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Abstract

With respect to the atmospheric budget of molecular hydrogen (H,), Krakow represents a typical cen-
tral European urban agglomeration with intense traffic and a relatively high proportion of low-level emissions
associated with burning of fossil fuel (mainly coal and gas) for heating. The vehicle fleet in the city still con-
tains a relatively high fraction of cars without properly operating catalysts, which constitutes a considerable
source of atmospheric hydrogen. The mixing ratios of hydrogen in near-ground atmosphere were measured
quasi-continuously over two years (from 01.2007 till 12.2008) at two different locations within the urban area
of Krakow: close to the city center and at the outskirts of the city. Although both measurement locations were
under the influence of local traffic, they differ with respect to the structure of local terrain (proportions of
buildings, roads, and area covered by vegetation), as well as by local micrometeorological conditions.

A very wide range of H, mixing ratios was observed at both sites, with peak mixing ratios reaching 2,800
ppb. Distinct seasonality of H, mixing ratios was observed, with higher values recorded during winter months.
Also, distinct daily variations of H, levels often were observed, with morning and evening H, maxima asso-
ciated with traffic rush hours. Diurnal variation of hydrogen concentrations at both locations differs seasonal-
ly due to different micrometeorological conditions and source patterns, including car traffic intensity.
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Introduction

Regular observations of atmospheric concentrations of
hydrogen were initiated in the 1970s [1-3]. The abundance
of hydrogen in the troposphere was increasing until the
1990s, with a growth rate of approximately 3 ppb-year' [1].
The current mixing ratios of atmospheric H, vary between
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450 and 550 ppb, depending on the location and season [4-
7]. Although hydrogen is rarely mentioned as a greenhouse
gas, it is expected that massive releases of this gas into the
atmosphere, associated with a future hydrogen economy,
may lead to a longer residence time of atmospheric
methane and associated enhancement of the greenhouse
effect [8-11]. The global budget of atmospheric hydrogen is
not well constrained [12-16]. In particular, there are many
estimations of the temporal and spatial variability of H,
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uptake by soils, which constitutes the most important sink
for atmospheric hydrogen [12, 17-20]. An important source
of hydrogen, particularly in urban areas, is vehicle exhaust
[5,21-23].

Urban areas are under special interest, as the main
anthropogenic source of hydrogen can be observed closely
in cities [3, 7, 21, 24]. Interpretation of the results of hydro-
gen concentration analyses performed in an urban environ-
ment is difficult according to the little and usually unknown
footprint of the sampling site [25, 26]. Direct application of
dataset from urban area into the mesoscale model may
cause disturbances that reduce chances of realistic interpre-
tation of model results [27]. But the data are definitely valu-
able, especially the combination of different trace gases
concentration measurements with micrometeorology para-
meters, which may lead to accurate estimation of the hydro-
gen source strength over the urban area [26, 28, 29]. But
this it is not the aim of this work. To understand the influ-
ence of sampling site location on diurnal and seasonal
hydrogen variability we decided to run parallel hydrogen
analyses at two different locations in Krakéw during the
years 2007 and 2008.

Description of the Sampling Site

Krakow is located in southern Poland in the area of the
Vistula and Rudawa river valleys connection. With about
one million inhabitants, rapidly growing car traffic, and sig-
nificant industrial activities, Krakéw represents a typical
urban environment. Two large highlands, Krakowsko-
Czestochowska and Pogorze, surround the city.
Morphology of the city territory induces frequent atmos-
pheric inversion layer occupation even under fast air mass
transport over the region [30]. In recent years large finan-
cial and infrastructural investment has reduced substantial-
ly the amount of so-called “low emission” sources from
house heating systems. Road traffic, however, is now defi-
nitely more intense due to a greatly increasing number of
cars [31]. Industrial emissions of trace gases (including
hydrogen) belongs mainly to the HTS steel factory and the
city power plant.

Measurements of hydrogen concentrations were carried
out at stations located in two different parts of the city:

(1) AGH — close to the center of the city and next to the
main roads leading from the northern to southern parts
of the agglomeration. Large recreation grounds and
parks are also in close vicinity to the sampling point.

(1) IFJ — located in a suburban area at the northwest border
of the city near the most frequently used roads leading
from Silesia to Krakoéw and eastern Poland. Large
grasslands covering neighboring areas close to the sam-
pling point are expected to be a hydrogen sink in the
area surrounding the station.

Analytical Methods

Two different approaches to quantify the atmospheric
mixing ratio of hydrogen were studied:

(1) A dedicated commercial RGA (reduction gas analyzer)
instrument (PP1 — Peak Performer 1 from Peak
Laboratories) performed quasi-continuous measure-
ments of atmospheric H, at Krakéw — AGH station. The
Peak Performer is equipped with the new generation of
mercury detector with improved linearity and a back-
flush system using packed columns (Molsieve SA 1.5 m
as an analytical column and Unibeds 1S 1.5 m as a pre-
column). The Peak Performer device scheme is plotted
on Fig. 1. After installation and testing the instrument
started regular measurements of H, in May 2007.
Measurements were terminated in 2009 and the gas
chromatograph was transferred to Kasprowy Wierch
station.

The analog signal from PP1 was converted by ADC
HP3553, and chromatograms were integrated by
ChemsStation software (produced by Agilent Technology
Inc.). Typical uncertainty of individual H, analysis using
reduction gas detection was on the order of +3 ppb and the
detection limit was close to 1 ppb. The inlet of the RGA
instrument was connected in series with the inlet of anoth-
er gas chromatograph (HP6890) measuring concentrations
of other trace gases. Single hydrogen analysis was started
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Fig. 1. Schematic diagram of the Peak Performer PP1 gas chromatograph used at the AGH site.
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by external connection port of HP6890. During the mea-

surement period the PP1 chromatograph suffered from dif-

ferent malfunctions causing short-term gaps in the data
record. A UV lamp and its power supply was exchange
twice in this period.

The local atmosphere was sampled on top of a 6-meter
mast located on the roof of the laboratory building (ca. 25
m above the local ground). The air is sucked by pump
through a 1/4 inch stainless steel tube at an average flow
rate of 1 L/min. The inlet is split into 3 lines, each cryo-
genically dried. Moisture traps are kept in overpressure of
Ibar to avoid contamination by the laboratory air. Dried air
is injected to the RGA instrument and to HP6890 GC.
Samples are injected every 37 minutes. A single analysis of
hydrogen lasts 6 minutes, but HP6890 required 17 minutes
for analysis of other species, and working standard was
injected subsequently after each sample of ambient air.
Combination of different analytical systems provides con-
sistent information about concentration of six different
gases (H,, CO, CH,, CO,, N,0, and SF) in the same air
sample.

(ii) The Physicochemistry of Ecosystems Department at the
Henryk Niewodniczanski Institute of Nuclear Physics
Polish Academy of Sciences has applied a different
chromatographic method of hydrogen concentration
measurement in the air since April 2007 [32]. The mea-
surement program was finished in 2009.

The scheme of the measurement setup is shown on Fig.
2 [33]. This system consists of the pulsed discharge helium
ionization detector (PDHID, Vici Inc. type PD-D2-I), 10-
way Valco valve (V10) assembled with the sample loop and
two chromatographic packed columns working in a back-
flush mode. The columns of 1/8 inch in diameter are packed
with molecular sieves 5A, 2 m and 3 m long, respectively.
Additionally, depending on the position of a 3-way valve, a
sample loop can be filled with an air sample, delivered from
the roof of a laboratory building or with reference gas. The
T-connection between membrane pump and 3-way valve is

Sample I

added to prevent excessive pressure. 5.0 grade helium from
Linde Gas AG, additionally purified by helium purifier
HP2 (Valco Instruments), was used as the carrier gas with a
flowrate of 18 ccm/min. Total helium consumption by the
system was 50 ccm/min [32].

The air in the sample loop (Fig. 2), after switching the
10-position valve, is injected into column I, where it is part-
ly separated. When neon and hydrogen are eluted the 10-
position valve is switched again and the remaining gases in
the first column (oxygen and nitrogen) are removed
through the vent. Hydrogen and neon are separated by col-
umn II and subsequently introduced into the detector.
During analyses the detector and column temperatures
invariably hold at 80°C and 50°C, respectively. The back-
flush time (100 seconds) allows for sampling repetition
every 10 minutes.

The whole system required occasional maintenance,
including column conditioning and detector heating.
Sensitivity of the instrument remains at the same level
throughout the presented two-year period.

Quality Assurance

The calibration scale for hydrogen was established with
the aid of three 20-liter stainless steel cylinders (Luxfer
Co.) filled with synthetic air mixed with hydrogen, carbon
dioxide, nitrous oxide, methane, carbon monoxide, and sul-
phur hexafluoride. The standard mixtures were calibrated at
the Max Planck Institute for Biogeochemistry in Jena.
Mixing ratios of hydrogen in the calibration cylinders are as
follows: 447.0 ppb, 549.8 ppb, 1,174.2 ppb. The hydrogen
mixing ratios presented in this paper are expressed in the
scale “WMO-X2009” [34].

In 2008 a test leading to achieve reasonable precision
was applied. The calibration of H, and CO was checked
every 12 hours against three standards with contrasting
mole fractions of H, and CO and corrected according to the
cubic fit of detector response. However, this test resulted in
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Fig. 2. Scheme of analytical setup for hydrogen measurements using PDHID detector applied at IFJ PAN site, R, R,, R;, R, — flow
controllers, HP2 —Helium purifier, PD-D2-I — pulse discharge helium detector [33].
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relatively small corrections applied in comparison to the
assumption of the RGA’s linear response function (0.01-1%
in range 500-800 ppb). The mixing ratio of the hydrogen in
Krakow air exceeds frequently 1,500 ppb. In the AGH lab-
oratory high-value H, and CO mixtures also are available,
which are occasionally used for dilution tests of detector
linearity. Results of linearity tests performed regularly are
optimistic, and the linearity of RGA detector in PP1 also for
high concentrations may be expected. No correction for
non-linearity was applied.

Tests of the linearity of the PDHID detector allows us to
state that linearity of the detector covers five orders of mag-
nitude. For ambient air sample volume of 2 cm?, the hydro-
gen detection limit is equal to 5 ppb (1 pg/cm’) of hydrogen
and typical uncertainty of individual H, analysis is in the
order of £5 ppb.

Comparison of the Instruments

To ensure full comparability of hydrogen data analyzed
by both analytical techniques, the instruments were placed
at the AGH station and connected to the same inlet system
for 7 days a month before field deployment. The different
lengths of the measurement sequences does not allow for
direct comparison of the results, but we observed no signif-
icant differences in the level or amplitude of hydrogen mix-
ing ratio variation (Fig. 3). Measurements presented here
are representative for the whole period. However, some
short term inconsistences were caused by sample inlet and
finally after the reparation of sample delivery system only
two days of parallel measurements remained for compari-
son.

The difference between mean values of 48 hourly aver-
ages of H, mixing ratio measured by both instruments dur-
ing 8 and 9 of May 2007 is statistically insignificant
(1.1£1.8 ppb). Variance of relative difference between mix-
ing ratio records below 2% is acceptable for comparison of
records with amplitude of 300 ppb, whereas variance of

800

each hourly average frequently exceeds 90 ppb. Test results
prooved the validity of further comparable analysis of both
records.

Results and Discussion
Diurnal Variability

Short-term variation of hydrogen mixing ratio in
Krakéw seems to be irregular at first look. However,
sources of this gas in city area are mostly connected to road
traffic activity. It usually begins from 6 a.m. with maximum
around 8 a.m. and decreases slightly at 10 a.m.. The after-
noon rush-hour period begins at 3 p.m. and lasts until 7 p.m.
Emission of hydrogen from car exhausts in Krakow is espe-
cially high due to the large number of old cars without cat-
alysts or with catalyst not working properly. Additionally,
most of the car engines function in the low oxygen regime
according to the slow traffic movement [22, 35]. Hydrogen
concentration in the air also depends on tropospheric mix-
ing efficiency. Dynamics of the atmosphere depend on the
solar radiation flux and the synoptic situation (high and low
pressure systems and frontal situations). Krakow city air is
frequently suffering from the long-lasting inversion layer
with increased abundance of several trace gases [36].

Averaging the hourly mixing ratio throughout the
month helps to distinguish differences between diurnal
variation of hydrogen mixing ratio between both stations in
relation to different seasons (Fig. 4).

Hydrogen released to the atmosphere by car exhausts
during the evening rush hour [5] is consumed in the night
by efficient soil sink [24]. The average amplitude of this
process is the largest for winter months — 150 ppb in the city
centre and rural area, when inversion of temperature begins
early afternoon and remains sometimes for several days.
This amplitude is exceptionally large in comparison to
other European urban sites. The diurnal winter cycle in
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Fig. 3. Comparison of the hydrogen mixing ratio sampled from the same inlet system by two different instruments: PP1 with RGA
detector (black diamonds and dark line) and GC Fissons with PDHID detector (empty squares with grey line). Each point represents
hourly average of hydrogen mixing ratio results obtained by each system. The lower right panel represents correlation between both

records.
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Duebendorf near Zurich [5] and Bristol [7] are two times
smaller, while in Helsinki diurnal variation remains at a
level 10 times smaller [21]. In August diurnal variation
amplitude decreases to 100 ppb at IFJ, however, remains at
150 ppb at AGH. However, in summer season clover, occa-
sionally rising on most of the green recreation grounds, is
balancing hydrogen soil uptake with substantial production
[37] due to the enhanced mixing of the city air with the
higher latitude troposphere concentration of hydrogen
remains at a level close to the background values. Similarly,
a seasonal effect may be noticed for the level of the diurnal
mole fraction minima in relation to observations at the
Jungfraujoch high-altitude station [38]. Due to
Jungfraujoch’s altitude of 3,580 m a.s.l. in the Swiss Alps,
the H, data can be considered as primarily representative of
free tropospheric background conditions over Central
Europe [38]. Winter is characterized by large enrichment of
the city atmosphere with hydrogen during early afternoon
hours, even by 100 ppb in February observed at both sta-
tions. It also is precedent value in comparison to available
reported data from other cities [5, 7, 21]. During summer
the offset between both Krakéw locations and background
air decreases to negligible values. The difference between
hydrogen observations at the stations is most obviously vis-
ible in October, when higher located suburbs of Krakow
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city, where the IFJ station is settled, are well ventilated,
while the central district (AGH station) is frequently still
within the inversion layer [30]. Then hydrogen mixing
ratios at AGH are on average 100 ppb higher than at IFJ.
Such a description may be applied for spring and autumn
months (difference close to 50 ppb), but not for winter
(when both records follow almost identically). The intensi-
ty of car traffic in the city decreases in summer parallel with
the increase in soil sink efficiency [6] and in air turbulence
[39]. In summer hydrogen concentrations reveal the small-
est diurnal amplitude, but records from both stations still
differ. During wintertime, according to the much slighter
vertical temperature gradient in the troposphere, the con-
centrations recorded at these sites are equal. The diurnal
cycle in this season is mainly driven by meteorological con-
ditions in the Krakow atmosphere, but extremely extended
concentrations are strictly connected with strong emissions
occurring over the city.

Seasonal Variability
The seasonal pattern of hydrogen concentrations in
Krakow is driven mainly by meteorological conditions over

the city, in particular the frequency of temperature inversion
in the lower troposphere. During the winter it occurs for a
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Fig. 4. Average diurnal variation of hydrogen mixing ratio in different seasons at 3 stations: AGH — University of Science and
Technology, IFJ — Institute of Nuclear Physics, Polish Academy of Sciences, JFJ — Jungfraujoch mountain station in the Swiss Alps.
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tain station Jungfraujoch (JFJ) in the Swiss Alps (black dots). The latter represents European background values of hydrogen mixing

ratio.

several-day-period, elevating the hydrogen mixing ratio to
the values even up to 1,500 ppb while values recorded in the
free troposphere (station Jungfraujoch — 3,500 m a.s.1.) stays
below the level of 540 ppb [38]. Efficient thermal mixing of
the air within the whole troposphere over Krakow starts in
May and disappears during late September. It is reflected in
concentration levels of all measured trace gases at AGH sta-
tion [34]. Monthly averages of hydrogen concentration are
affected by its diurnal variations, which reflect both source
efficiency and micrometeorological conditions in the city.
Intensity of car traffic in Krakow decreases substantially
during the holiday season (July and August). However,
most of the green areas in the vicinity of the AGH station
are becoming strong sources of hydrogen in summer
months as they are lush with clover. The soil flux of hydro-
gen may vary strongly even on a local scale. Direct obser-
vations revealed the variability of hydrogen production
from 0.5 up to 23 micromoles per hour per square meter in
summer, while in winter the flux usually is slightly negative
or negligible [37]. Nevertheless, hydrogen mixing ratios are
definitely the lowest during the warm period (June —
September) at AGH and at IFJ as well (Fig. 5).

Conclusions

A comparison of atmospheric hydrogen concentrations
measured at two different locations of Krakow city under-
lines the role of the city in hydrogen balance with excep-
tionally high input from vehicle traffic emissions.
Wintertime conditions favor frequent inversion of tempera-
ture, and strong emissions from car traffic over the city
causes spatially homogenous enrichment of hydrogen over
the whole city, which is not balanced by soil decomposi-
tion. The mixing ratio of hydrogen is frequently doubled
during winter over the whole area of the city. During the
summer season many different components (soil sink, bio-
logical production, car traffic sources, and air mixing) influ-
ence hydrogen concentrations in the lower troposphere,
increasing its spatial variability.
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