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Abstract Harmonized atmospheric 222Rn observations are required by the scientific community: these
data have been lacking in southern Europe. We report on three recently established ground-based
atmospheric 222Rn monitoring stations in Spain. We characterize the variability of atmospheric 222Rn
concentrations at each of these stations in relation to source strengths, local, and regional atmospheric
processes. For the study, measured atmospheric 222Rn concentrations, estimated 222Rn fluxes, and regional
footprint analysis have been used. In addition, the atmospheric radon monitor operating at each station has
been compared to a 222Rn progeny monitor. Annual means of 222Rn concentrations at Gredos (GIC3), Delta
de l'Ebre (DEC3), and Huelva (UHU) stations were 17.3 ± 2.0 Bqm�3, 5.8 ± 0.8 Bqm�3, and 5.1 ± 0.7 Bqm�3,
respectively. The GIC3 station showed high 222Rn concentration differences during the day and by seasons.
The coastal station DEC3 presented background concentrations typical of the region, except when inland
222Rn-rich air masses are transported into the deltaic area. The highest 222Rn concentrations at UHU station
were observed when local recirculation facilitates accumulation of 222Rn from nearby source represented by
phosphogypsum piles. Results of the comparison performed between monitors revealed that the
performance of the direct radon monitor is not affected by meteorological conditions, whereas the 222Rn
progeny monitor seems to underestimate 222Rn concentrations under saturated atmospheric conditions.
Initial findings indicate that the monitor responses seem to be in agreement for unsaturated atmospheric
conditions but a further long-term comparison study will be needed to confirm this result.

1. Introduction

Due to its physical characteristics, presented in classical literature such as Fleischer et al. [1980], Tanner [1980],
Nazaroff and Nero [1988], Nazaroff [1992], and Porstendorfer [1994], the radioactive noble gas 222Rn is widely used
by the scientific community to study a number of different research topics, such as (i) to improve inverse trans-
port models, which are used to calculate emissions of greenhouse gases (GHGs) [Biraud et al., 2000; Hirao et al.,
2010; Locatelli et al., 2015]; (ii) to study atmospheric transport and mixing processes within the planetary bound-
ary layer [Zahorowski et al., 2004; Galmarini, 2006; Vinuesa et al., 2007; Baskaran, 2011; Chambers et al., 2011, 2016;
Williams et al., 2011, 2013; Grossi et al., 2012; Vogel et al., 2013; Hernández-Ceballos et al., 2015; Vargas et al., 2015];
(iii) to improve radon flux inventories [Szegvary et al., 2009; Griffiths et al., 2010; López-Coto et al., 2013; Karstens
et al., 2015]; (iv) to experimentally estimate GHGs fluxes by using the Radon Tracer Method [Levin et al., 1999;
Vogel et al., 2012; Wada et al., 2013; Grossi et al., 2014]; (v) to understand the influence of climate change on
the atmospheric radon increase and its associated health risks [Nazaroff, 2013; Bochicchio et al., 2014; Bossew
et al., 2014]; and (vi) to refine baseline selection and characterization techniques and analyze air mass history
and fetch at remote sites [Zahorowski et al., 2004; Chambers et al., 2013, 2014, 2015].

To deal with the above mentioned research issues, high-quality 222Rn concentrations and flux observations
are needed with high spatial resolution. Several worldwide monitoring networks of GHGs and air quality
are already performing atmospheric 222Rn gas measurements at different heights from the ground and using
different measurement techniques [Whittlestone and Zahorowski, 1998; Levin et al., 2002; Zahorowski et al.,
2005; Xia et al., 2010; Grossi et al., 2012; Chambers et al., 2013, 2014, 2016]. Nevertheless, there is still a huge
lack of data in southern Europe and, more generally, over the Mediterranean region. In addition, a
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harmonization of the experimental techniques applied for the measurements of atmospheric 222Rn concen-
trations and 222Rn fluxes is needed as suggested by the International Atomic Energy Agency [International
Atomic Energy Agency, 2012]. European long-term 222Rn monitoring stations, in agreement with the pub-
lished literature, are presented in Figure 1 with black labels [e.g., Chevillard et al., 2002; Hatakka et al., 2003;
Taguchi et al., 2011; Belviso et al., 2013; Pitari et al., 2014; Zimnoch et al., 2014; Chambers et al., 2016], and
the lack of stations over the Mediterranean Basin is noticeable.

To address this issue, the Institut Català de Ciències del Clima (IC3), in collaboration with the Institut de
Tècniques Energètiques of the Universitat Politècnica de Catalunya (INTE-UPC) and the Universidad de
Huelva (UHU), is deploying several atmospheric radon monitors (ARMONs) [Grossi et al., 2012; Vargas et al.,
2015] in coastal andmountainous areas of Spain covering a broad range of regionswith local radon flux source
strengths ranging from20 Bqm�2 h�1 to 180 Bqm�2 h�1 [Szegvary et al., 2009; López-Coto et al., 2013; Karstens
et al., 2015]. The ARMON is a recently improved electrostatic deposition system which has already been pre-
sented indetails byGrossi [2012] andGrossi et al. [2012]. Themain aimof this collaboration is to extend themon-
itoring of atmospheric 222Rn concentrations carried out in Europe by other research institutes [e.g., Levin et al.,
2002; Szegvary et al., 2009; Belviso et al., 2013; Zimnoch et al., 2014] offering high-quality data to the scientific
community and working to fill the lack of harmonized 222Rn data. Three stations: Gredos (GIC3), Delta de
l'Ebre (DEC3), and Huelva (UHU), violet filled circles in Figure 1, are already operative and have been running
continuously since December 2012, September 2013, and April 2014, respectively.

In the first part of the present study the performance of the ARMON detector was evaluated against that of a
222Rn progeny monitor [e.g., Levin et al., 2002] routinely operating in Krakow, Poland [Zimnoch et al., 2014],
under a range of high ambient temperature and relative humidity conditions. The short comparison exercise
was conducted at two different stations: the Kasprowy Wierch mountain station located in Poland (Figure 1,
KW blue label, black rectangle) and the Delta de l'Ebre coastal station situated in Catalonia, Spain (Figure 1,
DEC3 violet label, black rectangle).

Figure 1. Location of operative atmospheric 222Rn stations in Europe (black labels), recently established stations running in
Spain (violet labels), and stations included in the 222Rn monitors comparison exercise (black rectangles) overlaid on the
40 years retrospective climatology 222Rn flux inventory by López-Coto et al. [2013].
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In the second part of this work, new observations from the three operative atmospheric 222Rn stations,
together with meteorological data, modeled 222Rn fluxes, and regional footprint analyses have been used
to (i) characterize the behavior of atmospheric 222Rn concentrations under different seasonal and diurnal
conditions at each station, (ii) understand the influence of local and/or regional atmospheric processes on
the variability of atmospheric 222Rn measured close to the ground at coastal and mountain areas, and (iii)
qualitatively evaluate the influence of local versus remote radon sources.

2. Methodology

2.1. Atmospheric 222Rn Monitoring Stations

2.1.1. Spanish 222Rn Monitoring Stations
Atmospheric 222Rn concentrations have been continuously measured at all three Spanish stations by
ARMONs since mid-2014. Meteorological parameters (wind speed, wind direction, ambient temperature,
relative humidity, and pressure) are also monitored at these stations at the same inlet heights (Table 1). In
Figure 1 the locations of GIC3, DEC3, and UHU stations are presented (violet labels) overlapped with the aver-
aged 222Rn flux inventory calculated over 40 years of retrospective climatology by López-Coto et al. [2013].

The ARMON detectors were designed at the INTE-UPC laboratory and calibrated within a 222Rn chamber
under controlled environmental conditions [Vargas et al., 2004; Vargas and Ortega, 2006]. Details of a typical
ARMON calibration are reported in Grossi [2012] and Grossi et al. [2012].

In Table 1 a summary of the main characteristics of UHU, DEC3, and GIC3 stations is reported. Spanish stations
are located atmidlatitudes, between35°N and40°N, and covering a longitudinal interval between 7°Wand1°E.

UHU station started operating in April 2014. In addition to 222Rn concentrations, atmospheric dry and wet
deposition and PM10 are measured at this station. The station is located in Huelva city (around 150,000 inha-
bitants), about 10 km from the SW Atlantic coast of Spain (Gulf of Cádiz) and between two rivers (Tinto and
Odiel). Huelva is on the most westerly vertex of the triangle that the Guadalquivir valley defines between
Sierra Morena hills (400 km length; 800mabove sea level (asl) average height) and the Sistema Bético
mountains (800 km length; 1200masl average height). On the eastern side of Huelva city, approximately
1–2 km from the station, there are several phosphogypsum (PG) piles covering an area of 12 km2 [e.g.,
Bolívar et al., 1996, 2002; Hernández-Ceballos et al., 2015].

DEC3 is located on the eastern coast of Spain, within the Ebre River Delta (ERD), which is one of the largest
wetland areas (over 300 km2) in the northwestern Mediterranean region [García et al., 1993], and it is flooded
for most of the year (8–10months). The ERD is a frontier region between the Mediterranean Sea and a region
of rice fields. Strong winds coming from the north of Spain have been observed at this station [Gangoiti et al.,
2002]. DEC3 station is also influenced by sea breeze phenomena mainly during the summer [Martín et al.,
1991]. Atmospheric 222Rn concentrations have been measured at DEC3 since September 2013 together with
CH4, CO2, N2O, and CO. DEC3 was one of the two stations where the comparison exercise between ARMON
and a 222Rn progeny monitor was carried out in summer 2011.

GIC3 is located in the Parque Regional de la Sierra de Gredos at the inner Iberian Plateau and 170 km SW of
Madrid (3.1 million inhabitants). The mountains of Gredos feature the highest mountain range in the E-W
orientated central mountain system that divides the Iberian Peninsula in two parts. Atmospheric 222Rn
concentrations have been measured at GIC3 since December 2012 together with atmospheric concentra-
tions of CH4 and CO2 [Grossi et al., 2014].

The area surrounding GIC3 station is mainly composed of granitic soils. The average radon flux obtained by
Szegvary et al. [2009] and López-Coto et al. [2013] for this region is of 80–100 Bqm2 h�1, almost twice the

Table 1. Main Characteristics of the Spanish Atmospheric 222Rn Stations Included in This Study

Station
Latitude;
Longitude

Altitude
(m asl)

Air Inlet
(m agl)

Type of
Station

Responsible
Institution

Available
Data Range

222Rn Flux (Bqm�2 h�1)
[López-Coto et al., 2013]

UHU 37.27°N; �6.92°W 10 10 City UHU 4/2014 to 12/2015 30–40
DEC3 40.74°N; 0.79°E 0 10 Coastal IC3 9/2013 to 12/2015 30–40
GIC3 40.22°N; �5.14°W 1440 20 Mountain IC3 11/2012 to 12/2015 80–100
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average radon flux over Europe [Karstens et al., 2015]. On the contrary, areas surrounding DEC3 and UHU sta-
tions are mainly composed of sandy soils and modeled 222Rn flux values at these locations range between 30
and 40 Bqm�2 h�1 [Szegvary et al., 2009; López-Coto et al., 2013; Karstens et al., 2015].
2.1.2. Comparison of 222Rn Monitoring Stations
The electrostatic deposition versus single-filter 222Rn detector comparisons were carried out in summer 2011
at two contrasting environments: DEC3 and Kasprowy Wierch (KW). At each location the ARMON and 222Rn
progeny monitors were running simultaneously and sampled the same air over a 7–9 days period in order to
observe different synoptic episodes.

The first comparison study was carried at a continental high-altitude site, at the Kasprowy Wierch station
(49.29°N, 19.98°E; KW blue label in Figure 1, black rectangle) in July 2011. The KW station is located in the
south of Poland, within the High Tatra Mountains. The meteorological observatory hosting the monitoring
station is located on the top of a mountain at 1989masl. The climate of the KW area is typical of a continental
mountainous location, with relatively large diurnal and seasonal variations of temperature, high precipitation
rates, frequent changes of atmospheric pressure, and strong winds [Chmura et al., 2008]. During the field
campaign at KWmost of the time a foggy weather conditions and several episodes of rainfall were observed.
The south of Poland is characterized by high-frequency extreme precipitation events [Łupikasza, 2010].
Particularly, Tatra Mountains record between 816mm and 1721mm of average annual precipitation and
the annual number of days with precipitation ≥1.0mm is between 114 and 188, representing the 30% and
50% of the year, respectively [Niedźwiedź et al., 2014]. The atmospheric 222Rn concentrations are not routinely
measured at the KW station, and both 222Rn monitors were running there only during the comparison study.

The second comparison study was performed in August 2011 at the Spanish DEC3 station described in
section 2.1.1.

2.2. Footprint Analysis

Due to variations in themeteorological conditions, air masses arriving at the stations can be affected by 222Rn
sources of different areas: local and remote. Local and regional footprints influencing 222Rn concentrations
measured at each station have been evaluated by analyzing both observational data and model results.
Local and regional footprints have been analyzed on a seasonal basis grouped as December, January, and
February as winter; March, April, and May as spring; June, July, and August as summer; and September,
October, and November as autumn.

1. The local footprint at each site has been analyzed using the wind data measured at each station (windrose
analysis) on seasonal and on diurnal bases.

2. The regional footprint analysis offers information about the synoptic atmospheric circulation and the influ-
ence of 222Rn remote source regions on 222Rn concentrations variability. The Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (version 4) [e.g., Draxler and Hess, 1998; Stein et al.,
2015] was used to study themain long-range airmasses transport patterns for each station during different
seasons. HYSPLIT was run with meteorological data from the Global Data Assimilation System reanalysis
archive maintained by the Air Resources Laboratory (ARL) available at http://ready.arl.noaa.gov/. A subset
of this data is available from ARL in a format suitable for transport and dispersion calculations using
HYSPLIT with 2.5° global latitude-longitude projection and a temporal resolution of 6 h. Kinematic 3-D back
trajectories in time (72 h)were computed for aperiodof 4 years (2012–2015) twiceperday (at 12:00 UTCand
00:00 UTC), in order to include in the analysis diurnal and nocturnal atmospheric dynamics, and at 500m
above ground level (agl) following Jorba et al. [2004] and Izquierdo et al. [2014]. The footprint analysis was
performed to integrate the results on a seasonal basis.

Although the meteorological inputs used for the HYSPLIT model have a low resolution, this is enough to
study the regional atmospheric circulation and to perform a qualitative analysis of the different source
regions influencing the atmospheric 222Rn concentrations measured at each station during different seasons
[e.g., Chambers et al., 2011; Zimnoch et al., 2014; Chambers et al., 2016]. The time period specified for the back
trajectories (72 h) is related to the distance between source regions and the starting point. Seventy-two hours
was selected because this period is representative enough of the long-range transport in the Iberian
Peninsula as seen by other authors [Jorba et al., 2004; Baeza et al., 2012; Hernández-Ceballos et al., 2013;
Izquierdo et al., 2014].
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2.3. Emission Model for Local 222Rn Sources

The 222Rnfluxmodel developedby López-Coto et al. [2013]was run in thepresentwork to evaluate thepossible
influenceof local sources at each 222Rnmonitoring station. Themodel is basedon the fundamental equationof
222Rn transport in porousmedia, taking into account the dependency of the transport coefficient on tempera-
ture andmoisture content of the soil. This model has been compared with another available 222Rn fluxmodel
and experimental 222Rn flux data over Europe by Karstens et al. [2015]. The aforementioned comparison has
shown that the difference between the two models is about 5–40% for 222Rn fluxes over the Iberian
Peninsula and that it is related to the 222Rn emanation factor assumed for typical soils, the soil moisture input,
and the snow cover information used by each model. In addition, the standard deviation reported by López-
Coto et al. [2013] and calculated over 40 years of retrospective climatology is of about 30%. 222Rn fluxes have
been calculated for this study using simulated soil temperature and humidity parameters obtained from the
Weather Research and Forecasting (WRF) model at 27 km of horizontal resolution and 1 h of temporal resolu-
tion [López-Coto et al., 2013]. 222Rn fluxes were calculated between 2011 and 2014 because WRF simulations
wereonly available for this period. Then, the time series of 4 years of 222Rnfluxes at each stationhavebeenused
to perform a climatological analysis of radon flux variability under different seasons.

It is worth noting that available 222Rn flux models and inventories [Szegvary et al., 2009; Griffiths et al., 2010;
López-Coto et al., 2013; Karstens et al., 2015] do not yet take into account any artificial radon source such as PG
piles. In fact, phosphogypsum, which is a waste product of the phosphoric acid production process, generally
contains high activity concentrations of 238U series elements [Dueñas et al., 2007]. The Huelva PG piles
(12 km2) were included by the European Union in the list of radiological surveillance areas [Dueñas et al.,
2007] because of possible radioactive impact on the atmospheric and aquatic environment, and past studies
have shown activity concentrations between 500 and 1500 Bq kg�1 for 238U series radionuclides. These con-
centrations are 30–50 times higher than in typical unperturbed soils and sediments [Bolívar, 1995, 1996;
Dueñas et al., 2007; Grossi, 2012; López-Coto et al., 2014]. Theoretical work and experimental studies on
222Rn flux at the Huelva PG piles have established values ranging between 50 Bqm�2 h�1 and
750 Bqm�2 h�1 depending on soil humidity and porosity and meteorological conditions [Dueñas et al.,
2007; Grossi, 2012; López-Coto et al., 2014]. These PG piles represent a huge artificial and localized radon
source which is not yet included in any 222Rn flux inventory and could strongly influence atmospheric
222Rn concentrations measured in their proximity under specific environmental conditions [Grossi et al.,
2012; Hernández-Ceballos et al., 2015].

2.4. Comparison of Direct and by Progeny 222Rn Monitors

ARMON detector was compared against single-filter 222Rn progeny monitor. The KW 222Rn progeny device
usually operates at Krakow, which is located 100 km north of KW station [Zimnoch et al., 2014]. This monitor
(henceforth referred to as monitor A) was initially developed at the Institute of Environmental Physics of the
University of Heidelberg, Germany [Levin et al., 2002], and it is based on the α spectrometry of the 222Rn
daughters attached to the atmospheric aerosols and collected on a static quartz glass filter [Porstendorfer,
1994]. This model of 222Rn monitor has been used at several European 222Rn stations since 2002 [Levin
et al., 2002;Weller et al., 2014; Zimnoch et al., 2014]. The 222Rn concentration is calculated assuming a constant
disequilibrium factor (Feq) between

222Rn and 214Po in the atmosphere. Levin et al. [2002] derived a Feq for
214Po/222Rn of 0.704 ± 0.081 for various meteorological conditions through parallel 222Rn gas measurements
with a slow pulse ionization chamber. This Feq value was also used for monitor A in the comparison exercise.
Monitor A, as reported by Levin et al. [2002], is suitable to measure hourly 222Rn concentrations down to
500mBqm�3 with an uncertainty well below ±20%.

The ARMON (henceforth referred to as monitor B) was developed at the INTE-UPC in 2008 [Grossi, 2012; Grossi
et al., 2012; Vargas et al., 2015] and consists of two main modules: a detection volume (20 L) and an acquisi-
tion system for α spectrum analysis. The ARMON performs a direct measurement of 222Rn and 220Rn (thoron)
concentrations based on the α spectrometry of 218Po and 216Po, respectively, on an implanted planar silicon
detector surface and using a high electrostatic field. Sample air is first filtered to remove ambient aerosols
and progeny, and new progeny is able to form as the sampled air mixes within, and passes through, the
20 L detector volume. The positive ions of polonium that are moved to the detector by the electrostatic field
result exclusively from the α decay of 222Rn and 220Rn within the spherical detection volume. Monitor B
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performs hourly measurements of atmospheric 222Rn concentrations with a minimum detectable concentra-
tion of around 250mBqm�3 [Grossi, 2012; Vargas et al., 2015].

3. Results and Discussion
3.1. 222Rn Monitors Comparison

Atmospheric 222Rn records andmeteorological data obtainedduring the twocomparison campaigns that took
place during summer 2011 at DEC3 and KW stations are presented in Figure 2. During the comparison cam-
paigns the measured 222Rn concentrations were ranging between 0.6 ± 0.1 Bqm�3 and 6.3 ± 1.3 Bqm�3.
Althoughbothcomparisonstudieswerenot largeenough foroffering sufficientdata toallowa robust statistical
analysis and to properly constrain the relation between the responses of these two detectors, obtained results
offer interesting insights toqualitatively evaluate the responseofARMONmonitor underunsaturatedandsatu-
rated atmospheric conditions. However, Figure S1 in the supporting information shows the observed correla-
tions between bothmonitors obtained at DEC3 and KW stations during the short comparison campaigns.
222Rn levels observed by both monitors during the days of parallel measurements at DEC3 station (Figure 2,
left column) seem to agree. The mean value and its standard error, obtained at DEC3 station with the radon
progeny monitor A is 2.25 ± 0.09 Bqm�3, compared to 2.29 ± 0.10 Bqm�3 obtained with the radon gas moni-
tor B. During the comparison campaign carried out at DEC3 station, the average ambient temperature was
about 29°C and the relative humidity was always <100%. For situations with low 222Rn air masses arriving
at this coastal station, monitor B and monitor A agreed on minimal observed 222Rn concentration, e.g.,
0.80 ± 0.20 Bqm�3 and 0.99 ± 0.20 Bqm�3, respectively, on 23 August.

Figure 2. Hourly 222Rn concentrations frommonitors A and B and 10min means of meteorological data (temperature, relative humidity (RH), wind speed, and wind
direction) measured at the stations during both campaigns. (left column) DEC3 campaign and (right column) KW campaign. The 6-hourly accumulated rainfall data at
KW station were obtained from Reliable Prognosis website (http://rp5.md/Weather_archive_in_Kasprowy_Wierch). Grey rectangles included in the 222Rn data series
from KW campaign highlight periods of water saturation (100% RH).
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During the comparison campaign at DEC3 (Figure 2, left column), 222Rn concentrations measured by the
monitor B show fast increases that were not observed by the monitor A. On this regard, Levin et al. [2016]
reported a loss of 222Rn progeny within the inlet tube due to the deposition of the aerosol on the internal
walls of the tube. This artifact could lead to an underestimation of 222Rn concentrations measured by the
monitor A. In addition, this loss increases exponentially with the length of the sampling tube and the uncer-
tainty of this correction is strongly increasing with the decrease of the atmospheric activity concentration
[Levin et al., 2016]. This effect can obviously vary with the sampling site because it depends on the length
of the inlet tube, the geometry of the inlet line, and the sampling flow, respectively. The estimation of the
magnitude of this artifact is not included in the aim of the present study which focuses on the response of
the ARMON.

At KW station monitor A showed, for 100% relative humidity (RH) and rainfall episodes with precipita-
tion ≥ 1.0mm, a significant reduction of the measured 222Rn concentrations (Figure 2, right column). One or
both of these conditions were fulfilled over 70% of the available data set. For the remaining 30% of the data
set the agreement of both monitors at KW was comparable to that obtained at DEC3: measured mean 222Rn
concentrations by monitor A and monitor B were 2.26 ± 0.12 Bqm�3 and 2.13 ± 0.12 Bqm�3, respectively.

These previous results are in agreement with results observed by Xia et al. [2010] which compared an one-
filter 222Rn progeny instrument (same type than monitor A) with a two-filter 222Rn progeny monitor [e.g.,
Zahorowski et al., 2004] in a sampling site located in the Black Forest of southwest Germany, during 6months.
They found a good correlation between both monitors except for rainfall episodes. No evidence has been
found in the literature of comparisons performed between 222Rn progeny monitors and direct 222Rn monitor,
based on electrostatic deposition technique, such as the monitor B.

Thanks to the comparison with monitor B, it is also possible to observe that monitor A rapidly recovered
when the relative humidity descended below 100% providing correct 222Rn concentration measurements
(e.g., see in Figure 2 the behavior of both KW 222Rn data series during the night of 30 and 31 July 2011).
The variability of the recovering time for part of the monitor A is not within the scope of this paper, and it
should be further investigated in future and long-term comparison campaigns.
222Rn progenies are very reactive elements, and thus, they get attached to aerosols quickly after they are pro-
duced in the air [Porstendorfer, 1994; Baskaran, 2011]. In a past study from Porstendorfer et al. [2000] it was
observed that the size distribution of the aerosols, (to which 222Rn progenies are usually found to be
attached), can be approximated by the sum of three modes of a lognormal distributions which are differently
effected by weather conditions. In addition, Fujinami [1996] explained how precipitation containing 222Rn
daughters mainly originates from scavenging within the cloud (rainout) and not from that below the cloud
(washout). Finally, Horng and Jiang [2004] found an exponential decay relationship between 222Rn progeny
concentration in raindrops and rainfall rate.

These previous studies indicate that the underestimation of the 222Rn concentrations measured bymonitor A
during KW campaign is probably due to a changing Feq between

222Rn and its 214Po progeny in the sampled
atmospheric air associated with variations in the humid deposition of aerosols with attached 222Rn progeny.

To our knowledge no comprehensive investigation has been carried out yet to fully understand how the type
of rain, its origin, its duration, and its rate affect the variability of the Feq in outdoor air. In addition, the KW
station is located at about 2000masl where the precipitation is usually formed. Thus, the characteristics of
Feq in rain at KW may be quite different from those observed at typical stations located at 0–200m agl.
The scope of the present study precludes a detailed investigation of these relationships, as it is mainly
focused on the performance of ARMON. In addition, the available precipitation data for the monitor compar-
ison at the KW station have a low temporal resolution of only 6 h accumulated totals. However, results pre-
sented in Figure 3 can give first important indications of the relationship between accumulated rainfall
and Feq variations. Actually, Figure 3 helps to better understand the variability of the ratio between the atmo-
spheric 222Rn concentration measured by monitor A (calculated with the constant disequilibrium factor
declared by the manufacturer) and monitor B (RA/B) in relation to the intensity of the rainfall events detected
at KW station during the instrument comparison. An exponential decrease of RA/B is apparent with increasing
accumulated rain, suggesting that the nominal disequilibrium factor between 222Rn and its decay products
could decrease by up to 80% during intense rain events at KW.
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Figure 3 also shows three episodes
where RA/B does not follow in the
observed empirical relationship. For
two of those events the ratio of
observed 222Rn concentrations
remains constant at the previous
slope found at KW station under
water unsaturated conditions
(Figure 2, right column). The first of
these previous events was observed
on 25 July 2011 between 12:00 and
18:00 UTC.Figure2showsan increase
in the wind speed at KW with winds
changing from northerly to south-
easterly. During this 6 h interval a
recoveryof 222Rnconcentrationmea-
sured by the monitor A is observed.
The second case was observed on
26 July 2011 again between 12:00
and 18:00 UTC. In this period wind
direction changes largely between
SW and north and wind speed was
about 3m s�1. Finally, a third event
was observed on 28 July 2011 again
between 12:00–18:00 UTC. Here the
observed RA/B = 0.62 for high accu-

mulated rain of 7mm. The wind direction also in this episode varies between SW and north. All three of these
previous cases can be explained with reference to the studies carried out by Jagielski et al. [1996] and Spurny
[1999],whoobservedaerosolparticles transported to theKWstation fromthevalleysof theTatraMountaindur-
ing diurnal valley-mountain breezes. Indeed, fresh aerosol arriving at the station from the valley could be
attached to222Rnprogenyproducingan increase in theFequsedby themonitorAand leading toanew increase
of the 222Rn concentrations measured by this monitor despite the rainfall.

Summarizing, although data in Figure 3 are not statistically significant to confirm the observed relationship,
this result is quite interesting and it represents an important starting point to be further investigated in future
analyses and long-term experiments.

3.2. Spanish 222Rn Monitoring Stations

In the present section we perform a characterization of the behavior of atmospheric 222Rn measured at the
three Spanish operative atmospheric 222Rn stations.
3.2.1. Modeled 222Rn Fluxes
In Table 2 the seasonal 222Rn flux means of 2011–2014 calculated from hourly estimated 222Rn fluxes data set
are reported for each station. This climatology offers useful information to understand measured atmo-
spheric 222Rn concentrations at each station during the different periods of the year.

GIC3 and UHU stations display sig-
nificantly higher values of 222Rn
fluxes in summer than during other
seasons. This is due to dry soil
ambient conditions registered dur-
ing summer that facilitates the
development of a vertical 222Rn
concentration gradient between
the soil and the free atmosphere
calculated by the 222Rn flux model.

Figure 3. Ratio of 6-hourly mean values of atmospheric 222Rn concentra-
tions measured by monitor A to monitor B (RA/B) in relation with 6-hourly
total accumulated precipitation (mm) at KW station during the comparison
exercise in summer 2011. Black circles: data observed under RH = 100%. Red
line: regression line (continuous) obtained for black data points and 95%
confidence interval lines (discontinuous) without considering the two points
with RA/B ~ 1 and the point with RA/B ~ 0.62 with high accumulated rain (gray
points). Grey lines: slope of the correlation line (continuous) and 95% confi-
dence interval lines (discontinuous) obtained between both monitors at KW
under the hypothesis of offset equal to 0.

Table 2. Seasonal 222Rn Flux (Bqm�2 h�1) Means (Mean Value
± Standard Deviation) at UHU, DEC3, and GIC3 Stations Obtained With the
Model Developed by López-Coto et al. [2013] for the Period 2011–2014

Season

Station Spring Summer Autumn Winter

UHU 19 ± 6 36 ± 11 24 ± 7 17 ± 5
DEC3 30 ± 9 34 ± 10 34 ± 10 31 ± 93
GIC3 89 ± 27 140 ± 42 106 ± 32 73 ± 22
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Themodel reflects thepositive correlationbetween222Rnexhalation fromthe soil andambient air temperature
andanegative correlationwith high soilmoisture observed inpast studies [Nazaroff andNero, 1988;Morawska,
1989;DeMartino and Sabbarese, 1997;Grossi et al., 2011; Kamra, 2015]. In the GIC3 area there is a significant dif-
ference between the calculated high summer 222Rn fluxes, which have an average value of 140 Bqm�2 h�1 for
the reported years, andwinter fluxes, which are typically 50% lower (Table 2) due to thewinter snow layer, pre-
sent at these altitudes, which can prevent the 222Rn exhalation form the soil [e.g., López-Coto et al., 2013].

In the UHU area the average 222Rn flux ranges between 17 and 36 Bqm�2 h�1 for winter and summer, respec-
tively. 222Rn flux values calculated in the area of DEC3 station do not show a significant difference over the
seasons (30–34 Bqm�2 h�1). UHU and DEC3 areas are mainly characterized by sandy soil. Sand presents
low 222Rn concentrations which lead to low 222Rn exhalation rates [Rafique et al., 2011; Grossi et al., 2012].
3.2.2. Footprints Results
3.2.2.1. Local Influence
Windrose plots from each station are presented in Figure 4 split by season and daytime/nighttime.

Windrose plots from UHU station show a high occurrence of northern winds for all the seasons with velocities
up to 5m s�1. These winds seem to be particularly weak during the autumn. Northern winds are also more
frequent at nighttime. They could be due to nocturnal flows coming from the Sierra Morena mountain, at
the north of Huelva, and breeze phenomena occurring over this area during the night as observed by
Hernández-Ceballos et al. [2015]. In contrast, daytime summer and spring windrose plots reflect the arrival
of strong winds at the station, with velocities up to 10m s�1, coming from the southwest in direction of
the Atlantic Ocean, as previously observed at the close El Arenosillo station by Grossi et al. [2012].

DEC3 station is mainly affected by two typical meteorological situations. Strong winds arrive at the station
predominantly during the winter season with velocities up to 25m s�1 in the direction of the Ebre River
(northwest), probably canalized by the watershed. These winds are observed during both daytime and night-
time, and Barros et al. [2003] observed a similar pattern. Another typical situation is wind coming from the
Mediterranean Sea related to sea breeze episodes, as reported by Cerralbo et al. [2015]. Actually, these winds
mainly present NW direction during the night and south direction during the day which can indicate changes
between land-breeze to sea-breeze atmospheric circulations. They are present during all seasons but are
most frequent in summer when the atmospheric mixing in the surface-atmosphere layer leads to a recircula-
tion of the air masses over the flooded and large deltaic area.

The GIC3 high-elevation plateau site is mainly characterized by weak eastern winds coming from the inner
Iberian Peninsula with high frequencies and mainly occurring during the nights when they can reach up to
40% of frequency. These low local winds are related to mountain-valley breeze events due to the presence,
in the southwest of the station, of the Sierra de Gredos mountain (mean height 2000masl). In addition, we
also observe northwesterly winds arriving at the station during all the year and with the highest frequency
in winter, with speeds between 3m s�1 and 10m s�1.
3.2.2.2. Regional Influence
In Figure 5 the regional footprints obtained for each station during the period 2012–2015 are presented. The
frequency of the passage of simulated back trajectories over each grid cell is shown. During winter, the local
influence on the three stations is quite small, atmospheric conditions are real neutral (caused by low insola-
tion and cloudy skies), so air masses tend to come from remote areas due to frontal systems or other synoptic
events. As already observed in the windrose plots presented in Figure 4, in winter DEC3 station is mainly
reached by strong northwestern winds coming from the north of Spain. This is in agreement with the results
observed by other researchers [Barros et al., 2003; Martín et al., 2011].

In summer, the regional footprints of the stations considerably increase in terms of spatial dimension due to
anticyclonic weather conditions. Figure 5 shows that UHU station is reached by air masses that pass over the
south of Portugal, while air masses arriving at DEC3 typically originate from the Mediterranean Sea and from
the south of the Pyrenees. The air masses arriving at GIC3 station in summer often pass over the south and in
the northwest of Spain.
3.2.3. Atmospheric 222Rn Variability
After discussing the seasonal variability of modeled 222Rn fluxes, the dominant local winds, and the regional
footprints of each station, we now present an analysis of the diurnal, monthly, and seasonal variability of
observed atmospheric 222Rn concentrations together with local ambient temperature and relative humidity.
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Figure 4. Windrose plots from UHU, DEC3, and GIC3 stations split by seasons and daytime/nighttime.
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Typical and particular seasonal, as
well as daily, patterns observed at the
stations are highlighted in this section
especially.

In Figure 6, 2 years of hourly 222Rn time
series are presented at each station.
Although the 222Rn concentrations
time series is shorter at UHU station,
it covers more than 1 year of data and
allows investigating the atmospheric
variability of 222Rn at a SW site charac-
terized by a low background 222Rn flux
source and a potentially high 222Rn
flux point source (PG piles) and influ-
enced by Atlantic winds [Grossi, 2012;
Hernández-Ceballos et al., 2015]. In
addition, in Figure 7 composite diurnal
patterns of 222Rn, humidity and tem-
perature, split by season are shown
for each station with 95% confidence
level bands.

The monthly means of atmospheric
222Rn concentrations in Figure 6 show
that at GIC3 station, concentrations
are characterized by a seasonal cycle
with minimum in winter period, when
the radon flux is the lowest one (see
Table 2), and maximum in summer-
autumn period, when highest radon
flux has been calculated. Monthly
means of 222Rn concentrations at
DEC3 and UHU stations do not show
any seasonal cycle, but an increase,
in the monthly radon means, is
observed during autumn-winter sea-
sons. 222Rn concentrations are quite
similar at these two stations, except
during autumn and winter months,
when higher 222Rn concentrations
are observed at UHU station than at
DEC3 station.

Table S1 in the supporting informa-
tion gives a summary of the mean
222Rn concentrations measured at
each station during each season and
over the year with the corresponding
25th, 50th, and 75th percentiles. The
amplitude of their diurnal cycle (A) is
also reported. A is calculated as the
difference between the maximum
and the minimum hourly mean
222Rn concentrations.

Figure 5. Regional footprints of (top) UHU, (middle) DEC3, and (bottom)
GIC3 stations split by season.
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At UHU station the highest nocturnal 222Rn concentrations are observed in autumn. This is not in agreement
with the modeled 222Rn fluxes, given that a mean value of 26 Bqm�2 h�1 was obtained for autumn and
36 Bqm�2 h�1 were calculated for the summer season over the period 2011�2014 (Table 2). In order to
understand these results, it is worth noting that Figure 4 indicates a high frequency of calm conditions
and weak winds coming from the N-NE in autumn. Under calm nocturnal conditions the planetary boundary
layer could be really shallow and this facilitates the accumulation of the exhaled radon from close sources,
such as the PG piles located at a distance of approximately 1–2 km from the station.

Measured and estimated 222Rn fluxes from these PG piles range between 50 Bqm�2 h�1 and 750 Bqm�2 h�1

depending on soil and atmospheric parameters [Dueñas et al., 2007; Grossi, 2012; López-Coto et al., 2014],
whereas the radon flux model by López-Coto et al. [2013] (basically based on geophysical parameters) only
estimated an autumnal 222Rn flux of 26.0 ± 7.8 Bqm�2 h�1 for the 27 × 27 km2 grid cell that includes both
the UHU station and the PG piles. This means that PG piles, occupying a surface of 1.6% of the total simulated
grid cell, could give an additional contribution to the local 222Rn emitted, within the grid cell including the
UHU station, between 0.8 Bqm�2 h�1 and 12 Bqm�2 h�1. Under nocturnal conditions the boundary layer
height at UHU station can reach quite low values under 20m agl [Hernández-Ceballos et al., 2015; Vargas

Figure 6. (top) Hourly time series and (bottom) composite monthly variation, with 95% confidence level bands, of atmo-
spheric 222Rn concentrations measured at UHU, DEC3, and GIC3 stations between 2013 and 2015.
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Figure 7. Composite hourly variation of 222Rn concentrations, ambient temperature (°C), and relative humidity (%) measured at each station (left column) UHU,
(middle column) DEC3, and (right column) GIC3 split by season. Mean values and 95% confidence intervals are presented.
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et al., 2015]; thus, the emitted 222Rn can be accumulated within this layer and significantly increase the mea-
sured atmospheric 222Rn concentrations. In winter, the observed shape of the nocturnal increase of the mean
atmospheric 222Rn concentration measured at UHU station, after sunset and before sunrise, is quite different
to the ones for others seasons. This coincides with the lowest observed temperature (Figure 7) and winds
coming from the north in the direction of the mountain with velocities of 3–5m s�1 (Figures 4 and 5). This
could be associated with katabatic drainage winds arriving at night at the station from the close mountains
and transporting 222Rn to the station.

At DEC3 station winter also presents large variability in 222Rn concentrations and the highest values at night,
although modeled 222Rn fluxes are not the highest during this season (Table 2). Comparing Figures 4 and 7,
this could probably be explained by the fact that air masses arrive at the station from inland regions trans-
porting 222Rn into the deltaic area. This can also be seen in Figure 5 for the winter footprint. In spring, both
222Rn concentrations andmodeled 222Rn fluxes reach aminimum. In this season the DEC3 area is flooded due
to the rice production phase and the water will prevent the escape of the 222Rn from the pores of the soil. In
addition, the soil of the DEC3 area is mainly constituted by sand which is poor in 226Ra and represents a low
radon source [Grossi et al., 2012]. Finally, during this season we also observe humid air arriving at the station
from the Mediterranean Sea (Figure 7), which can be expected to be poor in 222Rn depending on the time
they spent over water bodies before arriving at the station.

Regarding GIC3 station, the high 222Rn flux calculated in summer (about 140 Bqm�2 h�1) is due to dry and
hot atmospheric conditions that promote radon exhalation from the granitic soil. This, together with the shal-
low nocturnal boundary layer driven by strong temperature gradients between day and night that takes
place in mountain areas, explains the high nocturnal 222Rn concentrations observed at GIC3 station in sum-
mer. Summer nocturnal mountain-valley breeze episodes can also guide weak flowing air, rich in radon, to
GIC3 from the surrounding granitic mountains. On the contrary, during the day atmospheric 222Rn is diluted
into the deeper boundary layer and 222Rn measured at the station decreases due to diurnal mesoscale winds
coming from the NW and transporting marine air masses of the Atlantic Ocean (see Figure 5) poor in radon. In
agreement with 222Rn flux results, the mean diurnal cycle at the GIC3 station shows the lowest mean 222Rn
concentration during the winter at nighttime. This is due to low temperature and frozen soil which drastically
reduce 222Rn exhalation from the local sources. In fact, this region is affected by frequent snow episodes in
winter. Furthermore, we observed that the nocturnal 222Rn concentrations at GIC3 station, during winter
and autumn seasons, show a plateau which could indicate that under stable nocturnal conditions and low
atmospheric mixing layer, the height of the nocturnal boundary layer dropped below the 20m agl measure-
ment height. This last result will be object of further investigations.

4. Conclusions and Outlooks

The objective to expand the existing European network of radon observations and move toward harmonized
atmospheric 222Rn data was carried out by the installation of recently improved direct 222Rn monitors
(ARMONs) at three contrasting locations in Spain. Atmospheric radon concentrations were monitored at each
of the three stations using electrostatic deposition detectors that had been calibrated with a 222Rn chamber
as described by Grossi et al. [2012]. The response of the ARMONmonitor, in uncontrolled environmental con-
ditions, was tested by a comparison study with an established one-filter radon progeny monitor, used at sev-
eral European stations.

This new high-quality data will provide amuch needed enhancement of the European network of 222Rnmon-
itoring stations in the hitherto underrepresented area of southwestern Europe. In the present study a com-
plete analysis of these data, including footprints derived from atmospheric transport models and radon
fluxes calculation, has been carried out to understand the main local and regional processes influencing
the diurnal and seasonal variability of atmospheric 222Rn concentrations measured at Atlantic (UHU),
Mediterranean (DEC3), and high-altitude plateau (GIC3) stations of Spain.

For a short period in summer ARMON detector was compared in parallel with single-filter 222Rn progeny
detector at two contrasting locations (coastal DEC3 and mountain KW stations). These comparisons revealed
that both monitors are in agreement except for saturated atmospheric conditions or periods of rainfall, when
the atmospheric 222Rn concentration measured by the progeny monitor seems to decrease exponentially
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with increasing amounts of accumulated rainfall. Unfortunately, the comparison data are not sufficient to
derive statistically significant correlations. However, these results represent an important outcome which
should be further investigated by a long-lasting comparison study including different atmospheric 222Rn
monitors and continuous measurements of aerosol concentrations and meteorological parameters which
will help in the harmonization of European radon data.

The results of this study demonstrate the utility of the ARMON detector and its ability to conduct thorough
investigations on the variability of Feq of radon progeny and their response to rain intensity, type of rain,
and changing aerosol concentrations at different sites. In addition, ARMON could be a reliable 222Rn instru-
mentation option for high-elevation sites, like Kasprowy Wierch, where atmospheric conditions are often
saturated and precipitation surpasses 1mm for more than half of the year.
222Rn data from DEC3 and UHU stations will be useful to improve mesoscale models of sea-land and ocean-
land breeze phenomena, which strongly influence the atmospheric composition and air quality at coastal
cities. In the same way, observational data of GIC3 station will help our understanding of mountain-valley
breeze phenomena important for the improvement of high-resolution transport models. The significant
increase in 222Rn concentrations observed at UHU station under calm conditions confirms results of past stu-
dies about the presence of a strong localized artificial radon source close to the station probably associated to
phosphogypsum piles (PG). This last result will be analyzed more deeply in our future investigations.
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