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ABSTRACT

The correct assessment of the radiological hazard from radon and daughters, external and internal doses, resi-
dence times and equilibrium factors, implies the need to properly determine 222pn (radon), 2*°Rn (thoron) and
their respective short-lived progenies (2'*Pb and 2'“Bi, and 2'2Pb and 2!2Bi, respectively), where the precise
measurements of both progenies are quite complex due to their very short half-lives. In addition, it is important
to study the temporal behavior of all these radionuclides along daily cycles. Therefore, the aim of this study was
to analyze the temporal evolution of radon, thoron and their progenies, and of their activity ratios along daily
cycles for two different meteorological situations (synoptic and mesoscale processes). Radon and thoron were
measured using a radon monitoring system, while their respective progenies were collected onto atmospheric
filters using an ASS-500 sampler, and then measured by gamma-ray spectrometry. Furthermore, the different
relationships between the concentrations of radionuclides and the different meteorological variables of interest
(temperature, ABL height, and speed and direction of the wind) were found. Finally, the atmospheric aerosol
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residence times and Rn daughters’ equilibrium factors were estimated for each sampling carried out along the
two daily cycles, finding results consistent with previous studies.

1. Introduction

Radon (222Rn, T,/,=3.8 d) and thoron (ZZORn, T;/,=55.6s) belong to
238y. and 2*?Th-series, respectively. Radon and thoron are noble gases
produced by decay of >°Ra and ??*Ra, respectively. These gases can
leave the Earth crust either by molecular diffusion or by convection and
enter the atmosphere, where they are distributed by meteorological
processes [1]. Due to its relatively long half-life, radon is widely
dispersed in the atmosphere. On the contrary, the short half-life of
thoron does not allow a large-scale transport. Radon has four short-lived
decay products: 2'8Po (3.05 min), 2!*Pb (26.8 min), 2*Bi (19.7 min),
and 2*Po (164 us). Both polonium isotopes are alpha emitters. Relevant
thoron daughters for dosimetric measurements are 212pp (10.6 h) and
212Bi (60.6 min) [2].

It is well known that radon and its progeny are the main source of
ionization in the lower troposphere, as well as the main natural source of
equivalent dose to the public [3]. Radon and its short-lived radon decay
products contribute up to 50 % of the radiation dose delivered to the
human lung of all natural sources of radiation [2]. The inhalation of
radon decay products depends on their concentrations in air, as well as
on their size. There are two forms of radon decay products: the unat-
tached and attached fractions, whose equivalent diffusion diameters are
0.5-5 nm and 5-3000 nm, respectively [4].

Parameters such as the equilibrium-equivalent concentration of
airborne radon progeny, unattached fraction and equilibrium factor are
among the most important input parameters in dosimetric models to
determine exposure and radiation dose by inhalation [5,6]. The equi-
librium factor (F,q) allows the exposure to be estimated in terms of
(PAEC) from the measurements of radon gas concentration. The F,q is
defined as the ratio of the measured potential alpha energy concentra-
tion (PAEC), which occurs when all radon decay products are in secular
equilibrium with the measured 222Rn [7]. The PAEC is the sum of the
alpha particle decay energy of all the short-lived progeny of radon in a
volume of air (J m~3). In the case of >>?Rn and ?*°Rn progenies, the
equations to calculate their equilibrium factors (Feq(zzan) and
Feq(zzoRn), respectively) are well known and they can be consulted
elsewhere [8]. Thoron equilibrium factor varies significantly even for
the same environment mainly due to wide variations of thoron con-
centration arising from its short-lived nature.

The residence time of aerosols is an important parameter that pro-
vides a measure of how far a released substance to the atmosphere is
deposited on the soils [9]. The residence time can be calculated using the
short-lived 222Rn and 22°Rn progenies assuming steady state between
the production and removal rates and using a box model [10]. In the
case of the 22°Rn progeny, T, can be obtained by means of the
212 /212p, activity ratio [11]. Nevertheless, for the estimation of mean
residence times from 22?Rn progeny, it is preferable using 2'*Pb/??2Rn
activity ratio instead of 21*Bi/21*Pb activity ratio, since the half-lives of
214pi and 214Pb are similar to each other [12].

In addition, radon and thoron have been used as tracers for different
atmospheric processes [1,13,14], hydrogeological and geological pro-
cesses [15] and other environmental applications [16].

Lead-214, 212 and 214.212p; are essential to assess external and in-
ternal doses, radiological hazard, residence times and equilibrium fac-
tors. However, due to their very short half-lives, precise determinations
of these radionuclides are very difficult [11]. Thoron progeny, 2!2Pb and
212B; which dominantly contribute to the equilibrium equivalent thoron
concentration, are beta emitters and can be measured by gamma-ray
spectrometry. Radon daughters, 2'*Pb and 2'*Bi, emit beta particles
and gamma rays with high branching ratios.

Two 24 h sampling cycles with quite different meteorological

situations (mesoscale and synoptic) were selected to analyze the tem-
poral evolution of radon, thoron and their respective progenies. For the
first meteorological situation, mesoscale winds (pure breeze in our case)
were present, and for the second meteorological situation, N/NW syn-
optic winds coming from the Atlantic Ocean were present.

The aim of this work was to develop a high time resolution study (one
measurement every 3 h) to analyze the influence of different meteoro-
logical situations on the concentrations of radon, thoron, and their
progenies, along a typical day under two different meteorological situ-
ations. Specifically, the present study allows quantifying the influence of
several meteorological variables such as temperature (T), wind speed
and direction (WS and WD, respectively), and the height of the atmo-
spheric boundary layer (ABL), on the concentrations of radon, thoron,
and their progenies throughout a daily cycle for the two meteorological
situations.

To the best of our knowledge, this is the first study to thoroughly
address the temporal evolution of radon, thoron and their respective
short-lived progenies outdoors for two complete 24 h sampling cycles,
considering two different meteorological situations, and employing an
ASS-500 for samplings and gamma-ray spectrometry to measure radon
and thoron short-lived progenies. Furthermore, the dependence of the
concentrations of each radionuclide on several meteorological variables
of interest was analyzed for both cycles, and the methodology, which
was employed to determine radon, thoron and their respective short-
lived progenies, was applied to estimate atmospheric aerosol residence
times and Rn daughters’ equilibrium factors, whose temporal evolutions
were also analyzed for both cycles considered in this study. Due to the
very high complexity of carrying out measurements of the radon and
thoron short-lived progenies by gamma-ray spectrometry for a complete
24 h cycle, where their measurements were carried out every 3 h, a day
was selected for each 24 h cycle. Thus, the results obtained in this study
can be generalized to other geographical areas with similar meteoro-
logical situations to those considered in this study, that is, synoptic or
mesoscale processes such as N/NW winds and pure breezes, respec-
tively. Therefore, the results presented in this article on the meteoro-
logical influence on the temporal evolution of radon, thoron and their
short-lived progenies, as well as on the atmospheric aerosol residence
times and Rn daughters’ equilibrium factors, can have a generalized
applicability.

2. Study area description, materials and methods
2.1. Study area

The study area focuses on the city of Huelva, situated in the South-
west of the Iberian Peninsula (Fig. 1a), bordered by the Tinto and Odiel
rivers, close to the Atlantic Ocean and in the mouth of the Guadalquivir
valley. The atmospheric dynamics in this region are characterized by a
combination of synoptic and mesoscale processes. The synoptic airflows
can have both a maritime or continental origin. Regarding maritime air
masses coming directly from the Atlantic Ocean and continental air
masses, they can have a double origin: from the interior of the Iberian
Peninsula or North Africa. In situations with a weak isobaric gradient,
mesoscale processes take place, such as sea-land breezes. In previous
works, two types of sea-land breezes have been identified: i) a pure
breeze, with a wind direction perpendicular to the coastline, and ii) a
non-pure breeze, which results from the flow of the former and North-
westerly synoptic forcing [17]. These two meteorological situations
(N/NW synoptic winds and pure breezes) were selected, based on the
fact that they are very different from each other, which makes it possible
to properly analyze the influence of meteorology on the temporal
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behavior of the radionuclides of interest. Moreover, the two selected
meteorological situations are very representative and typical of the
Huelva province, which has been proved in previous studies carried out
in this region [17,18], which further justifies their selection.

For this study, El Carmen campus (at Huelva province) was selected
as the study area. In addition to the air samplers, the laboratory of de-
tectors is located in El Carmen campus, which allowed carrying out the
measurements of filters as soon as possible after the sampling ended, in
order to precisely measure the short-lived progenies of radon and
thoron. Furthermore, from a meteorological point of view, Huelva
province is characterized by having meteorological situations that are
very different from each other such as synoptic winds and pure breezes.
This is very proper for the analysis of the influence of the different
meteorological situations on the temporal evolution of radon, thoron
and their respective short-lived progenies, as well as on the temporal
evolution of the atmospheric aerosol residence times and Rn daughters’
equilibrium factors. Moreover, due to several studies carried out in
Huelva province [17,18], the meteorological situations typically present
in Huelva province are well known, which is another reason to select
Huelva province as the study area.

2.2. Samplings

Surface air aerosols were collected at El Carmen campus of Huelva
University (37°16°12”’N 6°55°28"’W) in Huelva (Spain). The sampling
altitude was 6 m above the ground. Surface air samples were collected
using a high-volume aerosol sampler, model ASS-500, with flows
ranging from 500 m® h™! to 600 m® h™! (details on ASS-500 sampler in
[19]). Samples were collected with polypropylene filters (44 x 44 cm?),
whose collection efficiency was higher than 93%.

Based on the previous studies in the area [17], two 24 h sampling
cycles with different weather conditions were selected to analyze the
temporal evolution of radon, thoron and their respective progenies. The
first 24 h cycle was from October 7, 2021 at 12:00 UTC to October 8,
2021 at 12:00 UTC, which was characterized by mesoscale processes
(pure breezes). The second 24 h cycle was from November 4, 2021 at
13:00 UTC to November 5, 2021 at 13:00 UTC; in this period, the at-
mospheric dynamics were governed by synoptic airflows coming from
N/NW. For each 24 h cycle, a total of 9 samplings were collected. The
sampling period was 1 h, and the time elapsed between samplings was
2h.

Journal of Hazardous Materials 464 (2024) 132998
2.3. Measuring techniques and quality control

The measurements of 212Pb, 212Bi, 21“Pb and 2!*Bi were carried out
by gamma-ray spectrometry, using an extended range (XtRa) HPGe
detector. The XtRa detector has a relative efficiency of 38.4% at
1332 keV (°°Co) (with respect to a 3" x 3" Nal (T1) detector), a full width
at half maximum of 1.74 keV and 0.88 keV at 1332 keV and 122 keV,
respectively, and a peak-to-Compton ratio of 67.5:1. The XtRa detector
is connected to a device for the data acquisition and the gamma spectra
visualization using the Genie 2000 software [20]. This detector was
shielded with a Fe layer of 15 cm thickness, internally with a thin Pb
layer. A layer of 2 mm thick Cu plate was placed on the top of the Pb
layer to avoid the interferences from Pb X-ray in the obtained gamma
spectra.

For the XtRa efficiency calibration, polypropylene 44 x 44 cm? fil-
ters were used. Certified reference materials (CRMs) provided by the
IAEA (International Atomic Energy Agency), whose codes are RGU-1
and RGTh-1, were selected. They contain only natural radionuclides
belonging to the 2%3U- and 23?Th-series, respectively, whose reference
activity concentrations are 4940(15) Bq kg™! and 3250(45) Bq kg%,
respectively. These CRMs were well mixed and uniformly spread on
three calibration filters, reproducing the same geometry as that of the
sample collection. Then, they were folded with the same dimensions as
those used for the measurements of any problem filter (11 x11 cm?).
Afterwards, they were pressed to obtain a small thickness, avoiding the
need for correcting self-absorption effects when obtaining the full-
energy peak efficiency (FEPE) at energies of interest. Finally, the fil-
ters were inserted into plastic bags and vacuum was applied to keep the
geometrical efficiency constant. Three filters were selected for the effi-
ciency calibration to verify the reproducibility of the efficiency obtained
for each selected energy. The detector was calibrated with the same
radionuclides of interest in this study (*'*pb (352 keV), 214Bi (609 keV),
212py, (238 keV) and 212p; (via 20817 (583 keV)). The detailed procedure
of efficiency calibration of polypropylene filters, as well as the de-
terminations of 212Pb, 212Bi, 214pp and 214Bi, are published elsewhere
[11,21].

For the measurements of 222Rn and 22°Rn, a measurement system
was settled at the same place chosen for the ASS-500 sampler. This
system is based on Atmospheric Radon Monitoring (ARMON), which is
composed of a Passivated Implanted Planar Silicon (PIPS) detector in-
side a 20 L spherical detection volume, establishing a potential differ-
ence of 8000 V between the inner layer of the sphere and the PIPS
detector. In the ARMON system, the PIPS detector detects a-particles
resulting from 2'%Po and 2'®Po decays, from the thoron and radon,

a.

Myt -1 37.31°N

i ElCarmen
Huelva Area -\ ¢ S 4wl 37.28°N
‘ %‘ Z e | 37.25°N

! }Huelva @ :
= %Q ------- - - - 37.22°N
= : :
O N N, - - A T ; ----------------------------------- ------- 37.19°N
S £ ------- N @ 37.16°N
TW_ AT 6.95°W N\ §9°W 6.85°W

Fig. 1. a) Location of Huelva city in Europe. b) Huelva measurement station (El Carmen), Meteorological Observatory and Huelva city area.
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respectively. The ARMON system has a 1 pym filter which is placed at
sphere entrance to trap all thoron and radon daughters, which are
generated before entering this sphere. The minimum detectable activity
concentration (mda) was about 50 mBq m~3 and 200 mBq m~2 for
thoron and radon, respectively. Further information about the ARMON
system employed in this study, its calibration, and its calibration vali-
dation can be consulted in previous studies [22-25].

Quality control of measurements was carried out through partici-
pation in inter-comparison exercises using this type of filters for natural
and artificial radionuclides with satisfactory results. Detailed results on
the inter-comparison exercises can be found in Barba-Lobo and Bolivar
[21].

2.4. Meteorological models and computation of trajectories

The local weather conditions were analyzed with the meteorological
observations obtained in a meteorological observatory located 1.5 km
from the sampling site (Fig. 1b). This station provides surface data of
temperature, relative humidity, pressure, and wind (speed and direc-
tion) with a time resolution of 10 min, which were hourly averaged in
this study for their comparison with radon measurements.

To identify air masses pathways during the two samplings, back
trajectories were computed using the HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model developed by the Air Re-
sources Laboratory at NOAA (National Oceanic and Atmospheric
Administration) [26]. Hourly three-dimensional back trajectories were
used with a 24-h pathway at 100 m a.g.l. ERA5 data reanalysis from the
ECMWEF (European Centre for Medium-Range Weather Forecast) model
was used to calculate the trajectories. ERA fields show a horizontal
spatial resolution of 0.25 degrees and 37 vertical pressure levels [27].
ERAS5 was also used to obtain the atmospheric boundary layer (ABL)
height, in order to determine the stable or unstable vertical conditions
during the samplings.
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3. Results and discussion

This section is also divided into four subsections. The first section
explains each of the analyzed meteorological situations. The second
section analyzes the temporal evolution of radon, thoron and their short-
lived progenies concentrations throughout the daily cycle in each sam-
pling period. The third section explores the relationship between radon
and thoron concentrations and different meteorological variables.
Lastly, the fourth section shows several applications, such as residence
time and radon daughters’ equilibrium factors calculations.

3.1. Weather conditions of the samplings

The temporal evolution of the surface meteorological parameters
registered in each sampling is shown in Fig. 2. The first sampling was
conducted under weak synoptic conditions, which allowed for the
development of a pure breeze pattern, typical of the area [17]. This type
of breeze is characterized by Southwest (SW) winds, of maritime origin,
in diurnal regime, followed by a change of direction towards Northeast
(NE) during nighttime hours, with airflows coming from inland. At the
beginning of the sampling, wind speeds were between 2.5 and 5 m s},
staying under 2 m s~* between 21:00 UTC on October 7 and 9:00 UTC
on October 8, and increasing up to 4 m s~! afterwards. ABL height was
under 450 m during the entire sampling, describing a pattern that was
analogous to that of wind speed, staying under 200 m between 18:00
UTC on October 7 and 9:00 UTC on October 8. Temperature and specific
humidity follow a classical pattern with higher temperatures and lower
humidities at 12:00 UTC, and the opposite situation immediately before
sunrise, at 6:00 UTC in the morning on October 8.

The atmosphere during the second sampling was governed by syn-
optic conditions, i.e., forcing winds from Northwest-North (NW-N) for
most of the day. In this case, wind speeds were around 4 m s~ at 13:00
UTC on November 4, slowly decreasing until reaching 2 m s~! at 18:00

Synoptic NW Conditions
b
2 15 18 21 oo 03 06 09 12
05/11
< -N
.............................. d . \w

Wind Direction

~
~ -

12 15 18 21 00 03 06 09 12

Specific Humidty (g kg~1)

Fig. 2. Temporal evolutions for ABL height (a-b), wind (speed and direction) (c-d), temperature and specific humidity (e-f), under the pure breeze sampling from
October 7-8, 2021 (a, c, e), and for the synoptic NW event, November 4-5, 2021 (b, d, f).
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UTC on November 4, remaining stable until sunrise on November 5 at
around 6:00 UTC. ABL height was significantly higher at the beginning
of the sampling, being above 1000 m from 12:00 UTC to 18:00 UTC on
November 4, and decreasing to a constant level of 300-400 m until 9:00
UTC on November 5. Finally, temperature and specific humidity fol-
lowed a typical diurnal pattern, with higher values for temperature and
lower values for humidity at noon (20 °C and 10 g kg~}, respectively),
and inverted conditions during nighttime (minimum temperature
around 10 °C and maximum specific humidity ~ 17 g kg™).

Note that, in Fig. 2, for the same meteorological variable, the same
scale was selected for both meteorological conditions to carry out the
comparisons adequately. For the other figures (from Fig. 3 to Fig. 8), the
same procedure was followed.

To analyze the origin of the air masses arriving to the study area, the
back-trajectories were computed (Fig. 3). During the first sampling, due
to the development of sea-land breeze, the air masses remained in the
previous 24 h in the local area, which is in line with the breeze pattern
discussed above. Between 24 h and 48 h prior to the sampling, they
reached mainly areas in the Alboran Sea, the Mediterranean Sea, and
some areas around the center of Spain and Portugal. From 48 h to 72 h
prior to the sampling, only some of the trajectories reached the Atlantic
Ocean on the West, most of them still travelling over the Iberian
Peninsula and another group coming from the Mediterranean Sea to the
East.

The second sampling showed classical synoptic forcing conditions,
with most of the air masses coming from the area of the Atlantic Ocean
to the West of the British Islands, thus having a North Atlantic Ocean
origin. These air masses travelled fast, only being over the Iberian
Peninsula for the 24 h prior to the sampling and spending most of the
period of 24-48 h prior to the sampling over the Atlantic Ocean. The last
period of 24 h (48-72 h) was divided into two clear groups: one trav-
elled over Ireland and the other group passed over open sea to the
Western British Islands.

3.2. Temporal evolution of 2?2Rn, 22°Rn and their short-lived progenies

Fig. 4 shows the activity concentrations measured for radon, thoron
and their progenies. For both 24 h cycles, the temporal behaviors of the
progenies of radon and thoron are very similar to those followed by their

Pure breeze event
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respective parents (Fig. 4a and b, respectively), which is in agreement
with the results of previous works [1]. For the first cycle, the concen-
trations clearly reached the maximum values at about 6:00 UTC (41(3)
Bq m’?’, 31.0(7) Bq m~3 and 17.4(4) Bq m~3 for zzan, 214pp and 214Bi,
respectively, and 767(202) mBq m~>, 884(20) mBq m > and 491(22)
mBq m~3 for 2?°Rn, 2'2Pb and 2'%Bi, respectively, where the un-
certainties at 1 sigma level were written between parenthesis). This is
due to the fact that, at 6:00 UTC, the sunrise takes place at Huelva
province in the month of October. At 6:00 UTC, the tendency of the
temperature and absolute humidity changes, as can be observed in
Fig. 3, the sunlight starts to warm the soil and vertical air movement
ensues, allowing for the mixing of radon and its daughters in a greater
volume of air [28]. Tables A.1 and A.2 in Supplementary Material
(Appendix A) provide detailed information about the activity concen-
trations obtained for 22°Rn-progeny and 222Rn-progeny, respectively,
corresponding to the first sampling cycle.

However, in the case of the second cycle (synoptic NW), the temporal
evolution of radon, thoron and their progenies follows the typical daily
behavior, although reaching lower values than those found for the first
cycle (pure breeze). The maximum activity concentrations reached for
the second cycle are much lower than those obtained for the first cycle
(about 3 and 4 times lower for 22’Rn-progeny and 22°Rn-progeny,
respectively). This result could be related to the origin of the air masses,
since, under pure breeze conditions, the air masses spent longer times in
the local area, allowing for the enhancement of radon concentration,
whereas, under synoptic NW, air masses travelled quickly from the
Atlantic Ocean, spending most of their time above the sea without a
radon source nearby. Tables A.5 and A.6 in Supplementary Material
(Appendix A) show detailed information about the activity concentra-
tions obtained for 22°Rn-progeny and 2?Rn-progeny, respectively, for
the second sampling cycle.

Regarding the activity ratios found for each 24 h cycle, it is possible
to observe that, for each couple of radionuclides, their activity ratios
were relatively stable throughout the entire 24 h cycle. This means that
the secular disequilibrium found for each couple of radionuclides
remained almost constant regardless of the different values obtained for
the meteorological variables. For radon and its progeny (Fig. 5a), the
average 214pp /222Rp activity ratios were found to be 0.61(3) and 0.70(2)
for pure breeze and synoptic NW conditions, respectively, where the

Synoptic NW event
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Fig. 3. Hourly back trajectories computed with HYSPLIT model using ERA5 meteorological fields with 24 h pathways at 100 m a.g.1 from October 7-8, 2021 under
pure breeze event (a) and from November 4-5, 2021 under synoptic NW event (b).
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at 1 sigma level.
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standard deviation of the mean is expressed between parentheses. Their
relative uncertainties were 5% and 3%, respectively, indicating that the
214ph,/222Rn activity ratios remained stable during both cycles. In the
case of 214Bi/214Pb, the average activity ratios were 0.55(4) and 0.44(3)
for pure breeze and synoptic NW conditions, respectively, with a relative
uncertainty of 7% for both cases.

Consequently, it is also possible to observe that the behavior of
214 /214pp did not show significant variations for any of the cycles. This
result could be expected, since, during each of the 24 h sampling cycles,
the air mass stayed in the area (Fig. 3) and, consequently, disequilibrium
between the different couples of radionuclides remained almost con-
stant during both sampling periods. Regarding the comparison of the
activity ratios obtained for the different meteorological situations, these
were not statistically compatible. In order to compare the activity ratios
between the sampling periods, a t-paired test was performed. The |t-test|

Pure breeze event
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values obtained for 2*Pb/???Rn and 2'*Bi/?1*Pb activity ratios were 3.4
and 2.9, respectively, while the critical t-test was 2.3 (significance level
of 5%, 8 degrees of freedom) for both activity ratios. Consequently, the
activity ratios obtained during each cycle were significantly different at
5% level. This could be due to the different origin and paths of the air
masses arriving to the sampling site for each meteorological situation.
Therefore, the sources of radionuclides feeding these air masses also
differ, leading to different degrees of disequilibrium between them.

In the case of thoron and its progeny (Fig. 5b), similar results were
obtained. For the 212Pb-22°Rn couple, their average activity ratios were
1.7(6) and 0.7(2) for pure breeze and synoptic NW conditions, respec-
tively, whose relative uncertainties were 35% and 29%, respectively.
These high relative uncertainties are due to the complexity of measuring
thoron outdoor levels. However, as is shown in Fig. 4, 22Rn-progeny
follows the same behavior as 222Rn-progeny, which can be corroborated

Synoptic NW event
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boundary layer (c, d), wind direction (e, f), and wind speed (g, h) for the pure breeze event (a, c, e, g) and the synoptic NW event (b, d, f, h).
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with other studies [29]. Therefore, for the same 24 h cycle, the secular
disequilibria between 22°Rn and 2'?Pb can be assumed to be also very
stable. For the 212Bi-212Pb couple, the average activity ratios were 0.54
(5) and 0.39(4) for pure breeze and synoptic NW conditions, respec-
tively, whose relative uncertainties were 9% and 10%, respectively. This
is in line with the results shown in Fig. 5a, indicating the feasibility of
considering that the 212Pb/?2Rn activity ratio remains almost constant
during both samplings cycles.

When comparing the activity ratios of 222Rn-progeny radionuclides
between both cycles through the t-paired test, the values obtained for
212pp, /220Rn and 2'2Bi/?'%Pb activity ratios were 1.6 and 3.5, respec-
tively, whereas the critical t-test was 2.3. In the case of the 22Pb-?2°Rn
couple, the fact that the t-test value was lower than the critical value
could be due to the relatively high standard deviation obtained for this
case. Applying the F-Fisher test to analyze the statistical compatibility
between the variances of the 2!2Pb-22°Rn couple at 5% significance
level, Fisher’s F was 12.9 for the 2'2Pb/??°Rn activity ratios, whereas
critical Fisher’s F was 3.4. Therefore, for the same couple of radionu-
clides, the activity ratios obtained for both cycles were not statistically
compatible, which is consistent with the findings of the 2?2Rn-progeny.

3.3. Radon behavior with different meteorological variables and
conditions

To analyze the behavior of the radon and thoron daughters versus the
most significant meteorological parameters, a Principal Component
Analysis was conducted, with the correlation matrix being included in
Tables B.1 and B.2 (in Supplementary Material, Appendix B). In these
tables, the significant correlation coefficients with p-values < 0.05 are
shown in bold letter.

Significant correlation coefficients were found for temperature with
radon and thoron progenies, with negative correlations for both 24Pb
and 212Pb (r = - 0.83 and - 0.63, respectively). This could be due to the
fact that temperature is generally lower during the night, the ABL height
decreases and, therefore, the dispersion of radon and thoron also de-
creases. As can be observed in Fig. 6, in each of the meteorological
conditions, the concentrations of these radionuclides increase during the
night, leading to concentrations that are one order of magnitude higher
than those obtained during the hours corresponding to the highest
temperatures.

With respect to wind direction (WD), two sets of concentration
values were observed under pure breeze conditions (see Fig. 6). The first
group, with the highest concentrations for the sea breeze situation,
corresponds to WD = 0-45° (wind from the North, inland), and low
wind speed (WS). The second set (lowest values) is given for WD
= 180-270° (Southwest or offshore wind), with winds coming from the
Atlantic Ocean and, consequently, with lower radon concentrations.
Nevertheless, during the synoptic NW event, a wind coming from the
Northeast to the North is present (315-360°, inland in every moment),
which is very uniform and contains low radon and thoron progeny
concentrations, regardless of the wind speed (WS).

It is worth noting the role of the atmospheric boundary layer (ABL), a
parameter that indicates the air mixing vertical height. As can be
observed in Fig. 6, the lower the ABL height, the higher the radon and
thoron daughter concentrations, since the exhalated radon from the
surface soil is accumulated in a smaller air volume.

Finally, for further validation of the uniformity of the different ac-
tivity ratios obtained for the same sampling cycle (see Section 3.2,
Fig. 5), a correlation analysis was also carried out for the different
couples of radionuclides. Thus, very high correlation coefficients be-
tween both 2?’Rn and ?*°Rn daughters were found (> 0.90) for both
daily cycles. Therefore, for 22Rn progeny and cycle 1, the following
fittings were found:

214pp = (0.65 + 0.04)-*’Rn — (0.5 + 0.9) (R® = 0.97) 1)
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214Bi = (0.36 + 0.03)->*’Rn — (0.3 £ 0.7) (R® = 0.94) )
2I4Bi = (0.56 £ 0.02)-2"Pb — (0.1 £ 0.3) (R = 0.990) 3)
212Bj = (0.548 + 0.014)->'?Pb — (2 + 6) (R? = 0.996) 4)

The fittings found for cycle 2 were:

24pp = (0.74 + 0.06)-22Rn — (0.3 + 0.6) (R® = 0.95) (5)
2I4Bi = (0.30 £ 0.04)->*’Rn - (0.0 + 0.4) (R*> = 0.90) (6)
2I4Bi = (0.42 £ 0.03)2"Pb — (0.1 £ 0.2) (R = 0.96) )
2128 = (0.28 + 0.06)-2'%Pb — (2 + 6) (R? = 0.8) (8)

The ordinates were statistically compatible with 0 for the four fit-
tings at each meteorological cycle. In addition, for the great majority of
the fittings, the relative uncertainties of the slopes were found to be less
than 10%. Therefore, the stability of the activity ratios found in Section
3.2 (Fig. 5) is completely proven. The plots of these fittings are included
in Supplementary Material (see Figs. B.1 and B.2 in Appendix B). Dis-
similar disequilibria (slopes of the fittings) between radon daughters for
both daily cycles were found, which is in agreement with the statistical
tests previously shown in Section 3.2.

3.4. Applications

Mean aerosol residence times (T,) and Rn daughters’ equilibrium
factors (F,q) were estimated based on the methodology developed by
Barba-Lobo et al. [11] to precisely measure the short-lived progenies of
radon and thoron through gamma-ray spectrometry. In Sections 3.4.1
and 3.4.2, the temporal evolutions of T, and F,, are analyzed for both
24 h cycles considered in this study.

3.4.1. Aerosol residence times

The temporal evolution of T, estimated from 2'Pb/???Rn and
212g; /212pp activity ratios (T?'* and T?%2, respectively) is depicted in
Fig. 7. The methodology used to estimate T21#, T212 and their respective
uncertainties can be found in Barba-Lobo et al. [11].

Thus, for each 24 h cycle, T2 values were found to be very stable
along the entire cycle, achieving average T,Z1 40f1.25(14) hand 1.9(3) h
for pure breeze and synoptic NW conditions, respectively. This can be
proven by means of the relative standard deviation of the mean for T?!*
for each case, which were 11% and 16%, respectively. This is in line with
the behavior of the activity ratios of 22?Rn-progeny previously analyzed
in Section 3.2. This agreement could be expected due to the relationship
between T2 and the 2!*Pb/???Rn activity ratio. Furthermore, for the
synoptic case, a maximum of T2# can be clearly observed at 7:00 UTC.
This could be explained by using the 2'*Pb/???Rn activity ratio (see
Fig. 5b), whose value was about 0.85 at that time, which is quite higher
than the average value found for the 2'*Pb/?2?Rn activity ratio in the
synoptic case (0.70(2), see Section 3.2). Consequently, given that Tf” is
directly proportional to the 2'*Pb/222Rn activity ratio [11], a notable
maximum of Trz” was observed. However, the uncertainty of Tf” is
relatively high for this case, making this T?!* value statistically
compatible with the other T?# values found for the same cycle. This is in
agreement with the results previously obtained in Sections 3.2 and 3.3,
where, for the same cycle, a clear stability was found for the activity
ratios of the different couples of radionuclides.

In the case of T?'2, analogous results were obtained, finding average
Tflz of 2.1(4) h and 1.03(19) h for pure breeze and synoptic NW con-
ditions, respectively, which have a relative uncertainty of 19%. This is
consistent with the behavior found for the 212Bi/212pb activity ratio (see
Section 3.2).

In addition, the T2 and T?!2 values found in this study are in line
with those achieved in a previous work [11], where Tr214 and Tflz were
also ranged from 1 h to 3 h.

See Tables A.3 and A.7 (in Supplementary Material, Appendix A) for
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Fig. 7. Residence times (T;), for *'?Bi/?*?Pb (T?'?) and ?'*Pb/**?Rn (T?'*) obtained by using the box model for the pure breeze event (a) and the synoptic NW

event (b).

further information about both residence times (7?12 and T?'#) obtained
for each sampling carried out during the first and second 24 h cycle,
respectively.

3.4.2. Radon daughters’ equilibrium factors

Radon daughters’ equilibrium factors and their uncertainties (Fig. 8)
(Feq) for radon and thoron daughters (Feq(222Rn) and Feq(zzoRn),

Pure breeze event

respectively) were obtained along the two 24 h cycles, by applying
equations provided by Barba-Lobo et al. [11].

For the pure breeze and the synoptic NW events, the average (*°Rn)
was 0.55(2) and 0.581(19), whose relative standard deviations were 4%
and 3%, respectively. Therefore, for the same 24 h cycle, Feq(zzan) did
not have a significant temporal dependence along the entire cycle. This
is consistent with the stability found for the different activity ratios

Synoptic NW event
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Fig. 8. Equilibrium factors (F,) for 222Rn (a, b) and 22°Rn (c, d) for the pure breeze event (a, ¢) and the synoptic NW event (b, d).
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studied in Section 3.2, since Feq(ZZZRn) is directly proportional to the
activity ratios of 2'*Pb and 2'*Bi with 22?Rn.

Regarding Feq(zzoRn), the average Feq(zzoRn) measured during the
pure breeze and the synoptic NW events was 1.6(5) and 0.67(15),
respectively. For Feq (??°Rn), relatively high uncertainties were obtained
for both cases (31% and 22%, respectively). However, these deviations
from the averages are caused by the complexity of the 2°Rn measure-
ment, and they are not due to a significant temporal dependence of
Feq(zzoRn). This is in line with the 212Pb/??°Rn activity ratios (see Sec-
tion 3.2), since, in order to calculate Feq(ZZORn), the 2'?Pb/?2°Rn activity
ratio is the most relevant term of the Fq (*?°Rn) equation. Consequently,
Feq(zzoRn) and the 2'2Pb/??%Rn activity ratio follow a very similar
behavior.

In addition, all the values obtained for Feq(zzan) and Feq(ZZORn)
were statistically compatible with < 1, which is consistent with the
findings of previous works [11,30-32]. Furthermore, in the case of the
pure breeze process, the average Feq(zzan) of 0.55(2) agrees well with
that achieved by Barba-Lobo et al. [11], 0.620(18). In addition, for the
pure breeze situation, the average 214p; /214py activity ratio was 0.55(4)
(see Section 3.2), which also agrees well with that obtained by
Barba-Lobo et al. [11], 0.50(3). This is consistent since when carrying
out the air aerosol samplings shown in Barba-Lobo et al. [11], the
meteorological condition present was also of breeze process type. The
wind direction and speed found for the meteorological situation present
for the samplings carried out by Barba-Lobo et al. [11] followed the
same patterns than those found by Adame et al. [17], where a pure
breeze process was also considered. See Fig. C.1 (in Supplementary
Material, Appendix C) for further information about the temporal evo-
lution of the wind direction and speed corresponding to the meteoro-
logical situation present for the samplings carried out by Barba-Lobo
etal [11].

See Tables A.4 and A.8 (in Supplementary Material, Appendix A) for
further information about both Rn daughters’ equilibrium factors
(Feq(ZZZRn) and Feq(ZZORn)) obtained for each sampling carried out
during the first and second 24 h cycle, respectively.

4. Summary and conclusions

The central aim of this study was to analyze the temporal evolution
of radon, thoron and their respective progenies along daily cycles for
two different meteorological situations (pure breeze and NW synoptic
events). In addition, the atmospheric aerosol residence times and Rn
daughters’ equilibrium factors were analyzed for each sampling carried
out along the two daily cycles.

The following main conclusions were drawn from this study:

1. Significant differences in concentrations of radon, thoron and their
progenies were found between the two meteorological situations.
These differences were explained by using the different values
reached by the meteorological variables of interest (T, ABL height,
WS and WD), obtaining much higher concentrations of these radio-
nuclides for the pure breeze event.

2. Negative correlations were found between T and the concentrations
of radon, thoron and their progenies.

3. Then, in the case of WD, two sets of concentrations of radionuclides
were found for the pure breeze event: 1. WD = 0-45° (inland), for
which the highest concentrations were found; and 2. WD
= 180-270° (offshore), for which the concentrations were lower.
However, in the case of the synoptic event, only a single set of con-
centrations was found, since WD = 315-360° (i.e., inland in every
moment).

4. For each meteorological situation, the activity ratios of the different
couples of radionuclides remained very uniform during the same
sampling cycle. However, these activity ratios were significantly
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different (p = 0.05) between both meteorological situations which is
consistent as proven in this study.

5. The aerosols residence times (T,) based on radionuclides activity
ratios obtained for both meteorological situations were ranged from
1 h to 3 h, which is consistent with previous studies. Then, the T,
estimated for each sampling were similar to other T, obtained for the
same sampling cycle, while they were statistically not compatible
between the two different meteorological situations. This is in
agreement with the results found for the activity ratios during both
daily cycles. In the case of the Rn daughters’ equilibrium factors,
they were statistically compatible with < 1 for all the cases, as
expected.
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