RADIOCARBON IN THE AIR OF CENTRAL EUROPE: LONG-TERM
INVESTIGATIONS
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ABSTRACT. Regional levels of radiocarbon have been monitored in order to investigate the impact of fossil fuel combus-
tion on the activity of atmospheric *CO, in central Europe. Data from atmospheric '#CO, monitoring stations in the Czech
Republic, Slovakia, and Hungary for the period 20002008 are presented and discussed. The Prague and Bratislava monitor-
ing stations showed a distinct local Suess effect when compared to the Jungfraujoch clean-air monitoring station. However,
during the summer period, statistically insignificant differences were observed between the low-altitude stations and the high-
mountain Jungfraujoch station. 4C data from the Hungarian monitoring locality at Dunafoldvar and the Czech monitoring
station at Kosetice, which are not strongly affected by local fossil CO, sources, indicate similar grouping and amplitudes, typ-
ical for a regional Suess effect.

INTRODUCTION

Radiocarbon is a long-lived radionuclide (half-life 5730 yr) of global occurrence produced either
naturally or artificially. It is produced naturally by interactions of cosmic rays mainly with atmo-
spheric nitrogen in the nuclear reaction '“N(n,p)!*C. The mean natural '“C production rate is about
2.5 atoms cm2 s7! at the Earth’s surface (UNSCEAR 2000). !4C is subsequently oxidized to CO,,
which is then transferred to the troposphere, where “C becomes a part of the carbon environmental
cycle. Inorganic and organic chemical forms of '“C are deposited into oceanic and terrestrial carbon
reservoirs. Although the natural '“C production and deposition rates have been relatively stable, the
14C levels in the atmosphere and biosphere during the pre-industrial period showed multiple
changes (“wiggles” in the 4C calibration curve).

In the last century, nuclear weapons tests were important sources of anthropogenic '“C. Conse-
quently, !“C concentration in the atmosphere of the Northern Hemisphere was double the natural
level in 1963 (Nydal and Lovseth 1965; Meijer et al. 1995). Since the nuclear moratorium on atmo-
spheric nuclear bomb tests was signed in 1963, the '*C concentration in the atmosphere has been
decreasing due to its intensive transfer to oceanic and terrestrial carbon reservoirs (Levin et al. 1980,
1995; Segl et al. 1983; Burchuladze et al. 1989; Hesshaimer et al. 1994; Levin and Kromer 1997,
2004). Currently, '“C activity is gradually approaching the level that was seen before the nuclear
age. The observed '“C levels give information about carbon '“C sinks and exchange processes
(stratosphere-troposphere, troposphere-ocean, troposphere-biosphere mixing). The decreasing
bomb !4C curve has also been used for dating samples that originated during the nuclear period
(Reimer et al. 2004).

In the last few decades, discharges from nuclear facilities (nuclear fuel reprocessing and nuclear
power plants) have also been a significant artificial source of 4C. Their contributions have been
estimated to be ~10% of natural production (UNSCEAR 2000). These releases have been increasing
14C concentration in the atmosphere, and several studies have been devoted to investigating local
anthropogenic effects (Chudy and Povinec 1982; Kunz 1985; Cimbak et al. 1986; McCartney et al.
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1986; Obelic et al. 1986; Povinec et al. 1986a,b, 2008; Levin et al. 1988; Hertelendi et al. 1989b;
Loosli and Oeschger 1989; Otlet et al. 1990; Uchrin et al. 1992, 1998; Milton et al. 1995; Roussel-
Debet et al. 2000).

There is another significant anthropogenic influence on “C levels in the atmosphere and biosphere,
the Suess effect (Suess 1955; Burchuladze et al. 1980; Segl et al. 1983; Levin et al. 1995, 2003; Kuc
and Zimnoch 1998; Levin and Hesshaimer 2000). This effect causes a relative decrease of the 4C
activity on global, regional, and local scales as a result of the dilution of the carbon isotopic mixture
by fossil carbon. “C monitoring continental stations might shed more light on the (spatial and tem-
poral) distribution of fossil fuel emissions, mainly by providing information about summer versus
winter C levels in comparison with “nearby” background (clean-air) sampling stations (Levin et
al. 1988; Meijer et al. 1995).

SAMPLES AND METHODS

Samples of atmospheric *CO, have been collected in 1-month periods at 4 localities in central
Europe (see Figure 1). The intentions of monitoring were the following (Svetlik et al. 2006; Molnar
et al. 2007):

1. To determine !4C reference levels in the environment and their seasonal and annual changes in
locations with lesser (KoSetice, Dunafoldvar) and greater (Prague, Bratislava) local anthropo-
genic influences.

2. To find robust “C reference parameters, which are minimally influenced by the Suess effect,
e.g. spring/summer '“CO, activities, or activity concentrations of atmospheric '“CO, in air in
the relation to the Suess effect (Svetlik et al. 2010).

3. To provide corrections for 4C dating of various types of samples originating after 1960 (e.g.
utilizing CaliBomb, http://intcal.qub.ac.uk/CALIBomb/). It can be expected that many of the
samples will come from areas affected by a local and regional Suess effect.

Czech Republic (CZ)

Monitoring of atmospheric '“CO, at the Prague-Bulovka (50°07'N, 14°27'E) site began in 2001.
This site is near the border of the urban agglomeration of Prague, in the vicinity of a heavily used
motorway; therefore, a local load from fossil fuel combustion can be expected there. The second
monitoring station was launched in 2004 at the Kosetice Meteorological Observatory (49°35'N,
15°05'E; a part of the Czech Hydrometeorological Institute), which is situated in the Czech-Mora-
vian Highlands. The surroundings of this site have an agricultural-forestry character, without signif-
icant local sources of fossil CO,.

Monthly CO, samples were collected by bubbling the air through a 0.7M NaOH solution in 1.9-L
flasks (the final amount of carbonates did not exceed 30% of the saturation capacity of the solution)
located at the Prague-Bulovka and Kosetice sampling stations. The samples were processed by acid
carbonate decomposition, CO, purification, benzene preparation, and measurement by a low-back-
ground liquid scintillation spectrometer, Quantulus 1220™ (Svetlik et al. 2006; Molnar et al. 2007).
For calibration purposes, oxalic acid NIST (National Institute of Standards and Technology, Gaith-
ersburg, USA) SRM 4990C, has been used. A few mL of exposed NaOH solution, collected from
samples, were analyzed using a stable isotope mass spectrometer for determination of the 3C/12C
isotopic ratio. Measured data were statistically evaluated and the resulting *CO, activities were
813C-corrected and reported as A'*C following Stuiver and Polach (1977).
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Slovakia (SK)

Samples in Bratislava were collected on the roof of the Physics building, which has been situated in
the center of the town since 1967 (Povinec et al. 1968; Usacev et al. 1973). Since 1975, samples of
CO, in Bratislava air were collected on the roof (~15 m above the ground) of the Physics building
at the new University campus at Mlynska dolina (48°09'N, 17°07'E), about 3 km from downtown.
The campus is situated on a small hill about 164 m asl. Bratislava, with almost 500,000 inhabitants,
represents an industrialized region that is expected to be influenced by fossil fuel CO, emissions,
mainly from cars and fossil fuel energy sources. Since 1987, samples of atmospheric CO, were col-
lected by bubbling the air through two 2.5-L flasks filled with 0.5M NaOH solution in 1-month peri-
ods (the final amount of carbonates did not exceed 54% of the saturation capacity of the solution).
The sample from the exposed solution was precipitated as BaCOs, and CO, was liberated in a vac-
uum line by adding H;PO,. The amount of CO, gas was measured volumetrically in a calibrated vol-
ume. Further, CH4 was prepared from the CO, sample (Povinec 1972) for filling the low-level pro-
portional counter, which was used for counting !“C decays (Povinec 1978). A few mL of CO,
collected from samples were analyzed using a stable isotopic mass spectrometer for determination
of the 13C/12C isotopic ratio. 14C results are presented as A4C values (standard deviations +5%o) rel-
ative to the NIST oxalic acid standard SRM 4990C, and corrected for isotopic fractionation accord-
ing to convention (Stuiver and Polach 1977).

Hungary (H)

The excess of 1*C in '4CO, and '“CH, chemical forms has been measured in Hungary in the vicinity
of the Paks nuclear power plant (NPP) by sampling environmental air since 1991 (Veres et al. 1995).
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However, for this work, we used data from another Hungarian sampling site, situated near
Dunaf6ldvar city (46°47'N, 18°57'E), which has been used as a reference environmental monitoring
station since 1996. The station is located about 20 km north of the NPP in an agricultural area (Mol-
nar et al. 2007).

14C was collected in the form of CO, by bubbling the air through 0.6-L flasks filled with 0.4 L of 3M
NaOH solution (the final amount of carbonates did not exceed 15% of the saturation capacity of the
solution). To extract CO, from the samples, concentrated (75%) sulfuric acid was added to the
NaOH solution. The liberated CO, was purified over charcoal, then frozen into a CO, trap with lig-
uid nitrogen at —196 °C, and the remaining non-condensable components were removed by a vac-
uum pump. The activity of the samples was measured using a gas proportional counter (Csongor et
al. 1982; Csongor and Hertelendi 1986; Hertelendi et al. 1989a; Molnar et al. 2010). The standard
deviation of a single A*C measurement applying this method was +5%o (Hertelendi 1990). §'3C
corrections were measured by a stable isotope mass spectrometer. 8'3C-corrected A#C data are
given relative to the NIST SRM 4990 (oxalic acid) standard (Stuiver and Polach 1977).

RESULTS

Figure 2 shows the A*C results from monitoring stations in the Czech Republic, Slovakia, and Hun-
gary. For comparison, data from Jungfraujoch (JFJ) in Switzerland, a high-mountain background
(clean-air) monitoring station with only a global Suess effect, are also included (Levin and Kromer
2004; Levin et al. 2008). For estimation of the anthropogenic impact from a local and regional Suess
effect, a difference between the Jungfraujoch monitoring station and a local monitoring station was
calculated according to the formula:

_ Ajr— Qops 0
Sier = TT0.001 -a,FM’”] M

where S, is the local and regional Suess effect (reported in per mil of fossil contribution in the car-
bon isotopic mixture), a - is the fit with harmonics for the seasonal cycle of the reference 4C activ-
ity measured in the Jungfraujoch monitoring station, and a,,, is the value observed in a given mon-
itoring station (Nakazawa et al. 1997; Svetlik et al. 2006; Levin et al. 2008). All activities utilized
in this formula are given in per mil of A!*C (Stuiver and Polach 1977). Diagrams of the calculated
local and regional Suess effect together with mean monthly temperatures are shown in Figure 3.

A local Suess effect may be important in urban areas, in the vicinity of motorways, coal electric
power, or heat plants, etc. A regional Suess effect may be prevailing only in areas without the pres-
ence of greater local fossil carbon sources, where the local Suess effect is minimal. If relevant ref-
erence data from a monitoring station charged predominantly by regional Suess effect are available,
a local Suess effect for bigger fossil carbon sources, such as urban areas, can be estimated using a
similar formula:

S, = Areg ™ Aops [%O] (2)
I 140.001 a,,

where S; is the local Suess effect (reported in per mil of fossil contribution in the carbon isotopic
mixture), and a,., is the regional reference activity observed in the corresponding location where
local sources of fossil carbon can be neglected (Svetlik et al. 2006). To minimize distortions given
by different atmospheric conditions, the time behavior of mean monthly temperature data should be
similar in the regional reference monitoring station and in the compared locality. Similarly as for
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Figure 3 Local and regional Suess effect S),, in the Prague-Bulovka (a), Bratislava (b),
and Dunafoldvar and Kosetice stations with similar time behavior given by prevailing
regional Suess effect (¢), calculated using the Jungfraujoch (JFJ) harmonic fit as refer-
ence values (Levin and Kromer 2004; Levin et al. 2008). Data reported in %o of fossil C
amount from local and regional sources in carbon isotopic mixture.
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St the local Suess effect is normalized to the a7 value (supposing that S, is a part of S;,,. observed
in a given site). Using the data presented here, the local Suess effect for the Prague-Bulovka site can
be calculated using regional reference values from the Kosetice monitoring station (Figure 4). The
seasonal cycles of the regional reference data have significantly larger amplitudes than those
observed at the JF]J station; hence, most of the time, the high Alpine monitoring station at Jungfrau-
joch is sampling free tropospheric air (Levin and Kromer 2004; Meijer et al. 2006).
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Figure 4 Local Suess effect S; in the monitoring area Prague-Bulovka, calculated using the Kosetice data as reference
regional values. Reported in %o of fossil C amount from local sources in carbon isotopic mixture.

DISCUSSION

The time behavior of observed !“C activities from the monitoring localities demonstrates seasonal
changes and a gradual interannual decrease (Figure 2). The most distinct seasonal changes are
observed in both urban monitoring localities at Prague-Bulovka and Bratislava-Mlynska dolina,
where a strong local impact from fossil fuel combustion is expected. The resulting “C concentrations
at Dunaf6ldvar are similar to those observed at Kosetice, where the local Suess effect is expected to
be negligible. The amplitudes of seasonal changes in Dunaf6ldvar and KoSetice are similar; however,
they are considerably greater than variations observed at the Jungfraujoch monitoring station.

The time behavior of calculated values S, for each locality and S for the Prague-Bulovka station
highlights seasonal changes, with maximum values during winter (Figures 3 and 4). Emissions of
fossil carbon were amplified by abundant occurrence of atmospheric inversions that occurred during
the winter months. A lack of atmospheric mixing during an inversion has a much larger influence on
the 14C signal (as well as on the CO, concentration) than an increase of fossil CO, emissions during
winter as a result of enhanced heating. This effect is clearly visible in the diurnal cycle, but also in
the seasonal cycle. This implies that the seasonal effect is much less sensitive to CO, fossil sources
and sinks (photosynthesis) in summer than in winter. This effect is called the “seasonal rectifier
effect” (Denning et al. 1999; Palstra et al. 2008).
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A comparison with the temperature curve shows that a small fossil carbon asymmetry between the
spring and autumn parts seems to be visible, although the temperatures are similar. This effect may
be connected with modestly different conditions for fossil CO, dissipation in the atmosphere during
spring and autumn. The Sj, values observed in the urban Prague-Bulovka site have the greatest
amplitudes, which are connected with minimum temperatures. By contrast, the time behavior of
greater values of the Suess effect in the urban Bratislava-Mlynska dolina station has a longer dura-
tion during each year. Such a dissimilarity could be caused by different dissipation conditions in the
surroundings of the Bratislava-Mlynska dolina monitoring station and also partly by higher seasonal
stability of fossil CO, sources (Povinec et al. 2009). In both urban localities, with larger loads from
fossil fuel combustion, the observed Suess effect values (Sy,) seem to be close to or below the sig-
nificance level during the summer period (i.e. June—July), although frequently motorways, which
are relatively stable sources of fossil carbon throughout the year, are situated in the vicinity of these
sampling stations (Povinec et al. 2008).

If the data of the CO, mixing ratio are absent when calculating fossil CO, concentration (in ppm),
there is the possibility of calculating the local and regional Suess effect S,,, corresponding to a per-
centage (per mil) of fossil carbon amount in the carbon isotopic mixture (from local and regional
sources). Using S, values, corrections for '“C activity influenced by fossil carbon sources can be
estimated (see Figure 5). Mean monthly values of S, from both urban (Prague and Bratislava) and
both regional sites (Kosetice and Dunafoldvar) were statistically compared (Table 1, paired ¢ test,
o =0.05, It <t..4=> 1 = L) and mean values for “cities” and “regions” were subsequently cal-
culated (see Table 2).

Table 1 Statistical comparison of mean monthly Sy, values for monitoring stations Prague-Bulovka,
Bratislava-Mlynska dolina, KoSetice, and Dunaf6ldvar (calculated according to Goulden [1956]).

Prague-Bulovka Bratislava-Mlynska dolina
Mean (W) 25.51 25.56
Variance (&%) 131.15 47.57
Minimum 8.0 17.2
Maximum 41.6 37.3
Number of observations 12 12
2-sample paired ¢ test for equal means, o = 0.05
12, ] 0.0300
Critical value for ¢ (bilateral) 2.2010
Kosetice Dunaf6ldvar
Mean (L) 10.12 10.62
Variance (&%) 22.72 31.03
Minimum 42 4.0
Maximum 18.9 19.3
Number of observations 12 12
2-sample paired ¢ test for equal means, a = 0.05
12, ps] 0.4885
Critical value for ¢ (bilateral) 2.2010

If we want to apply the S,,, corrections for dating of samples originating in the last decades, the
investigated samples should originate from areas with similar loads from fossil fuel combustion.
Such corrections will also depend on a sample ingrowth period. For samples with ingrowth during
summer months, such a correction can be insignificant, as evident from S,,,. seasonal courses (see
Figures 3 and 5). In the case of a continual sample accumulation throughout the year (e.g. into car-
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Table 2 Calculated mean values of S, for sites with prevailing regional Suess effect (Dunaféldvar
and Kosetice) and in urban areas (Prague-Bulovka and Bratislava-Mlyska dolina).

Urban areas Regional sites
Average  Standard Nr of Average  Standard Nr of
Month  value deviation observations value deviation observations
I 34.0 11.0 15 16.8 8.6 12
11 32.6 10.6 15 11.9 7.3 12
111 273 9.8 15 11.2 4.9 12
v 23.4 10.4 15 6.2 8.1 12
A\ 235 11.8 15 6.1 8.7 12
VI 13.9 8.5 14 5.7 8.3 12
VII 15.1 8.5 15 5.8 10.5 13
VI 15.1 9.7 16 5.4 8.1 13
IX 18.9 12.1 16 8.6 7.1 13
X 27.9 10.6 16 10.3 8.1 13
XI 36.4 12.5 16 17.6 7.4 13
XII 39.5 6.8 16 19.2 5.4 13
45
‘D prevailing regional Suess effect O Suess effect observed in city agglomerations ‘
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Figure 5 Calculated mean monthly values of S, for sites with prevailing regional Suess effect (Dunafoldvar and
Kosetice) and in urban areas (Prague-Bulovka and Bratislava-Mlyska dolina). The average ratio of Sj,, in cities to
regional reference sites is 2.64 + 0.61, ranging from 2.0 (January) to 3.8 (April and May).

bonate layers), it can be beneficial to estimate the connected uncertainty and to calculate a Suess
effect correction (see Table 2). In the case of a uniform sample ingrowth, an annual mean value can
be applied. In the opposite case, the weighted mean value can be estimated if changes in a sample
accumulation rate during the season are known.
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CONCLUSIONS

The results of atmospheric “CO, monitoring carried out in the Czech Republic, Slovakia, and Hun-
gary showed that at the Prague-Bulovka and Bratislava-Mlynské dolina monitoring stations, a dis-
tinct local Suess effect was observed when compared to the values observed at the Jungfraujoch
background monitoring station. This effect has a distinct seasonal behavior. Nevertheless, during the
summer period (June to August), small differences were observed between the low-altitude stations
and the high Alpine Jungfraujoch station, which is supposed to be minimally affected by local fossil
fuel combustion in Europe. The data from the Hungarian monitoring station at Dunaféldvar and the
Czech station at KoSetice indicate similar grouping and amplitudes, which seems typical for the
regional Suess effect.

In general, on the basis of our data it appears that values of A!#C in the summer period are minimally
charged by a local and regional Suess effect, even in the sites with relatively intensive local fossil
fuel combustion due to better atmospheric mixing. '“C activities during summer are close to Jung-
fraujoch values with interannual changes corresponding to a linear decrease in the last few years.

From the point of view of '“C dating utilizing a bomb-peak curve, in the areas with greater sources
of fossil CO, (e.g. from combustion of natural gas, gasoline, oil, and coal) an influence of the local
and regional Suess effect can be more significant in the case of relatively uniform yearly carbon
accumulation (carbonates) than in the case of samples accumulating carbon mainly during the sum-
mer period (biota).
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