, car-
Warwick, N. J., Bekki, S., Nisbet, E. G., and Pyle, J. A.: Im- bon monoxide, and radon-222 semicontinuous measurements, J.

pact of a hydrogen economy on the stratosphere and tropo- Geophys. Res., 114, D18304, doi:10.1029/2009JD012122, 2009.

sphere studied in a 2-D model, Geophys. Res. Lett., 31, L05107,

d0i:10.1029/2003GL019224, 2004.

Atmos. Chem. Phys., 9, 7387396 2009 www.atmos-chem-phys.net/9/7387/2009/



