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Abstract. Concentration of radorf{2Rn) in the near-ground  to 0.78+ 0.12 Bqnt 3. The measured minimuff2Rn con-
atmosphere has been measured quasi-continuously from Jacentrations at both sites and the difference between them was
uary 2005 to December 2009 at two continental sites in Eu-interpreted in the framework of a simple box model cou-
rope: Heidelberg (south-west Germany) and Krakow (southpled with HYSPLIT (Hybrid Single Particle Lagrangian Inte-
ern Poland). The atmosphere was sampled at ca. 30 and 20 grated Trajectory) analysis of air mass trajectories. The best
above the local ground. Both stations were equipped withfit of experimental data was obtained for the mé&afRn
identical instruments. Regular observations26fRn were  flux over the European continent equal to 52 Bogth ™1, the
supplemented by measurements of surface fluxes of this gamean transport velocity of the air masses within the convec-
in the Krakow urban area, using two different approachestive mixed layer of the planetary boundary layer (PBL) on
The measured concentrations’4fRn varied at both sites in  their route from the Atlantic coast to Heidelberg and Krakow

a wide range, from less than 2.0 Bqfto approximately — equal to 3.5ms!, the mean rate constant #?Rn removal
40BqnT3 in Krakow and 35Bqm? in Heidelberg. The across the top of the PBL equal to tFRRn decay constant
mean?2?Rn content in Krakow, when averaged over the en-and the mean height of the convective mixed layer equal to
tire observation period, was 30% higher than in Heidelbergl600 m.

(5.864 0.09 and 4504+ 0.07 Bq n7 3, respectively). Distinct
seasonality 0f2?Rn signal is visible in the obtained time se-
ries 0f222Rn concentration, with higher values recorded gen-
erally during late summer and autumn. The surf&&&®kn 1 Introduction

fluxes measured in Krakow also revealed a distinct seasonal-

ity, with broad maximum observed during summer and earlyRadon £22Rn) is an alpha-emitting radioactive inert gas with
autumn and minimum during the winter. When averaged ove@ half-life of 3.8 days. Itis a product of the decay’8fRa

a 5-year observation period, the night-time surf3éRn  Which belongs t63%-decay series. Uraniunt¥U) and its

flux was equal to 48+ 2.4 Bqn2h-L. Although the at-  decay product®Ra, are ubiquitous in the Earth’s crust and
mospheric22Rn levels at Heidelberg and Krakow appeared in the soils. Radon is being released into the pore space of
to be controlled primarily by local factors, it was possible to the soils and diffuses into the atmosphere, where it decays
evaluate the “continental effect” in atmosphe##@Rn con- (0 lead?'%Pb via a chain of intermediate decay products.
tent between both sites, related to gradual build-uf?én  Under specific conditions (heavy-rain evenf§fRn decay
concentration in the air masses travelling between HeidelProducts sticking to aerosol particles can be washed out from

sured radon concentrations when the radon progeny method
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is employed. The flux of22Rn into the atmosphere is con- over the European continent and its interpretation in the
trolled by the source tern?{®Ra content in the soil and its framework of a simple model.
vertical distribution), by physical properties of the upper soil
layer (mineral structure, porosity, water content) and to some
extent by short-term variations of physical parameters char2 Measurement sites
acterizing the soil-atmosphere interface (mainly atmospheric
temperature and pressure) (e.g. Greeman and Rose, 1996he measurement sites are located at the same latitudinal
Levin et al., 2003; Taguchi et al., 2011). band (ca. 50N), in a similar urban settling, with the dis-
First measurements of atmospheéitérn were performed  tance to the Atlantic Ocean equal to approximately 600 km
in the late 1920s (Wigand and Wenk, 1928). A recent sum-for Heidelberg and 1600 km for Krakow. Both measurement
mary by Zhang et al. (2011) identifies 41 stations worldwide sites were equipped with identical instruments (Levin et al.,
where?22Rn was measured regularly for periods longer that 12002), and the atmosphere was sampled at a comparable
year (USA —8; Europe — 19; Asia — 12; South America, Aus- level. The meteorological parameters (wind speed, wind di-
tralia, Africa—5; remote ocean and polar regions — 7). In Eu-rection and temperature) were monitored at the same eleva-
rope, the earliest data sets originate from Paris (1955-196Qjon at which the inlet systems of the instruments measuring
and Saclay (1956-1960) (Servant and Tanaevsky, 1961). Twoadon concentration were installed.
major categories of22Rn detection techniques have been Krakow (approx. 800 000 inhabitants) is located in south-
employed in those studies: (i) various designs of ionizationern Poland. Characteristic features of the local climate are
chambers measuring directly the alpha particle$%8Rn, generally weak winds and frequent atmospheric temperature
and (ii) indirect methods based on measurements of radomversion situations, sometimes extending over several days.
decay products. The average wind speed calculated for the period 2005-2007
Due to a lack of important sinks apart from radioactive de-was 1.9ms!. West and south-west directions of surface
cay, 222Rn is an excellent tracer for atmospheric processeswinds prevail. Westerly circulation is generally connected
Nowadays, major applications of radon in atmospheric re-with stronger winds (wind speeds above 4T Periods
search include (i) tracing of horizontal air mass transportcharacterized by low wind speeds (< 1Tty favouring ac-
(e.g. Dorr et al., 1983; Gerasopoulos et al., 2005); (ii) inves-cumulation 0f?2?Rn in the near-ground atmosphere, con-
tigating vertical mixing in the lower atmosphere (Williams stituted 34 % of the total time considered. Monthly mean
et al., 2008; Zahorowski et al., 2008, 2011); (iii) evaluation air temperature at the site reveals a distinct seasonal cycle,
of atmospheric chemistry and transport models (e.g. Jacob etith summer maximum (July—August) reaching 19224
al., 1997; Chevillard et al., 2002; Gupta et al., 2004; Berga-and winter minimum (January—February) betweeb and
maschi et al., 2006; Zhang et al., 2008); (iv) validation of the +2°C. Monthly precipitation rates are more irregular, with a
parameterisation schemes in numerical weather forecastingroad maximum during summer and minimum during win-
models (Jacob et al., 1997); and (v) assessing surface emiser months. The radon monitoring site (& N, 19°55 E,
sions of major greenhouse gases such ag, G0 and CH, 220 ma.s.l.) was located on the campus of the AGH Univer-
(e.g. Schmidt et al., 1996, 2003; Levin et al., 1999, 2003;sity of Science and Technology, situated in the western sector
Biraud et al., 2000; Conen et al., 2002; van der Laan et al.pf the city, bordering recreation and sports grounds. An air
2009, 2010; Wilson et al., 1997). intake for??2Rn measurements was located on the roof of the
Here we present an in-depth evaluation of two 5-yearFaculty of Physics and Applied Computer Science building,
records of quasi-continuous near-ground atmospHéfikn 20 m above the local ground. The site where surface fluxes of
concentration measurements performed at two continen???Rn were measured was located on the premises of the In-
tal sites in Europe: Heidelberg (south-west Germany) andstitute of Nuclear Physics, Polish Academy of Sciences, sit-
Krakow (southern Poland). The records were obtained usingiated in the western outskirts of the city, approximately 3 km
identical instruments located in similar settings (urban envi-north-west from the location of atmosphefféRn measure-
ronment). The primary objective of our work was the iden- ments. The soil type at the chamber location was Endogleyic
tification of major factors controlling temporal variability of Cambisol (IUSS, 2007), dominated by silty clay loam. The
atmospheri@??Rn concentration observed at the both sitesmean concentration £%Ra in the soil profile, the precursor
at diurnal, synoptic and seasonal timescales. This includedyf 222Rn, was equal to 22 3Bq kg™t (Mazur, 2008).
among others, the measurements of local surface fluxes of Heidelberg (approximately 130 000 inhabitants) is located
this gas in the Krakow urban area using two different ap-in the upper Rhine Valley, in south-west Germany. Monthly
proaches. The second objective of the study was linked withmean surface air temperatures vary within the range®C-3
the specific location of the tw#2Rn monitoring sites (simi-  during winter months and 18—22 during the summer. The
lar latitudinal position with different distance to the Atlantic local atmospheric circulation patterns in Heidelberg are dom-
coast, along a major pathway of air mass transport acrosmated by alternate north—south flow along the Rhine Valley,
Europe). It was aimed at quantification of the “continental but also by frequent easterly winds from the Neckar Valley
effect” associated with build-up 322Rn in the atmosphere (Levin et al., 1999). The average wind speed calculated for
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the period 2005-2007 was 3.0 miswhile low wind speed 3.2.1 Sodar-assisted estimates of night-tinf82Rn
(<1ms1) periods constituted only 9.8 % of the total time fluxes

considered. In contrast to local, near-surface wind direction,

backward air trajectories calculated for the Heidelberg siteTheory

clearly demonstrate predominance of westerly air masses. . . ) ) . o

Air inlet for 222Rn measurements was installed on the roof PuUring the day, with active vertical convection of air in the

of the Institute of Environmental Physics building {22 N lower atmosphere, radon emitted from the soil is diluted in
842 E, 116 ma.s.l.), 30 m above the local ground. ’ a large volume of mixing layer within the PBL, leading to
' ’ relatively low 222Rn concentrations observed close to the

ground. During late afternoon, when the vertical gradient of
air temperature changes the sign, drastic reduction of vertical
mixing occurs. This process leads to accumulatioR?8Rn

in the near-ground atmosphere during the night. The rate of
nocturnal increase 6£2Rn concentration is controlled by the
mixing layer height according to the mass balance equation

3 Methods

3.1 Measurements of??Rn content in the near-ground
atmosphere

Regular measurements #%°Rn content in the near-ground dCnm
atmosphere were performed with the aid of a radon monitor.HF
The instrument was developed at the Institute of Environ-
mental Physics, University of Heidelberg, Germany (Levin o .onation 0f22Rn within the mixing layer,F, is sur-

et al., 2002), and made available fSr this study. The instru-¢, .o g,y of222Rn and Foyt is the flux of222Rn associated
ment measures specific activity 2Rn in air through its with removal processes (horizontal and vertical transport, ra-

daughter products. The air is pumped with the constant flow. . . ; ;
rate through a glass filter (Whatman QM-A, 2.2 um) which dioactive decay). For nights with low wind speed (< 17

. 4 ) "~ and the adopted frequency of measurements, this term can be
is placed directly over the surface-barrier detector measurin

alpha particles emitted b822Rn and?2°Rn daughter prod- heglected.

s d ted the filter. The inst ¢ ds aloh During stable atmospheric conditions with low wind
ucts deposited on the Tier. 1he instrument records alphay,.q4q 3 distinct vertical gradient?Rn concentration is
decay energy spectra accumulating in 30 min counting in-

stablished within the PBL. As the measurement&2éRn

tervals. The spectra contain peaks representing decay pro@- :
ontent are performed close to the surface, at the height of
ucts of222Rn €14Po, £, = 7.7 MeV: 218Po, £, = 6 MeV) as b " '9

. approximately 20 m, a correction factérrelating the in-
well as?2°Rn (1%Po, E, = 8.8 MeV: 21%Bi, E, = 6.1MeV).  oPP y g

N e . .__crease of the meaff?Rn concentration within the mixing
By energy discrimination and a dedicated data evaluat|or'|ayer (Cm/dr) to the increase of22Rn concentration ob-

protocol taking |2nzto account disequilibrium bet\(veep daugh-. o ved close to the grounddgy/ dr) should be introduced
ter products of2?Rn at the end of each counting interval, to Eq. (1):

as well as empirically determined disequilibrium between
222Rn gas and its daughter products in the atmosphere, the, _ H dCsurf @
specific activity of thé2?Rn gas in air can be calculated. The """~ % dr

mean disequilibrium has been determined by parallel meayherey is the mixing layer height is the correction factor

surements of atmospherfé’Rn activity with an absolutely  ang g, is the concentration Gt22Rn at the adopted mea-
calibrated slow-pulse ionization chamber and the radon mong,;.ement height.

itor to 1/1.367, for the elevation of 20 m above the local
ground in Heidelberg (Levin et al., 2002). Modelling

= Fin — Fout, (1)

where H is the height of the mixing layeG, is the mean

3.2 Measurements of surfacé??Rn fluxes in Krakow The correction factok was quantified using vertical profiles

of 222Rn simulated by the European Monitoring and Evalu-
Two different approaches were used to quantify the magni-ation Programme (EMEP) model. The Unified EMEP model
tude and temporal variability of surface fluxes?8fRn into  (http://www.emep.inywas developed at the Norwegian Me-
the local atmosphere: (i) night-tinf#?Rn fluxes were de- teorological Institute under EMEP. In this work, the Unified
rived from measurements of atmosphé&déRn content near EMEP model version rv2_6_1 was used. The model is fully
the ground, combined with quasi-continuous measurementdocumented in Simpson et al. (2012). It simulates the atmo-
of the mixing layer height within the planetary boundary spheric transport and deposition of various trace compounds,
layer (PBL) and modelling of vertic&??Rn profiles in the  as well as photo-oxidants and particulate matter over Europe.
atmosphere using a regional transport model and (ii) poinfThe Unified EMEP model uses 3-hourly meteorological data
measurements of satP?Rn fluxes were performed using a from the PARallel Limited Area Model with the Polar Stere-
specially designed exhalation chamber system connected tographic map projection (PARLAM-PS), which is a dedi-
an AlphaGUARD radon detector. cated version of the High Resolution Limited Area Model
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(HIRLAM) for use within EMEP. The model has been exten- Measurements of mixing height using sodar
sively validated against measurements (e.g£éeii et al., o _ _ _
2010). In the framework of the presented study, the modeiThe mixing layer height//, was monitored using VDS so-
was adopted to calculate regional transporf&Rn. The  dar (Vertical Doppler Sodar, Version 3) built by the Krakow
model domain (Fig. 1S in the Supplement) covers EuropeBranch of the Institute of Meteorology and Water Manage-
and the Atlantic Ocean with the grid size of 50 kB0 km ment. Detailed description of the sodar system can be found
and 20 |ayers in vertical, reaching up to 100 hPa. in Netzel et al. (1995) and Zimnoch et al. (2010) Sodar
The Unified EMEP model was used to simulate verti- records were analysed manually. Stability of the surface layer
cal prof”es 0f222Rn concentrations in the atmosphere for was identified through Unique features of sodar echoes, and
the location of Krakow for 1 full year (2005) with hourly its range was defined by determining the height of the ob-
time resolution, assuming spatially constant exhalation rateserved structures at the upper level where mixing processes
of 1atomcm2s1 over the continent. Model results cor- still exist (Piringer and Joffre, 2005). The sodar system was
responding to the periods starting at sunset and ending 6 lpcated inside a park complex, between the city centre and
later for each night were used. THERn concentration at the the industrial district, at the distance of ca. 6 km east from
measurement height (20 m above the ground) was evaluateiéfe location where .atmosph_eﬁé_an measurements were
from the simulated profiles using exponential fit to the modelperformed. To examine possible influence of the distance be-
data. The mean radon concentration in the mixing layer wagween the sodar anéF’Rn measurement sites on the calcu-
calculated as the me&32Rn content in the lowest five lay- lated #2?Rn fluxes, two dedicated measurement campaigns
ers of the model, representing approximately the first 600 mvere performed. During the first campaign, lasting 1 month,
of the troposphere, weighted by the thickness of the corre??’Rn measurements were performed directly at the sodar

sponding layers: site. Then, the sodar system was moved to the permanent
location of the???Rn monitoring system. During both cam-
21_521 Cih; paigns neither significant change in the mixing layer height
Cm= Zs—h (3)  variability nor the range of calculated fluxes was observed
=17 (Zimnoch et al., 2010).

where Cp, is the modelled mean concentration &fRn
within the mixing layerC; is the mearf?2Rn concentration

in the layeri (model data) and; is thickness of the layer. Each period considered in the calculations of night-time
In the next step, the growth rates of the mé&fRn con-  222Rp fluxes started typically at sunset and ended 6 h later.
centration within the mixing layer{Crm) and at 20m above  Average height of the mixing layer was calculated from
the ground A Csurf) were calculated for each considered pe- hourly sodar data for each analysed night. In building
riod using linear regression fit to the data. Finally, Afactor monthly mean night-timé22Rn fluxes, individual fluxes cal-
was calculated for each night: culated for each night using Eq. (2) were subject to a two-step
data selection algorithm. In the first step, only the nights for
. (4) which the growth rate of the measuré#Rn concentration
ACm was well defined R > 0.8) were selected. In the second step,
The monthly meark values were calculated using the val- the nigh'Fs with the standard uncertainty of the mean mixing-
) . : layer heightu(H) larger than 30 m, calculated from hourly
ues of this parameter assigned for each night, after a two-

step selection procedure. In the first step, only the periodsValues of this parameter derived from the sodar measure-

characterized by well-defined growth rate€m and A Ceur ments, were removed from the remaining data set. For some

(R?>0.8) were selected. In the second step, periods char[nonths’ the adopted data selection procedure resulted in sig-

. : . s . nificant reduction of the number of available data, leading
acterized by high wind speeds within the first layer of the . . )
1 to relatively large uncertainty of the corresponding monthly
model p >3 ms ) were removed. The monthly meawal- ) X
. . mean values of the calculated night-tiffRn fluxes. The
ues calculated using the above-outlined procedure are pre- g
. . oo T . humber of data used for calculation of the mean for each
sented together with their uncertainties in Fig. 2S in the

Supplement. Th value for January 2005 is missing be- month varied between 5 and 23, with a mean value of 13.

. T ) The first step of data selection reduced the amount of data by
cause no single night in this month fulfilled the adopted se- o I
; o . . 34 %, and the second step by an additional 11 %. Sensitiv-
lection criteria. Since model results were available only for

2005, the monthly meahvalues presented in Fig. 2S in the ity analysis showed that modification 8f andu (H) values

: . 0 ) i
Supplement were further smoothed using CCGvu 4.40 rou_used in the data selection by 10 % results in reduction of the

tine (Thoning et al., 1989). The smoothed curve (heavy IinepOOI of data S“'“?‘b'e for calculation of monthly means by 8
S . ! and 6 %, respectively.

in Fig. 2S) was then used in calculations of surface fluxes
of 222Rn (see subsection “Calculations of night-tifféRn

fluxes” of Sect. 3.2.1).

Calculations of night-time 2?Rn fluxes

AC
k= surf
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3.2.2 Measurements of surfacé??Rn fluxes using a5

the chamber method a0] @
354

The sodar-assisted assessment of surface nigh##sRn -
fluxes in the Krakow agglomeration was supplemented by £ =
1-year-long measurements of soil radon fluxes using the in- £ ,
growth chamber method. The fluxes were measured using &~
specially designed, automatic exhalation chamber, connecte(
with AlphaGUARD radon monitor (Mazur, 2008). The pa-
rameters of the chamber were as follows: (i) flow rate —
0.3Lmin"%; (ii) insertion depth — 6cm; and (i) diameter
—21.6 cm. The air trapped inside the chamber was circulated Date
in a closed circuit for about 90 min, and the concentration 4
of radon accumulated in the chamber was recorded every ;] ()
10min. The radon flux was determined from the slope of
the straight line fitted to individual readings (Mazur, 2008;
Vaupotit et al., 2010). A special device was constructed “g E
which enabled automatic movement of the exhalation cham- &
ber, down to the ground for radon flux measurement and up &
for ventilation of the system (Mazur, 2008). TH&Rn fluxes

were measured up to eight times per day. Only night-time 104
measurements (up to four in total) were used for comparison s
with sodar-assisted estimates of surf&2&n flux represent-

ing night-time periods. The available raw data are presented
in Fig. 3S in the Supplement.

0
2005

Date

Figure 1. Time series of hourly meaf?2Rn content in the near-
ground atmosphere, recorded between January 2005 and December
2009 in Krakow, southern Polar(d), and Heidelberg, south-west

4 Results and discussion Germany(b).

Time series of hourly mean concentrations of atmospheric

222Rn obtained at Heidelberg and Krakow between January

2005 and December 2009 are shown in Fig. 1. The gaps ithanges of??Rn content vary significantly with the season
time series 0£2?Rn content from June till December 2007 and the observation site.

in Krakow and from June to July 2006 in Heidelberg were During winter months (December—February), daily vari-
caused by technical problems with radon monitors. It is ap-ations of 222Rn are remarkably similar at both locations.
parent from Fig. 1 that?2Rn content varies at both sites in The averagé??Rn content for that period is equal to65+

a relatively wide range, from less than 2 Bq#rto approxi-  0.17 Bqni3 at Krakow and 519+ 0.19 Bqni3 at Heidel-
mately 40 Bq 3 in Krakow and 35Bqm? in Heidelberg.  berg, with peak-to-peak amplitude of diurnal changes reach-
The mearf22Rn concentration in Krakow averaged over the ing 1.5Bgnt? at both sites (cf. Fig. 2 and Table 1). Daily
entire observation period 6+0.09 Bqni3) is 30 % higher ~ minima are shallow and reduced in duration. During spring
as compared to Heidelberg.569+0.07Bqnt3 — cf. Ta-  and summer months (March—-May and June—August, respec-

ble 1). tively) the peak-to-peak amplitude of daily change$8Rn
concentration increases significantly. This increase is partic-
4.1 Diurnal changes 0f22Rn content in the ularly well pronounced in Krakow (the spring and summer
near-ground atmosphere amplitudes reach 4.7 and 7.0 Bq respectively) as com-

pared to Heidelberg (2.5 and 3.5 Bqf respectively). At
Diurnal changes of??Rn concentration in the near-ground the same time, broader daily minima are observed at both
atmosphere over Krakow and Heidelberg, averaged sepasites, reflecting the growing role of vertical mixing within the
rately for each hour of the day over the entire observationPBL, driven by longer exposure of the surface to sunlight.
period (January 2005-December 2009) and for each seasdrhe most pronounced differences between both sites are
(spring, summer, autumn, winter), are summarized in Fig. 2aobserved during autumn months (September—November).
and b. Irrespective of season, the meastéfé@n contents at  In Krakow, the maxima of atmospherf@?Rn content oc-
both sites reveal characteristic behaviour, with elevated coneur usually in the early-morning hours (ca. 4-6a.m. UTC)
centrations during night hours and reduced concentrationsnd reach 12 Bqm?, followed by a distinct minimum of
during midday. However, the shape and amplitude of daily5 Bq m 3 recorded usually between 13:00 and 14:00 UTC. In

www.atmos-chem-phys.net/14/9567/2014/ Atmos. Chem. Phys., 14, 99584, 2014
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Table 1. Indicators of daily variations 0#22Rn activity in Krakow (KR) and Heidelberg (HD) during the period January 2005-December

2009. The quoted uncertainties represent standard uncertainties of the mean values.

M. Zimnoch: Factors controlling variability of atmospheric 22°Rn over central Europe

Period Mean daily Mean daily Mean daily Peak-to-peak
222Rn activity ~ maximun?2?2Rn  minimum?22Rn amplitude
(Bgm3) activity (Bqn™3)  activity (Bqm3) (Bgm3)
Winter (Dec—Feb) KR 5.6%0.17 9.36+0.27 2.99+0.11 6.3 0.23
HD 5.19+0.19 7.93:0.26 3.10+0.14 4.83+0.17
Spring (Mar-May) KR 4.08:-0.09 8.81+0.23 1.52£0.05  7.29:0.22
HD 3.144+0.08 5.74+0.16 1.540.05 4.214+0.15
Summer (Jun-Aug) KR 5.500.13 12.1H-0.30 2.02£0.05 10.09t0.27
HD 3.55+0.07 6.88+0.17 1.61+0.04 5.2A0.15
Autumn (Sep—Nov) KR 8.760.23 15.59+ 0.39 3.83£0.13 11.76:0.35
HD 6.08+0.17 10.13+0.27 3.368+0.13 6.75+-0.21
Mean (2005—-2009) KR 5.860.09 11.28+0.16 2.55+0.05 8.72+0.14
HD 4.504+0.07 7.6 0.12 2.42+0.05 5.26+0.09
16 T 16
14] @ « Winter (b) o Winter | [14
*  Spring *  Spring
12 *  Summer e Summer| [12
M'g 10 s1E A”“"m’l - + Autumn | [, '"E
= k3 k2 S
8 8 . % pxTE? 8 &
zé 67!;§§§§%1I" ‘;Iiii—' PRS2 : ’Gzé
S Iilzx;uixr‘t:tx rra=rrig IIiiiIziI;Ii , F
2 *IizszzzzIcc B L
o KRAKOW HEIDELBERG o
00:00 04:00 08:00 12:00 16:00 20:00 24:00 00:00 04:00 08:00 12:00 16:00 20:00 24:00
Hour [UTC] Hour [UTC]
16 T T
124 4
"‘E 10]
R .
R -1, ..
! ‘}"-;2:11:"*‘
24
000:00 04:00 08:00 12:00 16:00 20:00 24:00

Hour [UTC]

Figure 2. Diurnal variations 0f22Rn concentration in the near-ground atmosphere over Krgkdpand Heidelberdb) during the period

January 2005-December 2009, averaged separately for each hour and for four seasons: winter (DJF), spring (MAM), summer (JJA) and
autumn (SON). Diurnal variation 822Rn content at both sites averaged for the entire observation period is also &)overtical marks
accompanying the data points indicate standard uncertainties of the calculated mean values.

Heidelberg, the early-morning maxima reach only 8 Bt®m  while both stations are located in the same time zone, the
while the minima are maintained at approximately the sametrue solar time is shifted by approximately 1 h.
level as in Krakow (ca. 5 Bq T?). The source strength 322Rn in the soil and the upward
Diurnal variations 0of?22Rn content at both monitoring transport of this gas into the atmosphere does not vary sig-
sites, averaged over the entire observation period, are shownificantly on an hourly timescale, except for frontal situa-
in Fig. 2c. It is apparent that higher peak-to-peak ampli-tions with fast changes of atmospheric pressure or during
tude of daily?2?Rn variations in Krakow is primarily due prolonged rainfall events. Therefore, diurnal variations of the
to higher build-up 0?22Rn during night hours at this site concentration of this gas in the near-ground atmosphere pre-
as compared to Heidelberg. The nocturnal build-up of radonsented in Fig. 2 primarily reflect the changes in stability of
in Krakow starts and ends approximately 2 h earlier as com+the lower troposphere and the resulting intensity of vertical
pared to Heidelberg (at ca. 15:00 and 04:00 UTC, respecmixing.
tively). This difference may partly stem from the fact that,
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Figure 3. (a)Changes of atmospheRé2Rn concentration in Krakow between 1 and 13 March, 2005. Horizontal lines with arrows and letter
symbols mark different air masses identified @ (b) Daily means of atmospher%zan concentration, wind speed and rainfall amount

in Krakow. (c) 96 h backward trajectories of the air masses arriving in Krakow, starting at 25, 50 and 75 % of the time period A, B and C
marked in(a). (d) Changes of the elevation of trajectories showfcn

4.2 Synoptic timescale changes #?Rn content in the  from 9.7 Bqnt 2 for 4 March to 5.2 Bqm? for 5 March and
near-ground atmosphere 3.3Bqnt1 3 for 6 March. This substantial change was clearly

linked to change of circulation and sharp increase of wind

speed (Fig. 3b, c). Between 5 and 7 March the sampling lo-

controlled primarily by the intensity of vertical mixing, its cation was under the influence of air masses originating over

variations on a synoptic timescale (days to weeks) should bLBUS_S'a and Eitonéa'l passing w(ejst%/vard at .relat|vel3;]h|gh E?I'
also a function of the origin of air masses passingthroughtheevatlon over the Baltic Sea and then turning south-east in

given measurement site. One example illustrating the inﬂu-the direction of Poland. Between 8 and 12 March the sam-

ence of synoptic-scale phenomena on the atmospPRn pling location was under the influence of maritime air masses
concentrations measured in Krakow is discussed below. originating over the Arctic Sea and travelling southward at

Temporal evolution of atmospheri@?Rn content in V&Y high elevation with high speed. The rainfall occurring
Krakow during the period from 1 to 13 March 2005 is shown in Kra!<ow du_rlng this perlc_Jd (b_etween 0.5and 2.0 mm) was
in Fig. 3 in relation to wind speed, precipitation rates and associated with a frontal situation (drop of atmospheric pres-
96 h backward trajectories of air masses passing the measur%%rﬁnféomelggg;zap?ns gﬁ;ﬁg ;%25(51 hapasrtrr:;ﬁeir?car)ézgatec)?-
ment location. Between 1 and 4 March, the meas&?é@n 222Rn concentration correlated with sig}nificant reduction of
content revealed strong diurnal variations (Fig. 3a), with the . . , S
maximum?22Rn concentrations reaching 16 Bqf super- the elevation of trajectories arriving in Krakow was observed.

imposed on the growing trend of mean daily concentration of , The data shown in F|g.23 clearly de_zmonstrate a strong
this gas (Fig. 3b). Air masses passing the sampling site durink beween the measuréd’Rn content in the near-ground

ing this period originated in north-central Europe (Fig. 3c). contl.nental atmosphere and we{:xther—related phenomepa such
Very low wind speed facilitated gradual build-up of night- 25 history 9f2""2'r masses and qu s_peed. Concentra‘uon.s of
time 222Rn in the local atmosphere during these days, asa}tmospherlc? Rn may change significantly on a synoptic
well as an increase of daytime background level caused b)ymescale in response to these factors.

the increase in “continentality” of the air masses. From 5

March onwards, the course of atmosphetéRn content

has changed radically; diurnal variations almost disappeared

(Fig. 3a), while the average daik??Rn content dropped

While the amplitude of diurnal changes ®#Rn content is
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“c layer height (see text for details). Error bars indicate standard un-
3 15 ] certainties of the mean values. Blue bars represent the number of
NE nights used for calculation of the monthly means.
8 104
> gégggé égé gé ééggééé% é ég%gé é %gg é 222Rn fluxes were obtained for autumn months (September,
i . : . é . October, November) reaching 80-90 Bg#i—1. When av-
2005 . 2007 . s 2010 eraged over the entire observation period, the nf@aRn
Date night-time flux obtained for the Krakow urban area is equal
Figure 4. Box-and-whisker plot of monthl$22Rn concentration {0 468+2.4Bq m2h—t. This values coincides with approx-
recorded in the near-ground atmosphere of Krakayand Heidel-  imately 46 Bqm2h~1, derived for the location of Krakow

berg (b) between January 2005 and December 2009. Marked perfrom the map of22Rn flux in Europe obtained from terres-
centiles represent the 5, 25, 75 and 95 % confidence interval; blackrial y-dose rate data (Szegvary et al., 2009).

squares represent medians; and horizontal lines represent mean val- Direct measurements ¢£2Rn exhalation rates from the
ues. soil using the methodology described in Sect. 3.2.2 were
performed over a 1-year period, from September 2005 till
September 2006. To allow direct comparison with the night-
time 222Rn fluxes derived from measurements of atmospheric
222Rn content and observations of the mixing layer height,

Figure 4 shows monthly means ©#Rn content in the near- only mea§uremzents performed during the days for which
odar-assiste@??Rn fluxes were available were considered.

ground atmosphere, as observed in Krakow and Heidelber he monthly mear???Rn fluxes derived using both ap-

between January 2005 and December 2009. The medians A
reveal a distinct seasonal trend, with a broad minimum Ofp_roaches are shown in Fig. 6. The megtRn flux de-

—2p—1
222Rn content in spring and summer and maximum in ay-"ved from chanlwlbe_rthnlﬁasursments..(’t.éﬂzSAtI.Bqn: ?th? "
tumn months. Monthly maxima are significantly higher in asgéeSejgiré Weizv\ail 2ISO ar;ja_lsms ed estimate o ﬁ ux
Krakow, reaching 25Bqm?, compared to 20Bqn? in I(: brUar gT/I h ;.OOGarfge 'ﬁprﬁ?ﬁncﬁls atp))paren or
Heidelberg. Monthly minima are comparable at both loca- ebruary and Marc » JOr Which the charmiber measure-
ti ments differ from sodar-assisted estimates of?f&n flux
ions. .
by a factor of 10. The reasons for such a large difference
remain unclear. It may stem from the fact that frozen soil
and snow cover observed at the measurement site in Febru-

The monthly mean night-time fluxes 882Rn in the Krakow ~ ary and the first half of March could partly block th&Rn
urban area, derived from atmosphé¥iérn observations and  flux from the soil, resulting in low readings of the chamber
sodar measurements of the mixing layer height using thénethod, whereas the sodar-assisted estimates ot
methodology outlined in Sect. 3.2.1, are presented in Fig. 5flux are spatial averages over the footprint area of atmo-
They cover the period June 2004-May 2009. Error bars in-Spheric???Rn measurements which is of the order of several
dicate standard uncertainties of the monthly mean valuessquare kilometres.

Blue bars represent the number of nights used for calcula-

tion of the monthly means. As seen in Fig. 5, high night-time

4.3 Seasonal variations of22Rn content in the
near-ground atmosphere

4.4 Surface fluxes 0f22Rn in Krakow
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trajectories passed through. The colours blue, green and cyan
represent the trajectory density range between 5 and 10 %, 2
and 5% and 1 and 2 %, respectively. The trajectory density
plots shown in Fig. 7 are supplemented by statistical analy-
sis of trajectory height. The distribution of the mean and the
maximum trajectory height, separately for each season and
each monitoring site, is presented in Fig. S4 in the Supple-
ment. The characteristic feature of these distributions is gen-
erally lower height of trajectories arriving in Krakow as com-
pared to Heidelberg. Also, the largest percentage of trajec-
tories arriving in Krakow typically falls into the lowermost
0w e o e e range of heights, whereas in Heidelberg distinct maxima of
the distributions are observed.
Figure 6. Comparison of monthly means of night-time surface |t is apparent from Fig. 7 that only minor seasonal varia-
fluxes of?22Rn in Krakow for the period from September 2005 till tjons occur in the spatial extension and shape of the trajectory
September 2006, derived from direct measurements of$&Rn  gensity distribution maps for 94 h backward trajectories ar-
flux using the chamber method (red bars) and from atmOSphe.”(‘riving in Krakow and Heidelberg. The contours are generally

222 ; ; ; - . ) .
Rn observations combined with sodar measurements of the mlxskewed towards the W—E axis, reflecting dominance of west-

Lg?mlj)éefrthhee:?lzgr(]b\llzfjegérs)' Error bars indicate standard LlnCer'erl;_/ circulation. There are thre_e distinct diff_erenc_es p_etween
Heidelberg and Krakow: (i) Heidelberg receives significantly
a higher proportion of maritime air masses originating over
the North Atlantic and arriving at the site within 96 h, as
4.5 Factors controlling seasonality of??Rn content in  when compared to Krakow; (ii) the surface area of the 1%
the near-ground atmosphere over central Europe contour map is larger for Heidelberg than for Krakow, indi-
cating generally higher transport velocities and larger spa-
The distinct seasonality of atmosphefféRn concentrations  tial extensions of 96 h backward trajectories for this site; and
apparent in the data presented in Figs. 1 and 4 may have it§ii) the maximum height of trajectories is approximately 3
roots in several processes: (i) it may reflect seasonal bias itimes higher for Heidelberg as compared to Krakow, indicat-
the origin of air masses arriving at the given measurement loing transport of air masses being less influenced by surface
cation, e.g. prevalence of maritime air masses with3&fRn  222Rn sources.
during summer and of continental air masses with higher av- In order to better understand the factors controlling the ob-
erage?2?Rn content during autumn and winter; (ii) it may served seasonality of atmosphef/®Rn levels at Krakow
reflect seasonal bias in the stability of the lower atmosphereand Heidelberg, the available data averaged separately for
with more frequent, prolonged inversion periods during au-each month and for the entire observation period were com-
tumn and winter months as compared to summer; and, fipared with other on-site parameters which may influence this
nally, (i) it may reflect seasonality in the source term, i.e. apparent seasonality. Figure 8a shows mean monthly distri-
seasonally varying??Rn exhalation rates from the soil. All bution of 222Rn content in the Krakow near-ground atmo-
three of these factors may act together, and they are examinexphere, presented in the form of a box-and-whisker plot for
in some detail below. the entire observation period from January 2005 till Decem-
Backward trajectory analysis has been performed forber 2009. The long-term monthly me#&fRn content shows
Krakow and Heidelberg for the period from January 2005a broad maximum in the period September—November. The
till December 2009 using the HYSPLIT (Hybrid Single Par- long-term monthly minima of?2Rn, as observed in Krakow
ticle Lagrangian Integrated Trajectory) model (Draxler and and Heidelberg, are shown in Fig. 8b. Within the quoted un-
Rolph, 2011). Ninety-sixh backward trajectories were cal-certainties of the mean values they are indistinguishable at
culated for every hour within this time period. Multiple tra- both sites in March, April and May. While the long-term
jectories were displayed by creating an arbitrary grid overmonthly?22Rn minima are practically constant from March
the computational domain, counting number of trajectoriestill August in Heidelberg, in Krakow they start to increase al-
over each grid point (without multiple intersections of the ready in June. The long-term monthly minima peak in Octo-
same trajectory) and dividing it by the total number of tra- ber and November for Heidelberg and Krakow, respectively.
jectories. The plotting routine was used (Rolph, 2011) to dis- The distinct seasonality observed in atmosphéf&kn
play the spatial distribution of trajectory densities over the concentration at both sites could also be linked to the sea-
computational domain. The grid resolution has been set tsonality 0f?2?2Rn emissions from the ground. Monthly mean
1° x1°. The results were averaged separately for each seaiight-time 22°Rn fluxes, as estimated for Krakow and av-
son and each site and are presented in Fig. 7. The colowraged over the entire observation period (cf. Fig. 5), are
yellow represents grid points where more than 10 % of allshown in Fig. 8c. Figure 8d shows the monthly means of

“Rn flux [Bq/mzh]
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Figure 7. Spatial distribution of 96 h backward trajectories of the air masses arriving in Heidelberg, southern Germany, and Krakow, southern
Poland, during the period January 2005—-December 2009, shown for four seasons, calculated using the HYSPLIT model (Draxler and Rolph,

2011; Rolph, 2011) — see text for details. The maps are supplemented with statistics of trajectory height for each season and station. Markec
percentiles represent the 5, 25, 75 and 95 % confidence interval; black squares represent medians; and horizontal lines represent mean value

222Rn fluxes derived from chamber measurements performethe ground cannot fully account for the observed seasonality
in Krakow and averaged over the period from Septemberof the 222Rn concentrations in the near-ground atmosphere.
2005 till September 2006. The monthly night-tid&Rn Also other factors should be involved.

fluxes (Fig. 8c) reveal a broad maximum during summer and The surface???Rn fluxes estimated in the framework of
early autumn (June—October). Although the mean monthlythis study reveal distinct seasonality, with a broad maximum
222Rn fluxes derived from chamber measurements are moreuring summer and early autumn and minimum during win-
variable, they also reveal a broad maximum during sum-ter. Theoretical considerations (e.g. Nazaroff, 1992; Sasaki
mer and early autumn. Comparison of the amplitudes of seaet al., 2004) as well as a large body of experimental data
sonal variation presented in Fig. 8a and b with Fig. 8c and d(e.g. Rogers and Nielson, 1991; Greeman and Rose, 1996;
shows that the apparent seasonality3fRn emissions from  Levin et al., 2002; Papachristodoulou et al., 2007; Sakoda
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Figure 8. (a) Box-and-whisker plot of monthl?zan concentration measured in the near-ground atmosphere of Krakow. The median is
represented by horizontal line, while the arithmetic average is shown by a fu(ljdélonthly minima of atmospherié22Rn content, as
observed in Krakow and Heidelberg, calculated as arithmetic averages o?%ﬁﬂy minima for the given month, averaged over the entire
observation period from January 2005 till December 20€@onthly means of night-timé22Rn fluxes in Krakow, averaged over the period
from June 2004 till May 2009d) Monthly means of soif22Rn fluxes in Krakow derived from chamber measurements, averaged over the
period from September 2005 till September 20@J Monthly means of surface air temperature and precipitation in Krakow, averaged over
the period from January 2005 till December 20(f).Monthly means of surface air and soil temperatures in KraKgyvPercentage of
periods with wind speed below 1 m%in Krakow, averaged over the period from January 2005 till December ZBP®onthly means of
number of hours with ground-based inversion per day, averaged over the period from January 1994 till December 1999.

et al., 2010) suggest that free pore space in the soil availablexhalation rates, as observed in this study, may have its origin
for diffusion-controlled transport of gasectf8Rn exerts pri-  in seasonal changes of moisture load in the upper soil level.
mary control ovef22Rn exhalation rates. This parameter can  Monthly means of surface air temperature and the amounts
be approximated by the volumetric water content in the soilof monthly precipitation, both recorded in Krakow and aver-
profile. The maps of soil moisture available for the Euro- aged over the period from January 2005 till December 2009,
pean continenthtp://edo.jrc.ec.europa.preveal generally are shown in Fig. 8e. While the air temperature reveals dis-
lower values of this parameter during summer and autumn ainct seasonal changes (the difference between the coldest
compared to winter and spring, for large parts of continentaland warmest month is larger than<20), monthly precipita-
Europe. This suggests that the distinct seasonaliff&tn tion data are more variable and the seasonality is less marked.
Comparison of local air and soil temperatures (four different
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depths) in the vicinity 0822Rn concentration measurements is generally less extensivé{(< h) and occupies only part
in Krakow is shown in Fig. 8f. As seen in Fig. 8f, during au- of the PBL (Stull, 1988). Analytical solution of Eq. (5) —
tumn and winter the soil is warmer than air, thus making thewith the initial conditionCrn(0) = 0, constant surface flux
soil air unstable. This may facilitate transport®8fRn from  of 222Rn and constant height of the convective mixed layer —
the soil to the atmosphere (Schubert and Schulz, 2002).  reads as follows:
The last two graphs in Fig. 8g and h show seasonal varia- S
tions of two parameters characterizing stability of the lower Cr,(¢) = Rn (1— e~ (Gatrel ) (6)
atmosphere in Krakow: (i) the wind speed and (i) the du- Ad+ e
ration of inversion episode_s. In Fi_g. 8g monthly means OfSubstitutingS‘an Frn/ h andTegt = 0.693/ (g + Ae),
the percentage of calm periods (wind speed below 1Hs
averaged over the entire observation period (January 2005— Frn- Teff _ 0693,
December 2009), are shown. It is apparent that the percengR"(’) ~ 7.0693 (1_ e Tef )
age of periods with wind speed below 1 misis highest
in Krakow during autumn and winter. Also, the duration of Equation (7) can be used to calculate the expected build-up of
the inversion periods is highest during that time (October—22?Rn content within the PBL for maritime air masses trav-
February), contributing to enhanced stability of the lower at- elling eastward from the Atlantic Ocean towards Heidelberg
mosphere. Although the data presented in Fig. 8h refer tand Krakow. It is apparent from the preceding discussion that
another 5-year period (January 1994—December 1999), it ifocal effects are decisive in shaping up atmosph&f&n
assumed that this specific feature of the local atmosphere itevels at both sites. Therefore, careful screening and selec-
Krakow, when averaged over a 5-year period, is valid also fortion of 222Rn data had to be performed before an attempt was
the period considered in this study (January 2005-Decembamnade to quantify the continental effect between both sites.
2009). In the first step, only trajectories arriving in Krakow which
also passed Heidelberg at the distance of less then 100 km
4.6 Assessment of??Rn build-up in the atmosphere  were selected for further analysis (Fig. 9). Out of this popula-
over the European continent tion of trajectories, only those which were travelling from the
297 vicinity of Heidelberg to Krakow during the period shorter
Fluxes of “**Rn over the ocean are 2 to 3 orders of mag-nan 24 h, were selected. Finally, only the data representing
a‘;‘;ﬂ% s;noa(l)lf)r. g‘g:stehqojeenfl’;’e:ng‘rﬁi;%ngﬂe;tjsgsegh:;}t’eﬁz&inimum?zZRn concentrations measured at both sites during
' ' ese periods, taking into account the time lag due to atmo-

. . 22 .
the continent will _hg;lze very lov#??Rn content and will be spheric transport from Heidelberg to Krakow, were consid-
gradually laden witit““Rn until new equilibrium is reached. o4 This step was aimed at minimizing the impact of lo-

Since both???Rn observation sites discussed in this study .5 effects (inversion episodes) on the meas@#@&n con-

are located in the same latitudinal band (c& ¥pand are  contrations at both sites. The selected mininf%ARn con-
exposed to westerly circulation, with Heidelberg being situ- ;onrations (94 pairs), averaged over the entire observation
ated ca. 600 km from the Atlantic coast and Krakow approx-pering (January 2005-December 2009) separately for each
imately 1000 km further inland, it was of interest to quantify ¢;-+ion are equal t0.12+ 0.09 and 190+ 0.11 Bq nt 3 for

the extent 0£22Rn build-up in the air masses on their way Heidelberg and Krakow, respectively. The differenca @
from Heidelberg to Krakow. The evolution 6fRn content 15 Bq nT3) represents mean build-up &PRn content be-
within the PBL can be described by a simple mass balancg,qan, Heidelberg and Krakow.

@)

equation: Sensitivity analysis of Eq. (7) was made with an attempt
dCrn to fit simultaneously three values: the measured mean mini-
o - Srn— (Ad + Ae) Crn, (5)  mum?22Rn concentrations at (i) Heidelberg and (i) Krakow,

and (iii) the difference between them. Three parameters in
where Cgy is the concentration of22Rn in the convective Eq. (7) were treated as adjustable parameters: (i) the mean
mixed layer of the PBL andr,, is the source term linked transport velocity ¥) of the air masses within the convec-
to the surface flux of?°Rn. Sgn = Frn/h, WhereFg is the  tive mixed layer of the PBL, on their route from the Atlantic
surface flux of?2?Rn and# is the height of the convective coast to Heidelberg and Krakow; (ii) the mean surface flux
mixed layer;1q is the decay constant 822Rn; andie is  of 222Rn (Frn) on the European continent from the Atlantic
rate constant associated with removal2éfRn across the coast till Krakow; and (iii) the rate constant@?Rn removal
PBL boundary. Equation (5) implies perfect mixing within across the top of the PBLA§). Since HYSPLIT routinely
the PBL and assumes that net exchang&®#n due to hor-  returns also the mixing height of the calculated backward
izontal transport perpendicular to the direction of air masstrajectories, it was possible to derive the value of this pa-
movement is equal to 0. It has to be noted that convectiveeameter directly from the model output. The mixing heights
mixed layer referred to in Eq. (5) extends to the PBL bound-were calculated for all trajectories which satisfied the selec-
ary, while the nocturnal mixing layer discussed in Sect. 3.2.1tion criteria outlined above, and the maximum mixing height
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mean continentaf??Rn surface flux between the Atlantic
coast and Krakow obtained through the fitting procedure
(36 Bgnt2h™1) is lower than the mean annu&?Rn flux
obtained for the Krakow urban area in the framework of this
study (ca. 47 Bqm? h~1) and is significantly lower than the
annual mearf22Rn flux (ca. 57 Bqm2h~1) estimated for
the Heidelberg area from long-term flux measurements at five
locations with different soil texture (Schmidt et al., 2003).
If the mean surfacé??Rn flux of 52 Bqnt2h~1 is assumed
(arithmetic average of Heidelberg and Krakow best estimates
of this parameter), an equally good fit of the measured min-
imum 222Rn concentrations at both stations and the differ-
ence between them is also possible, albeit with a significantly
larger height of the convective mixed layer £ 1600 m).
This suggest that the modelled value of the convective mix-
ing layer is underestimated.

5 Conclusions

. S . ) ~ Systematic observations éf°Rn concentration in the near-
Figure 9. Spatial distribution of 96 h backward trajectories of the air ground atmosphere at two continental sites in Europe, sup-

masses arriving in Krakow, southern Poland, which passed Heidel- 2R
berg, southern Germany, at the distance of less than 100 km, caICLEIememed by measurements of surf nfluxes, allowed

lated using the HYSPLIT model (Draxler and Rolph, 2011 Rolph, a deeper insight into factors controlling spatial and temporal

iabili 22201 i
2011 - see text for details). The analysis comprised the period frorﬁ/arlablllty of “““Rn In_the near-ground atmosphere over cen-
January 2005 till December 2009. tral Europe. The available data allowed us to address the role

of local and regional factors in controlling the observed at-
mospheric22Rn levels and their variability.
Atmospheric concentrations f2Rn at both observation
for each trajectory was selected. Averaged over all trajectosites vary on daily, synoptic and monthly timescales. Gener-
ries considered in the calculation, this procedure yields theally higher and more variabR?Rn concentrations recorded
mean value of the convective mixed layer height equal toin Krakow are mainly due to specific characteristics of the
1083+ 31 m. In calculations 1100 m was adopted. The se-local atmosphere, such as lower wind speed and more fre-
lection of 94 h trajectories imposes a lower limit on the ve- quent inversion periods of prolonged duration as compared
locity of air masses travelling from the Atlantic coast to Hei- to Heidelberg, thus leading to enhanced stability of the lower
delberg and Krakow, equal to approximately 2.8Th.sThe  atmosphere at this monitoring site.
values of transport velocities used in sensitivity analysis var- The presented data reveal a distinct asymmetry in the
ied between 3.0 and 4.0m% It appeared that, while the shape of seasonal variations of surf&@éRn fluxes and
calculated??2Rn concentrations at Heidelberg and Krakow 222Rn concentrations measured in the local atmosphere of
depend on the assumed transport velocity, the difference bekrakow. While atmospherié?Rn contents peak in Novem-
tween them is relatively insensitive to the actual value of thisber, the?22Rn exhalation rates reach their maximum in
parameter. The rate constant of radon removal across the topeptember—October. This distinct phase shift stems most
of the PBL (.e) and the mean surfac@?Rn flux varied in  probably from increased stability of the lower atmosphere
the calculations from.e = 0.514 to Ae = 1.544 and from 30  during autumn months (higher percentage of still periods,
to 60 Bqm2h~1, respectively. longer duration of ground-based inversion episodes). These
Goodness of the fitting procedure was quantified by calcufactors may collectively lead to the observ&®¥Rn maxi-

lating the sum of squared differences(Crnm) — CRn(C))Z) mum in the local atmosphere in November, despite already-
between the measure@gnm)) and calculatedrnc)) mean  weakening soif22Rn flux at that time of the year.
minimum 222Rn concentration at Heidelberg and Krakow, Although the atmospheri€22Rn levels at Heidelberg and
and the difference between them. The best fit= 9.9 x Krakow appeared to be controlled primarily by local factors,
10~%) was obtained for the following combination of the it was nevertheless possible to evaluate the continental ef-
adjusted parameterd, =3.5ms!, Fry=36Bqnr2h~1  fectin atmospherié??Rn content between both sites, related
and Ae = Ag. Similarity between the rate constant of radon to gradual build-up 0f??Rn load of maritime air masses
removal across the top of the PBL and the decay con4ravelling eastward over the European continent. Satisfac-
stant 0f222Rn was suggested also by Lui et al. (1984). The tory agreement obtained between the measured and modelled
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minimum 222Rn concentrations at both sites and the differ- Draxler, R. R. and Rolph, G. D.: HYSPLIT (HYbrid Single-Particle
ence between them, derived from a simple box model cou- Lagrangian Integrated Trajectory) Model access via NOAA
pled with HYSPLIT analysis of air mass trajectories, allowed ARL READY Website {ttp://ready.arl.noaa.gov/HYSPLIT.
putting some constraints on the parameters of atmospheric PhP- NOAA Air Resources Laboratory, Silver Spring, MD,

222Rn transport over the European continent and its surface 2011- _ _ _
fluxes Gerasopoulos, E., Kouvarakis, G., Vrekoussis, M., Kanakidou, M.,

and Mihalopoulos N.: Ozone variability in the marine boundary
layer of the eastern Mediterranean based on 7-year observations,
J. Geophys. Res., 110, D15309, d6i:1029/2005JD005991
2005.

Greeman, D. J. and Rose, A. W.: Factors controlling the emanation
of radon and thoron in soils of the eastern USA, Chem. Geol.,

. 129, 1-14, 1996.
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