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Abstract. In TROICA (TRanscontinental Observations Into ically inert gas with the half-life of 3.82 days. These fea-
the Chemistry of the Atmosphere) campaigns (1999-2008)tures allow?2?Rn to be a useful tracer to study air trans-
the simultaneous observations of near surf&&n con-  port (Prospero et al., 1970; Wilkniss et al., 1974, Dérr et
centrations and atmospheric boundary layer thermal strucal., 1983; Lee and Larsen, 1997) as well as to derive emis-
ture were performed along the Trans-Siberian Railway acrossions of some atmospheric gases:Gd CQ (Dorr et al.,
northern Eurasia from Moscow to Vladivostok, including 1983; Gaudry et al., 1990; Levin et al., 1999; Moriizumi et
central, southern and far eastern parts of Russia. The datal., 1996; Schmidt et al., 1996; Duenas et al., 1999; Biraud
on ?22Rn and temperature vertical distribution are used toet al., 2000; Hirsch, 2007), 2D (Biraud at al., 2000; Conen
estimate?2?Rn regional scale soil fluxes based on calcula- et al., 2002; Messager et al., 2008; Corazza et al., 2011), CO
tions of nocturnaP?2Rn accumulation rates in the surface (Messager et al., 2008), anc £Yver et al., 2009)222Rn is
layer under inversion conditions. An effect of seasonal soilalso commonly used for validating transport in climate mod-
thawing on 2—4 times surfac@?Rn concentration increase els (Rasch, 2000; Szegvary et al., 2007), witRn flux be-
from summer 1999 to autumn 2005 is observed. The estiing generally assumed to be spatially uniform with a rate of
mated?2?Rn regional averaged fluxes vary over Russia from1atomcm st (0.021Bqm?2s1) from ice-free land sur-
294+ 8mBqnT2s1 in its so-called European territory to faces and zero from oceans (Conen and Robertson, 2002).
95+ 51 mBqnT2s! in the southern area of Siberia. The However,22?2Rn flux varies widely in space and in time.
highest?2?Rn fluxes are derived in the regions of high tec- Therefore, the information about spatial and temp&t4Rn
tonic activity and orogenic belts of central and eastern Siberidlux variations over a variety of conditions is very important
and in far eastern Russia. The observed RigRn flux vari- for correct estimation of spatial distribution and strength of
ations in specific events show a strong effect of both soil anchatural and anthropogenic sources and sinks of greenhouse
atmospheric conditions d32Rn near-surface abundance and gases based on the observations of their near-surface con-
the derived seasonal patterns over the continent. centrations.
222Rn flux measurements were carried out in different re-
gions of the world (Duenas et al., 1999; Turekian et al.,
i 1977; Somashekarappa et al., 1996; Szegvary et al., 2007;
1 Introduction Taguchi et al., 2011), including Russia (Milin et al., 1968;
Kirichenko, 1970; Yakovleva, 2003; Tarasov, 2008). How-
ever, the data reported for Russia are not sufficient to form a
clear picture of22Rn flux variations over such a vast terri-

dory.

The radioactive gas radod??Rn) is one of the decay prod-
ucts of uranium-238%88U), the most abundant uranium iso-
tope in the earth’s crust. The main source’?&fRn in the
atmosphere is soil and its flux depends on the soil type an
properties; its only sink is radioactive dec&#Rn is a chem-
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During the last fifteen years the substantial dat#GRn ological settings over the territory crossed by the railway. The
spatial variability has been obtained with the use of asignificant part of the route is located in the mountain areas
mobile carriage laboratory during international TROICA of the southern Urals and southern part of central and eastern
(TRanscontinental Observations Into the Chemistry of theSiberia where thé%?Rn surface fluxes are known to be ele-
Atmosphere) expeditions along the Trans-Siberian Railwayvated (see Fig. 1). As the railway runs along the most densely
from Moscow to Vladivostok (Elansky et al., 2009). These populated and industrial regions of the European part of Rus-
observations allow studying the large scale variability of sia and southern area of Siberia, the anthropogenic origin of
near-surface atmospheric composition across extensive are#ise measure@2Rn concentrations (uranium deposits explo-
of the continent with essentially different geological, geo- ration and exploitation, mining and chemical combines, coal-
graphical and climatic features. fired power plants, nuclear power cycle factories) can also be

Preliminary results of222Rn flux estimation from important. We expect, however, that the relative effect of this
TROICA expeditions are given in Berezina and Elansky signal is substantially diminished when inverting the radon
(2009) (hereafter BE09). The method used in BEO9 to cal-flux values since the most of the data in each radon accu-
culate?2?Rn soil flux implies a uniform vertic@2?Rn distri-  mulation event is obtained either upwind of possible anthro-
bution in a stable 100 m height surface layer based on the obpogenic sources or in low wind synoptic conditions, so the
servations of??Rn vertical distribution in stable atmospheric characteristic time of advection from such sources is compa-
conditions presented in some investigations (Jacobi and Anrable with the?2?Rn lifetime.
dre, 1963; Servant, 1966 and Kataoka et al., 1998). Although
such a simplification seems to be physically reasonable whe®.1 22°Rn measurement technique
studying particular events, it could lead to significant and
poorly controlled errors iR%2Rn emission calculations when Surface???Rn concentration was measured by the analyzer
considering such a long-distance route with strongly variableof 22°Rn decay products LLRDM (Low Level Radon Daugh-
conditions affecting??Rn fluxes. ters Measurement) produced by Tracer Lab (Germany). The

In this paper we present a more elaborate procedure to asir intake of the instrument is placed at the front side of
sess regional-scaf#?Rn fluxes based on simultaneous ob- the carriage roof at a 4m height a.g.l. The measurements
servations of surfacé?Rn and temperature vertical distri- are founded in sampling of aerosol-attached radon daugh-
bution in the atmospheric boundary layer (ABL) during six ters €18Po, t1/2 = 3.05 min; 214Pb, 11, = 26.8 min; 214Bi,
TROICA expeditions in 1999-2008. The observational datar;,» = 19.7 min) through the quartz fiber filter ribbon of the
along with the description of a simple numerical procedureinstrument using air flow (150 L) driven by a pump. An
to calculate verticaf??Rn distribution within the nocturnal integrated multi-channel analyzer of the LLRDM collects the
stable ABL are presented in Sect. 2. The observed regionalalpha-spectrum d#?2Rn and its decay products in 256 chan-
scale surfacé??Rn variability and derived??Rn fluxes are  nels. A microcomputer analyzes the spectrum and directly
discussed in Sect. 3. Finally, the general conclusions on therints potential alpha energy concentration (PAEC) as well
results of this study are formulated in Sect. 4. as activity concentration of single nuclides. PAEC describes

the resultingx-energy of all decay products in a distinct vol-

ume until their total decay and common units are MeVL
2 Data and methodology or working level (1 WL= 130000 MeV ). In the case

of equilibrium between radon and its progenies, a stationary
The TROICA observational expeditions have been carriedrelation between radon gas concentration and the PAEC ex-
out on a regular basis since 1995 (Elansky et al., 2009) (Taists. The PAEC is often expressed as equivalent equilibrium
ble 1). In this study we use the data from six expeditions inconcentration (EC or EEC). The EC value is in most cases
which the simultaneous measurement$?8Rn and vertical  lower than the real radon gas concentration in the air. The
temperature profiles in ABL were performed. The completerelation between EC and the radon gas concentrafign
description of the measurement technique, data quality asis called equilibrium factorF = EC/Cgrn. The measured
sessment and the data set obtained from the measuremerggectra as well as the calculated concentrations are saved
from the railroad mobile laboratory are presented in Elanskyin ASCII-files. The measurement range of the instrument is
et al. (2009). 0.1-100 Bq 3. The result is available after 10 min and the

The route of the TROICA expeditions overlaid on the instrument systematic errors are about 15 %.
radon risk map of Russia (Map of radon risk of Russia, 1996) The instrument uses a mathematical calibration method.
(see discussion below in Sect. 3.1.1) is shown in Fig. 1.Therefore, no radon chamber or comparison with other WL
The total length of the route from Moscow to Vladivostok (working level) meters is necessary. There is no explicit
(9288 km) is covered for approximately 6 days, so the to-mathematical formula available because an iterative method
tal duration of a single campaign (forward and return paths)is used. The collection and the decay of the filter activity are
is about two weeks. The strength &¥Rn natural sources simulated during the measurement. The microcomputer of
varies strongly along the route due to essentially different gethe LLRDM integrates in real time the differential equations
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Table 1. TROICA expeditions: dates and routes.

Expedition Season  Time period Route

TROICA-5 summer 26.06.99-02.07.99 N. Novgorod — Khabarovsk
03.07.99-13.07.99 Khabarovsk — Moscow
TROICA-7 summer 27.06.01-03.07.01 Moscow — Khabarovsk
04.07.01-10.07.01 Khabarovsk — Moscow
TROICA-8 spring 19.03.04-25.03.04 N. Novgorod — Khabarovsk
26.03.04-01.04.04 Khabarovsk — Moscow
TROICA-9 autumn  04.10.05-10.10.05 Moscow — Vladivostok
11.10.05-18.10.05 Vladivostok — Moscow
TROICA-11 summer 22.07.07-29.07.07 Moscow — Vladivostok
30.07.07-05.08.07 Vladivostok — Moscow
TROICA-12 summer 21.07.08-28.07.08 Moscow — Vladivostok
29.07.08-04.08.08 Vladivostok — Moscow
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Fig. 1. Map of radon risk of Russia and the TROICA expeditions route along the Trans-Siberian Railway from Moscow to Vladivostok.

for 20 different initial sets of the radon daughters activity wherek is changed by using of new calibration factors.
concentrations in the air: C(P0-218), C(Pb-214), C(Bi-214). The activity of the nuclides at the surface of the sampling
Because of its short half-life, the concentration of Po-214filter increases during sampling. Therefore, the calibration
is in practice equal to the concentration of Bi-214. The re-factor of the instrument changes continuously too. In this pa-
sult of the 20 simultaneous simulations are 20 pairs of cal-per the radon gas concentration data are analyzed.
culateda-counts N(Po-218) and N(Po-214). The calculated

a-counts of I_30-218 and Po-214 for each of the 20 sets arg , Temperature profiles measurements

compared with the reat-counts seen by the detector. The
ratio of the air activities that fits best is taken to calculate the
calibration factors for the potentia-energy and the radon
daughters. The simulation calculatesounts for a prede-
fined fixed PAEC. The actual PAEC is calculated from both
a-counts and the predefined PAEC. The activity of Po-218
and the concentration ratio Po-218 and Bi-214 are used t
estimate the radon gas concentration:

Vertical temperature profiles were measured with the use of
the MTP-5 microwave temperature profiler (ATTEX, Rus-
sia) from the level of the carriage roof (4 ma.g.l.) up to the
600 m height (the in situ outdoor temperature measurements
t 4ma.g.l. were also conducted independently by standard
meteorological thermometer). The MTP-5 measures the at-
mospheric thermal radiation in the center of the molecular-
C(Rn) = C(Po— 218 - (C(Po— 218 /C(Bi — 214)F, oxygen absorption band at around 56 GHz at different zenith
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Table 2. Surface temperature inversion characteristics averaged in different seasons.

Spring Summer Autumn
(TROICA-8) (TROICA-5,7,11,12) (TROICA-9)
Inversion depth, m average 220+ 145 210+119 198+ 101
(xstandard
deviation)
minimum 50 50 50
maximum 500 600 600
Inversion average 45437 2.9+2.3 5.1+34
intensity (+standard
(AT = Tmax— Tam), °C deviation)
minimum 0.2 0.2 0.2
maximum 16.9 13.0 14.9
Inversion duration, min average 300+ 210 245+ 170 365+ 300
(xstandard
deviation)
minimum 45 40 60
maximum 860 710 990
Temperature gradient, average 1.9+0.9 1.3+0.6 25+1.3
°C/100 m (xstandard
deviation)
minimum 0.2 0.2 0.2
maximum 6.6 10.7 8.9

angles. The brightness temperature is then retrieved from the i. during each everf€2Rn surface flux can be set to some

measurements (Kadygrov and Pick, 1998) to obtain a verti- constant value representing space and time averaged
cal temperature profile in a range 0-600ma.g.l. with 50m 222Rn emission rate ovet;

vertical resolution. To minimize the effect of the electric lo-

comotive and the short-term influence of different objects lo-  ji. at the time of inversion onset the surfac€22Rn con-
cated near the railway on the instrument operation, zenith centration field is assumed to be spatially homoge-
angle scanning was carried out at & Hgle relative to the neous over.;

direction of the motion. The resolution of the retrieved tem-
perature data is 5 min and the overall instrument accuracy is iii. radon vertical transport due to diffusion is limited by
about 0.2C. Some relevant parameters of the observed near- the height of the inversion layer:

surface inversions (outside the large towns and their suburbs) '

are summarized in Tables 2 and 4. . . 2 . .
iv. any changes in loc&?Rn concentrations in the near-

) ] ) surface layer below the inversion due to wind advec-

2.3 Theoretical considerations tion can be neglected compared to its vertical transport
by eddy diffusivity.

In the present study we use a simple numerical procedure
to calculate???Rn accumulation rates in the stable nocturnal The latter assumption is substantiated by the fact that during
ABL for a number of specific accumulation events observedthe observed strong surface temperature inversions horizon-
during the TROICA observations. For each event, we defingal air movement in ABL is generally very weak, so we do
t1 the time of the beginning of surface inversion formation not consider air advection from any particular anthropogenic
and r, the time of the observed maximuft?Rn concen-  22?Rn source and assume the main origif®Rn under the
tration, with the latter corresponding commonly to the time inversion layer to be its soil flux. Hence, temporal evolu-
when the inversion starts to collapse. The time of a particulation of 222Rn vertical distribution under the inversion layer
event varies from 3 to 13 h. Since the typical movement ve-of the heightH allows us to calculate the accumulation rate
locity of the mobile laboratory amounts to 50-70 kmtha 0 [Bqgs 1] for its total amount belowH , which gives an es-
characteristic spatial scalefor an individual event is within  timate for???Rn soil flux as far as the assumptions (i to iv)
the range of 150—1000 km. Further, it seems to be appropriatbold. In this case, the general problem of atmospHe@ARn
to use the following major assumptions: vertical and temporal variations reduces to the solution of a

Atmos. Chem. Phys., 13, 116931708 2013 www.atmos-chem-phys.net/13/11695/2013/



E. V. Berezina et al.: Estimation of nocturnaf22Rn soil fluxes over Russia 11699

non-stationary diffusion equation: by Jacobi and Andre (1963) (their curves WNW and IWN
in Fig. 1) used in the relevant studies #fRn distribution

dc _ 38 <K(z)%) —he, z0<z<H@®), teltnt], (1) (Beck and Gogolak, 1979; Moses et al., 1960). We derive

ar 9z 9z a plausible range for warm-seasfiriz1) diffusivities along

the TROICA route basing on the corresponding model values

at heights 50-100 ma.g.l. from NOAA ARL Archived Me-

teorology databasehttp://ready.arl.noaa.gov/READYamet.

php. We chosek (z) profiles characteristic of two stability

is the known function represented by the actually measure&laSses of ABL:AT100>4.0°C — extremely stable (G), and
- - ATi00=1.5-4. - tely stable (F), ingtoth
222Rn concentrations. The appropriate initial and boundary” . % 5-4.0°C —moderately stable (F), according to the

.. common classification of Pasquill (1961) whexdiqo is a
conditions for Eq. (1) are temperature change in the near-surface 100 m layer. Table 2
shows the surface temperature inversion characteristics from
the TROICA data set averaged for different seasons with the
strongest positive temperature gradients observed in spring
and autumn expeditions (TROICA-8 and 9), owing to anti-
c(zo, 1) =co(t), (%) =0. (n<t<ty) (3) cyclonic weather conditions over the majority of the route.

02/ —n Hence, the selected classes G and F completely cover the

. s range ofATygo values observed during the TROICA expedi-
Thus, according to Eq. (2) at the start time “““Rn con-  {jons for nocturnal surface inversions. We apply
centration is equal to its value measured prior to the inver-

sion formation and assumed to be uniformly distributed with 10cn?s~ ! for class G
height due to active daytime vertical mixing. A simple ex- # ¢l = { 100cnts1 for class E
plicit time-forward second order space-centered scheme was
used to solve Egs. (1)—-(3) ona 1-D grid with =1 mgrid  which are also in a good agreement with the results presented
spacing between adjacent vertical levels and with 6 s timen Bezuglaya (1983) for Russian regions and with the average
step to satisfy general stability requirements for a chosenk values in a 90 m depth surface layer proposed in Hosler et
K (z) profile. Once vertical distribution of radon is known, al. (1983) for the F stability class. Since a particular value
the totaP??Rn abundanc#/ and accumulation rat@ within  of the diffusivity rate has a first-order influence on the final
alayer O< z < H at atimer; can be calculated: estimates of22Rn fluxes, two series of the calculations with

K (z1) value given by Eqg. (7) were carried out to assess a

wherec [Bqm~3] is 222Rn concentrationk [m?s™1] is the
height-dependerf??Rn diffusivity, A (= 2.08 x 10°6s71) is
the radon decay constant, angd=4ma.g.l.) is the time in-
dependent measurement height at whigh= c(zp, t > 1)

c(z,f1) =co(t1), o<z =< Hi=y) (2

z1=1m, (7)

A plausible range of radon soil fluxes for each observational
M(t) = /C(t,z) dz = ZC(Z,/Ji) A, (4)  episode.
0 J
3 Results and discussion
Q = (AM/0) ~ (M=, — M=)/ (2 — 11). (5)

3.1 Variations of surface??’Rn concentration over
where the summation is performed over the computational Russia
cells and a horizontal bar denotes time averaging. S

In the case of strong inversion, the diffusion coefficignt  3-1-1 ?*’Rn spatial distribution
near the earth’s surface is known to be very weak, yet bein
quite variable withy depending on the vertical variations of
wind velocity and stability. Following Cohen et al. (1972),
we assume in the present study a linear dependenkeonf
z, with the upper-layek being independent of height and in
the surface layer below 100 m being given as

£1:igure 2 shows the spatial distribution of original 10 min
mean222Rn concentrations and 10th, 50th and 90th per-
centiles calculated for 100 km parts of the route. For spring
and autumn data only the 50th percentile values are consid-
ered because of a limited data set for calculations. The fig-
ure also presents the altitude a.s.l. along the Trans-Siberian
K@) =K(z)-z/z1, (z<H), (6) Railway to demonstrate an importance of terrain elevation
in the observed radon distribution. For the regional-scale
where K (z1) is some known diffusivity rate at a reference representation, we divided the Russian territory along the
level. In our calculations the value df is set to be con- Trans-Siberian Railway into 6 regions according to their ba-
stant and was chosen from numerical expeditions to be saic geological features: ETR or European territory of Russia
high (~600 m) that it does not affect at any appreciable (Moscow-Perm), Ural (Perm-Ekaterinburg), western Siberia
rate the final estimates of radon fluxes. We used the verti{Ekaterinburg-Novosibirsk), central Siberia (Novosibirsk-
cal diffusivity profiles from 1 m height above ground given Irkutsk), eastern Siberia (Irkutsk-Belogorsk) and far eastern

www.atmos-chem-phys.net/13/11695/2013/ Atmos. Chem. Phys., 13, 1169508 2013
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Fig. 2. Spatial distribution of surfac®2Rn concentration (10 min average values) and altitude a.s.l. from Moscow to Vladivostok in TROICA
expeditions. The radon risk areas corresponding to the map of radon risk of Russia are presented as shaded rectangles. Percentiles a
presented for 10 min radon values for each 100 km route part (for spring and autumn data only the 50th percentile values are presentec
because of a limited data set for calculations).

Russia (Belogorsk-Vladivostok). One can see from the fig-in the Eastern Siberia and far eastern Russia regions, spring
ure that significant variations of radon concentrations exist in??Rn concentrations are higher than the summer ones (about
each season even within geologically uniform areas. It should® times higher for far eastern Russia region). We suppose that
be noted, however, that simple examination of the displayedrolonged temperature inversions existed up to midday hours
time series does not provide any information about the truan these observational periods in the regions under consid-
geographical areas of enhanced radon fluxes, since the mearation (Tables 2 and 4) could contribute to such high day-
sured surface concentrations depend strongly on vertical extime radon concentrations. The limited number of the expe-
change rate driven by ABL daily variations and hence can beditions performed in each season (see Table 1) does not allow
strongly connected to the local observation time. The markedis to completely filter out the nighttime accumulation sig-
increase in radon concentrations seen at some parts of theal from the observational data. We therefore describe here
route is found to be controlled by a nighttime accumulation some large-scale features of spaff@Rn distribution based
effect in temperature inversion conditions, which overrideson daytime statistics (listed in Table 3) rather than on diur-
the possible influence of other contributing factors. Somenal means, assuming the former to be more representative
appropriate statistics on spatially averaged 1 h diurnal anaf background atmospheric radon levels over the continent.
daytime?22Rn concentrations for each region and the inver- Nevertheless, spring daytime mean radon concentrations in
sion characteristics averaged for the Russian regions from ththe Ural and Western Siberia regions are also higher than
summer and autumn observations are shown in Tables 3 ansbmmer ones. We suppose that it can be due to both snow
4, respectively. The spring inversion characteristics were nomelting in the regions mentioned during the TROICA cam-
presented in Table 4 because of a lack of data for spatial avpaigns, resulting in sharp radon increase in the air and the
eraging. The table shows that in most cases the diurnal meaaffect of regionaP?2Rn sources. Both factors need to be in-
222Rn concentrations are significantly higher for all seasonsvestigated in detail in a special study.

and regions than the daytime ones due to the nighttime accu- According to Table 3, the highest daytime mean radon
mulation effect (discussed in detail in Sect. 3.1.2.). However,concentrations were observed in the far eastern Russia region
seasonaf??Rn concentrations spatially averaged for the dif- (12.4 and 7.3Bgm?3 in autumn and summer, respectively)
ferent studied Russian regions (see Table 3) show high dayand the central Siberia region (7.8 and 6.8 Btfrin autumn

time mean radon concentrations in spring for the Europearand summer, respectively). According to the summer and
territory and Ural region and in autumn for the European spring expeditions, low daytime me&#Rn concentrations,
territory (ETR) and far eastern Russia region. Furthermore2-5Bqn13, are typical for the ETR and Western Siberian
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Table 3. Statistics on spatially averaged 1 h diurnal and day##f&n concentrations for the studied Russian regions in different seasons
(in Bqm~3). The numbers of the regions: | — Moscow-Perm (0-1380 km from Moscow); Il — Perm-Ekaterinburg (1380—-1904 km from
Moscow); Il — Ekaterinburg-Novosibirsk (1904—-3283 km from Moscow); IV — Novosibirsk-Irkutsk (3283-5136 km from Moscow); V —
Irkutsk-Belogorsk (5136—7818 km from Moscow); VI — Belogorsk-Vladivostok (7818—9242 km from Moscow).

No. Region Diurnal | Daytime

mean st.dev\ mean st.dev min max

Spring
| European territory 2.0 0. 2.0 1.2 04 3.9
1] Ural 4.9 2.7 5.0 39 26 143
1] Western Siberia 6.3 2. 5.3 19 3.2 8.8
v Central Siberia 6.7 4, 5.9 4.3 1.9 255
\% Eastern Siberia 8.0 6. 4.4 3.8 03 16.9

VI Far Eastern Russia 17.6 148 7.0 1.7 48 105

Summer

| European territory 4.0 4. 21 35 01 210

1] Ural 6.9 7.1 4.7 1.1 05 4.1
1 Western Siberia 3.7 3. 2.9 26 06 125
v Central Siberia 9.5 8. 6.8 5.2 1.0 29.2
\Y Eastern Siberia 7.5 6. 4.6 41 03 334
VI Far Eastern Russia 8.8 7. 7.3 58 0.4 393

Autumn

| European territory 12.8 7.0 133 6.4 7.7 245

1] Ural 22.6 13.4 7.0 22 46 10.2
[} Western Siberia 22.3 109 17.9 106 6.9 38.2
v Central Siberia 11.3 10. 7.8 65 06 184
\Y Eastern Siberia 9.6 10. 6.3 6.3 1.0 28.9

VI Far Eastern Russia 12.4 72 12.4 7.0 6.7 284

Table 4. Surface temperature inversion characteristics averaged for the studied Russian regions from the summer and autumn expeditions
The numbers of the regions: | — Moscow-Perm (0-1380 km from Moscow); Il — Perm-Ekaterinburg (1380-1904 km from Moscow); Il —
Ekaterinburg-Novosibirsk (1904-3283 km from Moscow); IV — Novosibirsk-Irkutsk (3283-5136 km from Moscow); V — Irkutsk-Belogorsk
(5136-7818 km from Moscow); VI — Belogorsk-Vladivostok (7818—9242 km from Moscow).

No. Region ‘ Inversion intensity ‘

Inversion depth, m (AT = Tmax— Tam), °C Inversion duration, min

Average  minimum  maximu Average  minimum  maximu Average  minimum  maximum
(tstandard (+standard (+standard
deviation) deviation) deviation)
Summer
| European territory ~ 2268-120 50 600 2.7+1.9 0.2 11.2| 265+ 150 71 500
1l Ural 150+ 80 50 350 1.9+1.3 0.2 5.6 160+ 90 71 320
1] Western Siberia 20690 50 500 29+1.9 0.2 9.4| 275+105 125 382
IV Central Siberia 225130 50 600| 3.3+2.7 0.2 11.9| 2254170 55 608
\% Eastern Siberia 20€ 130 50 600 2.7+2.2 0.2 14.5| 200+170 40 672
\ Far Eastern Russia  22D115 50 600 3.1+24 0.2 13.0| 385+215 105 711
Autumn
| European territory 12891 50 350 1.8+15 0.2 6.7| 291+320 100 771
Il Ural 215489 50 350 48+22 0.2 10.3 - - 465
] Western Siberia 26592 50 600 8.0+3.1 0.2 14.9| 435+351 100 800
IV Central Siberia 17%¢91 50 350 4.7+3.0 0.2 13.8| 375+382 105 645
\% Eastern Siberia 225114 50 600| 5.7+3.3 0.2 16.0| 312+331 60 991
Vi Far Eastern Russia 18582 50 350 41+2.1 0.2 13.6| 458+341 70 861
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Table 5.Seasonal variations of diurnal and daytime (no temperature inversionsAf&anconcentrations along the Trans-Siberian Railway
(in Bqm3).

Average Mode Median Maximum  Minimum Lower Upper

(+standard deviation) quartile (25%) quartile (75 %)

Summer  diurnal 7.27.8 3.1 4.8 70.7 <0.1 2.3 9.3
daytime 45:4.1 3.0 3.2 21.2 <0.1 17 6.2
Autumn  diurnal 12.6:10.9 5.2 9.3 49.4 0.2 4.2 17.5
daytime 6.1+4.7 2.2 5.1 29.6 0.2 2.2 8.9

Spring diurnal 6.#6.7 3.6 4.7 74.8 0.2 3.0 7.8
daytime 3A21 3.6 3.3 13.4 0.3 2.3 4.6

regions characterized by flat terrain with low absolute ele-which is likely to be due to the prevailing effect of the local
vations. However, in the autumn 2005 expedition, high day-observation times as discussed above. Genefafign con-
time mear?22Rn concentrations, up to 13 and 18 Bg#rin centrations measured in the TROICA expeditions (Fig. 2) are
the ETR and Western Siberia, respectively, were observedound to be in a good agreement with the earlier studies on
(see Fig. 2 and Table 3). The probable reason of such radothe radon risk areas (Maximovsky et al., 1996) as well as
increase is a cumulative effect of two factors: steady anticy-spatial locations of tectonic faults, which confirms our gen-
clonic conditions with strong and prolonged (up to 16 h) sur-eral notion about the reliability of the obtain&fRn data set
face temperature inversions and the existence of significanand its applicability to invert radon soil fluxes at a regional
regional??2Rn sources (mining operations, uranium depositsbasis.

exposure and geological faults). On the whé®Rn con-

centrations are higher in autumn compared to other seasor1.2 Effect of the atmospheric stability on surface

in the studied Russian regions (see Fig. 2 and Table 5). The 222Rn concentration
factors which can determine such seasdA&Rn variations N ) )
will be discussed further in Sects. 3.1.3 and 3.1.4. In TROICA expeditions, the highe$#“Rn concentrations

Table 3 shows that there exists some negative correlatiofUP to 75BqnT®) were commonly observed during the
in near-surface radon abundances between the western (ETRghts with strong and prolonged surface temperature in-
to the western Siberia region) and eastern (central and easyersions. Figure 3 shows the mean diurnal cycles of tem-
ern Siberia regions) parts of the continental areas of northiPerature inversion height arfd’Rn concentration in differ-
ern Eurasia. This feature was earlier observed in the seasonNt S€asons. The surface temperature inversions existed usu-
variability of surface air abundances of other trace gases adlly from 18:00-19:00 to 06:00-08:00 LT and from 17:00
well (Elansky et al., 2009) and can be most probably con-t0 09:00-10:00 LT in the warm and cold seasons, respec-
nected to a long-wave trough/ridge system that commoniytively (Fig. 3a). The highest radon concentrations, up to
persists over continental areas of northern Eurasia, including0—35 BanT?, were observed in the early morning (04:00—
during the periods of the TROICA expeditions. 06:00 LT), being a result of nighttime accumulation below

We compared??Rn concentrations from the TROICA ex- temperature inversion, prior to the beginning of inversion
peditions with the map of radon risk of Russia (Maximovsky collapse and subsequent decreas&fn concentration as
etal., 1996) compiled on the basis of the generalized analyti@ factor of 3 to 5 on average owing to convective mixing.
cal data on radiogeochemistry, radiometric investigation andPuring the day there was an absence of significant temper-
other materials obtained from long-term research of differentdture inversions (no nighttime near-surface radon accumula-
Russian scientific organizations. The authors of the map difion episodes), meaning concentration did not change signifi-
vided Russian territory into geographical areas according t¢antly during the day and for all seasons was 1.5-3.5 B4 m
the degree of radon risk, as shown in Fig. 2. According to the(Fig. 3b with the caption “no inversions”).
TROICA data, radon concentrations in the areas of elevated Table 5 presents diurnal and daytime mé&Rn concen-
radon risk shown on the map are commonly lower than thatrations for the different seasons according to the TROICA
measured in the dangerous areas (see Table 4 and Fig. Zyieasurements. The measurements performed under daytime
The observed higR?2Rn concentrations between Magda- inversion conditions were excluded from the present data to
gachi and Arkhara (Fig. 2) cover both the radon dangerou$UpPpress the strong effect of the associated radon accumula-
area and the “radon Clarke” area (the area wf&#@n con- tion on the derived statistics, which resulted in daily mean
centration is equal or below its average in the earth's crustf>-Rn concentrations being 1.5-2 times lower on average

urnal and daytime me&%2Rn concentrations were observed
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OM model (SRES A1B scenario).
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Fig. 3. The mean diurnal cycles of temperature inversion heght
and?22Rn concentratioib) from TROICA expeditions.

ing depth is approximately 1.24, 1.40 and 1.85m for the

summer TROICA-5,7,11, summer TROICA-12, and Octo-
in autumn, owing to the strongest and most prolonged temper TROICA-9 campaigns, respectively. One can see from
perature inversions observed in this period (see Tables 2 anghe figure that near-surface radon concentrations increased
4), which confirms significant influence of vertical exchange more than 3 times (according to the daytime radon values)
rates on surfac&?Rn variations at a seasonal scale. in this region from summer 1999 (TROICA-5) to summer
2008 (TROICA-12), reaching the highest value in autumn
2005 (TROICA-9), with the persistent increase in thawing
depth being observed. To exclude the effect of the nighttime
radon accumulation events, we divided nighttime and day-
Along with vertical exchange due to the turbulent mixing, time data (see Fig. 4). Daytime me&fRn concentrations
the soil (and its specific properties) is the other key fac-(white squares in Fig. 4) are calculated for no temperature
tor affecting222Rn near-surface abundance. The soil cov-inversion conditions.
ered with snow or ice accumulat®Rn, explaining its sub-
sequent enhanced emission into the atmosphere during tt&®2 Nocturnal??2Rn soil flux calculation
first hours after snow melting (Miklyaev and Petrova, 2006).
Commonly, the diffusion equilibrium between the soil and We use the measuretf?Rn concentrations in nocturnal
the surface atmospheric layer is reached in several hours, akccumulation events to estimate associated radon surface
ter which the radon flux attains its steady-state value; howfluxes using the numerical approach discussed in Sect. 2.3.
ever, sometimes this process can last up to several dayé&n example of22?Rn flux calculation at the route part
Glover (2006) and Glover and Blouin (2007) note that the 1256—-1076 km from Moscow 10 July 2001, 02:54-06:10 LT
permafrost is a barrier t8%2Rn exhalation, resulting in its (TROICA-7), is presented in Fig. 6. The observed region is
80-90 % decrease in ambient air and 10-15 times increase ilocated in a flat area with a typical elevation from 150-200
its abundance in the soil. Since the major part of the Transim a.s.l. The figure shows the time series of the atmospheric
Siberian Railway in Eastern Siberia goes through the pertemperatures at different heights a.g.l., the measured radon
mafrost area, the influence of seasonal soil thawing should beoncentration, and the calculated total radon content varying
accounted for when studying seasonal aspects of4fien approximately linear with time. Invoking Eg. (6), the regres-
surface flux variations. The thawing depth was calculatedsion slope ofM on ¢ gives the mean radon emission rate,
in the region 52-55N, 105-130 E at the time periods of which is an approximate estimate for.
the TROICA campaigns using the scheme of the heat and In a particular nighttime accumulation event the atmo-
moisture transfer in the soil (Arzhanov et al., 2008) in the spheric transport conditions within the surface inversion
ECHAM5/MPI-OM model (SRES A1B scenario). The re- layer vary both with time and altitude. Hence, its resulting
sulting effect of the thawing depth on the near-surface radoreffect on radon accumulation rate can hardly be quantified at
abundance is shown in Fig. 4. The model-predicted thaw-a rational basis, taking into account the lack of observational

3.1.3 Seasonal soil thawing effect on surfac&?Rn
concentration
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Table 6. Weighted mean?2?Rn fluxes (calculated using the i

——100 meters
——200 meters

maximume-likelihood method) in Russian regions in different sea- oo

sons. The numbers of the regions (km from Moscow): | — Moscow- < J\/J\\/\\// ______ A
Perm (0-1380km); Il — Perm-Ekaterinburg (1380-1904 km); IlI //\\A \ \VJ\{M\%\:\/_:/:/_\__::/_/\,-L,\_\\?Q_:_
— Ekaterinburg-Novosibirsk (1904-3283 km); IV — Novosibirsk- T/ \;.;;/ NN AT N e A

\

. i \\/ /\;\,'\,\/_,/-\/ /\’\/\//A\,/‘\/\/ \\,.,/
Irkutsk (3283-5136 km); V — Irkutsk-Belogorsk (5136-7818 km); LA N AT PN N\/_/\‘\/
VI — Belogorsk-Vladivostok (7818-9242 km). o SN _ \/U

Temperature at different heights
ag.l °C

No. Region 222Rnflux N (number
(weighted mean error), of 10 min
mBqm2s~1  data points)

'§ 25
Spring %”E 2

| European territory - - g8
Il Ural 52 (39) 26 §
Il Western Siberia 35 (28) 17 €
IV Central Siberia 71 (50) 26 °
\% Eastern Siberia 59 (30) 28 B0 oo e
VI  Far Eastern Russia 62 (43) 26 E cpeTimER I RamE o

S 1400 | o 2

Summer : .

£ 13004
| European territory 29 (8) 101 E
I Ural 50 (19) 19 g "™
Il Western Siberia 38 (12) 154 3 1100 .
IV Central Siberia 54 (13) 87 [ o B
\% Eastern Siberia 63 (10) 193 1000 T T T T T
VI  Far Eastern Russia 61 (15) 58 e

Autumn @ 0 ;
| European territory 62 (31) 27 g 1
” Ural 95 (51) 52 ) LT m(;‘2:54 03:24 03:54 04:24 04:54 05:24
1] Western Siberia 95 (51) 22 kmtrom 121 1208 1es 10 1080
. n Moscow

IV Central Siberia 39 (26) 80
V  Eastern Siberia - - Time, hh:mm
Vi Far Eastern Russia 65 (34) 85

Fig. 5. Nocturnal 222Rn flux calculation in stable atmospheric
conditions at the route part 1256-1076 km from Vladivostok to
Moscow (the East European region) 10 July 2001, 02:54-06:10 LT
data on the full set of parameters governing the turbulenithe TROICA-7 expedition). Slope defing&Rn flux in this region.
mixing regime. In present simulations the major factor affect- Glazov is the largest locality on the presented route.
ing the radon vertical distribution, and hence accumulation

rate, is the vertical mixing rate profile controlled by the pa-

rameterk (z1). Since the exact value of the temperature gra-and

dient in a particular inversion event changes within a range 5

of G and F stability classes, two sets of calculations were

performed by setting (z1) equal to 10 and 100 chs L ac- 729~ (Z gi) ’ (10)
cording to Eq. (7) to obtai®(G) andQ(F) values for radon '
accumulation rates for G and F stability classes, reSpECt'Velyrespectively where;

- _ : :aé%, and summation by is per-
Accordingly, for each accumulation evantve define ;

formed over all accumulation events observed during the
TROICA expeditions within a particular region defined ac-
cording to Fig. 2. The calculated weighted-mean region

) i _ averaged radon soil fluxes are summarized in Fig. 6 and
as the best estimates fgr and an estimate error fa@;, re- Table 6. One can see that the derivé®Rn soil flux

spectively. The relative estimated error is commonly a few, 4ies significantly over Russia, from 298 mBqni2sL

tens of percent and reaches as much as 50 % in some eveni§.q5 4 51 mBgmnt2s-L, depending on the geological fea-
To make our estimates be representative at a regional scalg,ros as well as the see;sons. The higR&&Rn fluxes are
we calculate the expected means and associated errors as yerived in the mountain regions of central Siberia, eastern

Qi =(Qc+0r)/2, 00 =10c— Qrl/2 8

Siberia and far eastern Russia. In these Russian regions radon

0. — -0 N 9 soil emissions are 1.5-3 times higher than in the plains (Ta-
Qreg Xi:g 0 /Zi:g © ble 6). In spring the weighted-mean region avera¢@&n
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¢ Tectonicfaults [ Altitude === Rn flux corresponding to the autumn episodes (in the same regions)
East Ural West Siberian Central Siberia Eastern Siberia Amur plain and derlved Some Increase In aUtumn Welghted rﬁé%]
Europian plain flux (55.74 2.1 mBgnT2s-1) compared to the summer one
02w v v ovvy Y vw v (50.14+ 2.8 mBgm2s-1). The similar increase in both the
0.16 seasonal soil thawing arfd’Rn concentrations is shown in
042 Fig. 4. It can confirm the possible influence of the seasonal
005 ] 2000 soil thawing or??2Rn soil exhalation.
00s ] } % {‘ o0 We compared??Rn fluxes calculated from the TROICA
von ] expeditions with thé2?Rn flux maps derived from the data
SRS LA modeling. Schery and Wasiolek (1998) proposed a global
020 ) 222Rn flux map based on a porous media transport theory
0:16 and calibrated them with expeditici#?Rn flux data from
£ 012 > Australia and Hawaii. The map givé&Rn flux for the Rus-
5 oo % {IL %% #}_ g sian latitudes to be about 20-30 mBgfis1 but has a large
X 004 1 -T:L 1 {- -}M 1000 o uncertainty because of the lack of global data on soil mois-
G- T R W \/‘/\"\"\.\M\Mﬂ ) ture and??®Ra content. Hirao et al. (2010) improved the per-
& v L formance of the model complimented by the soil #3%Ra

content and estimated the gloi#ZPRn flux density distri-

bution for the period 1979-2007. These estimations give

222Rn flux for Russian regions to be up to 30 mBghs 1.

o The ?2?Rn flux estimations by Schery and Wasiolek (1998)
1 Pm and Hirao et al. (2010) are usually 4-5 times lower than
] the ones from TROICA measurements. The Rus$f&Rn
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SoRELY 20205 25 £33 §8 group from the University of Basel, Switzerland (Szegvary
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et al., 2007), and based on a gamma-dose rate map of Russia
derived from aeroradiometric measurements (Map of natu-
Distance from Moscow, km ral gamma radiation doses of Russia, 1996) shows the high-
est radon fluxes in the studied regions of central and east-
Fig. 6.22%Rn soil fluxes over Russia calculated from the sp@@  ern Siberia; their estimations for far eastern Russia region
summer(b) and autumr{c) expeditions. The length of each rectan- correspond to ours. But according to the mé%?Rn flux
gle corresponds to the route part (in km) for wifigfRn flux was varies over Russia from 0.2 to 1.2 atomcsn (from 4 to
estimated. The joined arrows indicate the strong faults crossing the24 mBq T2 s—l) which is 3-7 times lower than the range we

route. inferred. It is possible that the wide range of tki¢z) values
used for radon flux calculation could result in the overesti-
mation of the mean radon flux values.
flux is higher and its variations are wider than in summer in We also compared our results with the diré€tRn flux
the Ural, central Siberia and far eastern Russia regions. measurements reported for some Russian regions. Accord-
Because of a wide range of turbulent mixing rates (condi-ing to the Perm CGMS radiation monitoring, in 2006 the
tions of which we will describe) chosen f8#2Rn flux esti-  mean?22Rn flux was 40t 10mBqnT2s 1 in Perm region
mation, we derived widé??Rn flux variations. We used two  (http://wp.permecology.ru/report/report2006/17.Htmhich
K z profiles for calculations (see Egs. 6 and 7) and derivedcorresponds to 4& 20 mBgnt2s~! on average from the
two 222Rn flux values (the boundary values in error bars). TROICA expeditions22?Rn soil fluxes in the city of Kras-
The mearf??Rn flux is the average of two boundary values. noyarsk and its suburb Minusinsk are reported to vary from
The spatial variation is seen better in Fig. 6 from the meanl4 to 20mBqm?2s1 and from 9 to 60mBgm?s 1, re-
222Rn fluxes than from its variations. spectively (Voevodin and Kurguz, 2012; Sobyanina et al.,
To observe an effect of the seasonal soil thawingSRn 2012), being 40mBqm?s~1 on average. These measure-
soil flux (see Sect. 3.1.3), we calculated the weighted meaments are in a good agreement with our estimations for
222Rn flux for each expedition presented in Fig. 4. The es-the Krasnoyarsk area (4030 mBqn2s1). Kirichenko
timated values do not show a significant increase from thg1970) reported???Rn flux in the southern Ural region to
summer expeditions to the autumn one. However, it is notbe 11 mBq 2 s~ from the atmospheric radon profile stud-
correct to compare the me&ffRn fluxes calculated for each ies in summer, which is lower than our estimations, 30—
expedition because th&?Rn flux episodes in the expedi- 70mBqnT?s~1. The same author reported the mé&afRn
tions under consideration can differ geographically. So weflux in the European territory (Leningrad, Moscow, Kaluga
chose the summer episodes (from all summer expeditionsgity areas) in summer to be 7 mBqrhs 1. The mearf??Rn

NIZHNI NOVGOROD
EKATERINBURG n
NOVOSIBIRSK

KRASNOYARSK S -
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KHABAROVSK
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flux from the summer—autumf??Rn flux measurements in melting in these regions during the spring TROICA cam-

the Fyodorovskoe Forest Reserve, Tver region (the Europaigns or/and air advection from local and regional radon

pean part of Russia), presented in Levin et al. (2002) is 50-sources could result in sharp radon increase in the air. Fur-

130 mBgnt?s 1. According to Milin et al. (1967)2?°Rn ther detailed investigations are required.

flux in Moscow region in summer is 38 mBgtAs 1. Our It is possible that the wide range of tlk&(z) values used

estimations for the European territory of Russia (Moscow-for radon flux calculation could result in the overestimation

Perm region) give the meaff?Rn flux to be 298 and  of the mean radon flux values. As a whofé?Rn fluxes es-

624+ 31 mBqgnT2s 1 in summer and autumn, respectively. timated from the expeditions on the mobile laboratory are in
Milin et al. (1967) reported the me&%Rn flux from sum-  agreement with the direct measurements reported for Russian

mer measurements in Kirov to be 15 mBg#s 2, which is regions in literature.

in agreement with our calculations (2000 mBqn2s1). The results presented in this paper can be important to in-

Miklyaev and Petrova (2006) measur&dRn flux at differ-  vestigate and document in detail the trends in fluxes®N

ent sites in Moscow and reported t&#Rn flux varies from  CO,, and CH, during the coming decades of global warming

5to 72mBgm?2s1(21+12mBgm2s1onaverage) and in the late Holocene or so-called mid-Anthropocene.

from 4 to 264mBqm?s! (38.6434.4mBgqm?s! on

average) in the regions with sandy and clay soils, respec-
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