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Abstract: Radon is a natural and radioactively well-known carcinogenic indoor air pollutant. Since
2020, a radon short-term proactive methodology has been proposed by Swiss authorities, which
aims to evaluate the probability of overpassing the national reference value. This study aims to
assess the influence of different weather parameters on indoor radon levels monitored using this
methodology. To this end, different statistical tools are used, such as correlations, auto-correlations,
cross-correlations, and multiple linear regressions between meteorological parameters and indoor
radon levels. We show a strong influence of weather conditions on indoor radon levels in occupied,
but especially unoccupied spaces. Outdoor air temperature, followed by atmospheric pressure, was
identified as the most significant parameter impacting indoor radon levels. Moreover, meteorological
conditions monitored five days prior to the beginning of the radon measurements might affect radon
levels. We come to the conclusion that it is of paramount importance to take these meteorological
conditions into account when analyzing the results of short-term measurements, and more specifically,
to consider the evolution of the weather conditions five days prior to the radon measurement. This
paper helps to ensure the relevance of this short-term measurement method available in Switzerland.

Keywords: radon; indoor radon levels; meteorological parameters; short-term measurements;
Switzerland; statistical analysis; public health

1. Introduction

Nowadays, the western population lives close to 90% indoors [1,2]. Furthermore,
the indoor environment may often be more polluted than the air outside, depending on
the pollutant released and potentially locked inside [1–3]. Thus, studies about indoor
environments and air quality to assess human health exposure to a number of pollutants
deserve attention. Among the harmful pollutants present indoors, radon is a natural
and radioactive noble gas, unperceivable by human senses, which is a major concern in
Switzerland [4–7]. Radon gas is colorless and odorless, consequently undetectable by
our senses, which makes it hazardous for inhabitants [7,8]. Moreover, public awareness
about radon gas and its potential risks remains low: Federal Office for Public Health in
Switzerland (FOPH) underlines a strong need for action in the National Action Plan during
the period ranging from 2021 to 2030. The awareness of the existence of such a gas rose
from 32% to 55% between 1995 and 2019 [7,9]. However, among these 55%, a quarter of
them still thought that radon was not an issue for human health [7].

In Switzerland, official radon monitoring consists of a yearlong passive measure-
ment or at least a three-month passive measurement during the indoor heating period
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(October–March). Measurements must be carried out in at least two living spaces and, if
possible, in the basement with approved passive sensors [10].

If it is not possible to wait for an official measurement, which is often the case during
real-estate handover or before a remediation, a radon short-term active methodology
has been proposed by FOPH since 2020 [11]. This methodology does not provide any
official measurements. However, it aims to estimate the probability of exceeding the actual
reference value of 300 Bq/m3 in the building under normal living conditions. As for the
official passive measurement method, at least two living spaces must be investigated, and
an additional third unoccupied space is therefore recommended to be analyzed. Approved
by METAS (Swiss Federal Office of Metrology) and calibrated, active sensors need to be
used for at least 120 h, including a week-end when possible.

Given that this procedure can be carried out throughout the year, some specific condi-
tions must be fulfilled during the whole measurement period. Environmental conditions
(i.e., weather and geology) have to be combined in such a way that they enhance radon
entry into the building. The building must be under-pressurized (artificially or not, de-
pending on the season) for at least 80% of the measurement. For that purpose, a slight
depression ranging from 0.5 Pa to 4 Pa is applied in order to prevent indoor radon dilution
by enhancing air entry from the building envelope. This implies that occupants should
keep doors and windows closed as much as possible. The aim is to reproduce indoors the
impact of winter thermal conditions at any time of the year.

Radon levels time series monitored during at least 120 h are subsequently analyzed
following the methodology shown schematically in Figure 1. This results in a three-category
classification.

• Green: Building’s indoor radon concentration potential is low. The probability of ex-
ceeding the national reference threshold value (300 Bq/m3) is deemed not significant.

• Yellow: Building’s indoor radon concentration potential is at a medium level. The
probability of exceeding the national reference threshold value (300 Bq/m3) can no
longer be excluded.

• Red: Building’s radon indoor concentration potential is high. The probability of
exceeding the national reference value of 300 Bq/m3 is therefore significant.

Indoor radon gas concentration is influenced by many factors, such as the local
geology [5,12,13], the weather conditions [4,5,12,14], the building characteristics, and the
occupants behaviors [3,5,15]. Although the influence of inhabitants’ behaviors might be
neglected during short-term measurements due to the governing weather conditions that
must be reached (e.g., depressurization), other household habits might not. Moreover,
geogenic radon potential and building characteristics remain constant at the scale of the
measurement duration. Consequently, only the weather may vary in the short term, thereby
influencing movement of radon from the ground. Thus, individual meteorological parame-
ters impacts on radon levels have been investigated to a certain extent by different authors
for decades [4,5,12,14,16–25]. Weather conditions might strongly impact indoor radon
levels (IRL) in Switzerland, particularly temperature, wind, and precipitation [5]. Analyz-
ing and quantifying this influence is a key-point to better characterizing the population’s
exposure to radon gas.

Among the different objectives of this study, we aim to ensure the reliability of the
radon short-term measurement methodology, which aims to assess the risk of overpassing
the national reference value in normal occupation and using conditions within the building.
Based on prior studies, we identified meteorological parameters as a crucial influencing
factor in IRL. The purpose of the present paper is to explore the time scale on which
meteorological parameters’ influences might be felt, thus disrupting the measurement. This
would consequently help to improve the reliability of the sanitary evaluation of the real
investigated estate. Ideally, radon short-term measurements should be compared with
official passive measurements in order to validate the methodology.
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In this paper, the impacts of the evolution of a number of meteorological variables on
radon time series monitored during short-term periods are investigated. This study aims
to answer these research questions: how do meteorological parameters influence indoor
radon measurements monitored during a short-term radon measurement methodology?
Do meteorological conditions prior to the radon measurement periods influence indoor
radon concentrations in the short term? Does a lagged correlation exist between IRL and
meteorological parameters? Which investigated indoor space is most influenced by actual
and past meteorological conditions? Are there significant differences in terms of influence
due to meteorological conditions among the different buildings? Finally, do building
characteristics modulate or not the impacts of past or actual weather on IRL?

Based on a sample of twelve short-term measurements made in Switzerland, different
statistical analyses were carried out in order to shed light on these research questions.

Short term radon measurement
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floor
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Bq/m3

Occupied
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Figure 1. Federal Office of Public Health’s scheme provided to analyse and classify the measurements
obtained in a building. This Swiss official document is available in three national languages, i.e.,
German, French and Italian [11], and translated in English by the authors.

2. Materials and Methods
2.1. Dataset Description

Since its endorsement by the Swiss federal authorities in 2020, indoor radon gas short-
term measurements have been carried out by approved measurement services. This paper
is based on thirteen anonymized occurrences of the short-term measurement methodology
described in Table 1. Radon levels were measured by Radonmappers [26], which are sensors
accredited by METAS. These sensors measure radon every minute using a scintillation cell
and are able to monitor radon levels up to 3,000,000 Bq/m3. Monitored radon levels never
exceed this value (maximum registered was 187,000 Bq/m3 in ORI, cf. Table 1).
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Table 1. Depiction of the location of the investigated radon short-term methodology.

Code Municipality Canton 1 Area Met. Station 2 Dist. to Station 3 Period 4

ABB 5 L’Abbaye VD Jura Charbonnière 3 Summer 2020
ENN 5 Enney FR Prealps Marsens 10 Autumn 2021
SOR 6 Sorengo TI Southern Alps Lugano 2 Winter 2018
ORI 6 Origlio TI Southern Alps Lugano 6 Winter 2019
CLA 6 Claro TI Southern Alps Biasca 10 Winter 2020
PED 6 Pedrinate TI Southern Alps Stabio 7 Spring 2020
ROV 6 Roveredo GR Southern Alps Grono 4 Summer 2020
MEN 6 Mendrisio TI Southern Alps Stabio 6 Autumn 2020
AGN 6 Agno TI Southern Alps Lugano 6 Summer 2021
ORG 6 Origlio TI Southern Alps Lugano 6 Winter 2023
ENY 5 Enney FR Prealps Marsens 10 Spring 2022
COU 5 Courtedoux JU Jura Fahy 8 Winter 2020
STL 5 St-Légier VD Plateau Vevey 5 Spring 2022

1 Swiss canton: VD: Vaud; FR: Fribourg; TI: Ticino; GR: Gräubunden; JU: Jura. 2 Closest meteorological station
where data were collected. Distances were rounded to the upper value in km. 3 Distance in km to the closest
MeteoSwiss meteorological station [27]. 4 Period refers to meteorological seasons: Winter: December, January,
February; Spring: March, April, May; Summer: June, July, August; Autumn: September, October, November.
5 Short-term measurements carried out by the Western Switzerland Center for Indoor Air Quality and Radon
(croqAIR). 6 Short-term measurements carried out by ECONS SA (Via Stazione 19, 6934 Bioggio, Switzerland).

2.1.1. Building Characteristics

Table 2 describes the main overall characteristics of each investigated building. These
levels of detail allow for the interpretation of the results of this study while guaranteeing
the anonymity of the investigated buildings.

Table 2. Characteristics of the different investigated buildings.

Code Type Age 1 Floor Occupied I Occupied II Unoccupied

ABB Old farm <1919 4 Sleeping room Sleeping room Basement
ENN Detached house 2015–2020 2 Sleeping room Office Laundry room
SOR Attached house 1981–1985 2 Living room Sleeping room Basement
ORI Detached house 1946–1960 2 Living room Sleeping room Basement
CLA Detached house 1996–2000 2 Living room Sleeping room Basement
PED Detached house 1991–1995 2 Living room Sleeping room Laundry room
ROV Detached house 1961–1970 2 Living room Sleeping room Basement
MEN Attached house 2001–2005 2 Living room Sleeping room Laundry room
AGN Detached house <1919 2 Living room Kitchen Basement
ORG Detached house 1991–1995 2 Living room Sleeping room Basement
ENY Detached house 1981–1985 3 Living room Sleeping room Laundry room
COU Detached house 2011–2015 2 Sleeping room Office Laundry room
STL Attached house 1961–1970 2 Sleeping room Sleeping room Basement

1 The age of the building refers to the building period defined by Switzerland Federal Register of Buildings and
Dwellings [28].

2.1.2. Meteorological Parameters

Weather data were uploaded from the Meteoswiss portal IDAWEB [29] for meteoro-
logical stations closest to the study sites. Table 3 summarizes the meteorological parameters
investigated in this study.

Although meteorological stations are numerous and widely spread across Switzerland,
not all the listed parameters are measured routinely at all stations. Table 4 depicts their
availability at each study site. At least three out of the five parameter categories (tempera-
ture, moisture, pressure, and wind) are made available. Since meteorological stations and
study sites are located at different altitudes, we uploaded atmospheric pressure at both
the surface and normalized pressure at sea level. This might ensure a fairer comparison
between sites.
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Table 3. Description of investigated meteorological parameters.

Parameter Category Unit Description

Temp_mean Temperature °C Hourly mean air temperature measured 2 m above the ground
Temp_max Temperature °C Hourly max. air temperature measured 2 m above the ground
Temp_min Temperature °C Hourly min. air temperature measured 2 m above the ground
Hum_mean Moisture % Hourly mean air relative humidity measured 2 m above the ground
Prec_sum Moisture mm Hourly sum of precipitation
Pres_sta Pressure hPa Hourly mean air atmospheric pressure at the station altitude
Pres_std Pressure hPa Hourly mean air atmospheric pressure standardized at sea level
Pres_dif Pressure hPa Atmospheric pressure variation during the three last hours
Wind_spe Wind km/h Hourly mean wind speed
Wind_dir Wind ° Hourly mean wind direction
Wind_max Wind km/h Hourly max wind gust speed

Table 4. Availability of meteorological parameters at each study sites: “X” available and “X” not
available.

Parameter Charbonnière Marsens Lugano Biasca Stabio Grono Fahy Vevey

Temp_mean X X X X X X X X
Temp_max X X X X X X X X
Temp_min X X X X X X X X
Hum_mean X X X X X X X X
Prec_sum X X X X X X X X
Pres_sta X X X X X X X X
Pres_std X X X X X X X X
Pres_dif X X X X X X X X
Wind_spe X X X X X X X X
Wind_dir X X X X X X X X
Wind_max X X X X X X X X

2.2. Data Preprocessing

For each study site, radon and meteorological data needed to be preprocessed. In
a first step, radon concentration time series have been imported and processed in the
software R (version 4.3) [30]. Since radon datasets come from different research laboratories
(cf. Table 1), they had to be cleaned by identifying gaps set as “Na” values. Furthermore,
the radon data were arranged in order to fit a common standard. This standard aims to
provide the uniformity required to analyze different datasets coming from different sources.
Furthermore, the frequency of radon data has been aggregated into an hourly frequency
time series. Finally, radon and meteorological data were merged for each study site.

2.3. Statistical Analysis

Different statistics were used to assess the influence of meteorological parameters on
radon levels monitored during the short-term measurement methodology. In the following
sections, each statistical method implemented on datasets is described.

2.3.1. Autocorrelations and Correlations

First, the auto-correlations of the radon time series allow us to assess the recurrent
patterns and periodic signals within the time series. These were quantified using Pearson
correlation coefficients. Furthermore, a Pearson correlation coefficient matrix was calculated
between meteorological parameters and the radon time series. These matrices were sorted
according to a hierarchical clustering method, which helped to identify similarities and
dissimilarities among the different indoor spaces investigated under the outdoor weather.

2.3.2. Cross-Correlation

Cross-correlations were calculated between each meteorological parameter and the
radon time series. Past month meteorological data prior to the radon measurements were
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used to determine these. This allowed us to assess the statistical link between lagged
meteorological conditions and actual IRL.

2.3.3. Multiple Linear Regression

Finally, multiple linear regressions were used to assess the part of the variance due to
meteorological parameters for each occupied and unoccupied space. Available meteorolog-
ical parameters were used as predictors of the radon time series. In order to assess their
relative influence, we standardized the meteorological time series (Expected value (µ) = 0
and Standard deviation (σ) = 1). Consequently, temperatures, moisture, atmospheric pres-
sure, and precipitation have the same unit. Higher are the linear regression’s coefficients,
higher will be the influence of the meteorological variable.

3. Results
3.1. Radon Time Series Autocorrelations

Autocorrelation is applied for each radon time series in order to identify if the series
are correlated to themselves at a later time. Figure 2 depicts the autocorrelation values for
each radon time series with lags from 0 to 96 h. Density plots are shown in the main text,
but further information regarding the time series regarding their location is presented in
Figure A1. On the one hand, one should note that the radon dynamics are different for
occupied and unoccupied spaces and that there is no significant influence of the radon time
series on themselves after a few hours in occupied spaces. On the other hand, the data
reveals some significant differences for unoccupied spaces. Autocorrelation coefficients are
higher and more cyclical in basements than in laundry rooms, the latter behaving similar
to occupied spaces such as sleeping and living rooms.

Living room (occ.) Office (occ.) Sleeping room (occ.)

Basement (unocc.) Kitchen (occ.) Laundry room (unocc.)

0 24 48 72 96 0 24 48 72 96 0 24 48 72 96

−1.0

−0.5

0.0

0.5

1.0

−1.0

−0.5

0.0

0.5

1.0

Lag (hours)

A
ut

oc
or

re
la

tio
n 

co
ef

fic
ie

nt

4 8 12 16
count

(a) (b) (c)

(d) (e) (f)

Figure 2. Density plots of autocorrelation of indoor radon time series assessed for a 96-h lag in
occupied (Occ.) spaces (b,d–f) and unoccupied (Unocc.) spaces (a,c). ±0.5 values are displayed as
horizontal black lines; correlations within these are considered as not significant.
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3.2. Correlation Coefficients

Correlation coefficients between meteorological parameters and IRL were investigated
in different spaces, both occupied and unoccupied. Figure 3 reveals a higher influence of
meteorological parameters in unoccupied spaces. Basements show a larger dispersion of
correlation coefficients, which is a clue for a higher influence of meteorological parame-
ters. However, correlation coefficients measured in occupied spaces are less widespread.
Moreover, we also noticed that the investigated laundry rooms behaved similar to occu-
pied spaces.

In unoccupied spaces, it seems that IRL has a tendency to be anti-correlated with
outdoor air temperature. In addition to this observation, relative humidity seems to
be positively correlated with IRL in both occupied and unoccupied spaces. Although
correlation coefficients remain low for temperature, we might notice a tendency to anti-
correlation in occupied spaces as well.
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Figure 3. Correlation between radon time series and the investigated meteorological parameters in
occupied (Occ.) spaces (b,d–f) and unoccupied (Unocc.) spaces (a,c). ±0.5 values are displayed as
horizontal black lines; correlations within these are considered as not significant.

3.3. Cross-Correlation Coefficients

Cross-correlations analysis aims to highlight the influence of the evolution of meteoro-
logical conditions on IRL. Figure 4 depicts the influence of standardized pressure, outdoor
air temperature, and wind speed on IRL in both occupied and unoccupied spaces. Overall,
the influence of the selected meteorological parameters seems to have been significant only
over the previous five days. This underlines that meteorological conditions measured more
than five days prior to the beginning of the short-term measurement do not significantly
influence the IRL, both in occupied and unoccupied spaces.
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Among the investigated meteorological parameters, prior outdoor air temperature
influences the most IRL, and this, according to a 24-h cycle (cf. Figure A2). Although
cross-correlations coefficients vary on a very small scale (±0.2), the influence of outdoor
air temperature is consistent over the 30 prior days. Moreover, this influence is consistent
among buildings. On the contrary, wind speed and atmospheric pressure’s influences are
different in between the different buildings and not significant over a five-day lag.
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Figure 4. Density plot of the cross-correlation between indoor radon time series assessed and
standardized pressure (a,b), mean outdoor air temperature (c,d) and wind speed (e,f) for a 30-days
lag in occupied spaces (a,c,e) and unoccupied spaces (b,d,f). ±0.5 values are displayed as horizontal
black lines; correlations within these are considered as not significant.

3.4. Multiple Linear Regression

This section aims to determine the relative influence of each meteorological parameter
on IRL. To that end, multiple regressions were used to forecast IRL according to the different
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meteorological parameters. Figure 5 presents the estimates according to the value of the
adjusted R-Squared (Adj.R2). Adj.R2 represents the percentage of IRL’ variances that might
be explained by the meteorological parameters. The closer is the Adj.R2 value to 1, the
greater the influence of the meteorological parameters on IRL. In Figure 5, Adj.R2 was
illustrated as proportional to the dot size and opacity.
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Figure 5. Estimate and adjusted R-squared resulting from multiple regressions between meteorologi-
cal parameters and indoor radon levels time series in occupied (Occ.) spaces (b,d–f) and unoccupied
(Unocc.) spaces (a,c). Colours show positive (red) or negative (blue) values as well as the intensity
level of the Adj.R2.

Since meteorological data were standardized, the resulting estimates for each meteoro-
logical parameter refers to their relative weight in the prediction. Higher is the estimate,
higher is their influence on IRL. Moreover, Figure 5 allows us to assess, through the colors,
if meteorological parameters are positively (red) or negatively (blue) linked with IRL.

Adj.R2 ranges from 3% up to 87%, which suggests that the investigated spaces pre-
sented huge variability. At first, we noticed a clear difference between occupied and
unoccupied spaces, especially basements. Adj.R2 in basements is higher than in laundry
rooms and other occupied spaces. This underlines the higher influence of meteorological
parameters on IRL in this type of space (i.e., basement). Even though Adj.R2 variability is
higher in occupied spaces, as depicted especially in living and sleeping rooms, high values
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of Adj.R2 were assessed in these spaces. This underlines that, in some cases, the influence
of meteorological parameters on IRL might also be high in occupied spaces.

Furthermore, Adj.R2 estimates behaved differently between occupied and unoccupied
spaces. In basements, hourly mean temperature, followed by maximum and minimum
temperatures, mean humidity, and pressure, seem to be determinants to explain IRL.
However, mean temperature is the only one that presents a similar and constant negative
link with IRL. In occupied spaces, such as living and sleeping rooms, atmospheric pressure,
both at site and standardized, presents the highest values of estimation. Even though
estimates are high, Adj.R2 remains lower. Moreover, it is relevant to note that atmospheric
pressure on site and standardized pressure are almost systematically opposed in terms of
mathematical sign but similar in absolute values. Furthermore, temperature parameters
present globally the second-highest estimate values, while Adj.R2 seems to be higher than
for the one most explained by atmospheric pressure. Overall, these results suggest that
the lower the Adj.R2 for an occupied space, the higher the estimates for both atmospheric
pressure and temperature. On the other hand, the higher the Adj.R2, the closer to zero are
the estimates for all the parameters.

Figure 5 underlines the low influences of relative humidity, precipitation, atmospheric
pressure variations, and wind on IRL measured in occupied spaces. Finally, the intercept
(automatically generated by the regression tool) does not influence the explanation of IRL
because of the preliminary standardization of the meteorological data.

4. Discussion

First, we noted a significant discrepancy between occupied and unoccupied spaces in
terms of the impact of weather parameters on IRL. Both autocorrelations and correlation
analyses suggested that unoccupied spaces are more influenced by the meteorological
conditions. On the one hand, autocorrelations showed a daily cycle (peaks after 24 h,
48 h, and 72 h) among radon time series measured in unoccupied spaces. These cycles
are depicted by a high density of significant correlation coefficients in Figure 2a and,
in a similar way, by dots in Figure A1a after 24 h, 48 h, and 72 h. On the other hand,
lower correlation coefficients were measured between IRL and weather conditions in
occupied spaces. The 24-h cycle might be interpreted as follows: the daily variation
of outdoor air temperature influences the temperature difference between indoor and
outdoor environments and, therefore, the differential pressure between in- and outdoor
environments. Different authors showed that radon diurnal variations are mainly linked
with outdoor air temperature dynamics. Moreover, outdoor temperature variations shape
how occupants live (i.e., ventilation during summer and heating in winter), which also
influence radon dynamics (i.e., stack effect, ventilation) [5,21]. Consequently, unoccupied
spaces are more impacted by weather conditions, while occupied spaces are influenced by
both weather and occupant behavior. Moreover, unoccupied spaces, such as basements,
are often in close contact with the ground (e.g., bare-ground, beaten earth, but also concrete
slab) and less influenced by human activities (e.g., heating, ventilation). We can therefore
infer that IRL in unoccupied spaces is more influenced by the weather (e.g., temperature)
than in occupied spaces. This finding is supported by the cross-correlations analysis:
globally, a larger influence was observed during the first five days for the three investigated
parameters (cf. Figure 4).

Ultimately, multiple linear regressions resulted in a larger part of the indoor radon vari-
ance being explained by the meteorological parameters (cf. Figure 5). These results tie well
with previous studies, which also demonstrated that unoccupied spaces, such as basements,
are more influenced by external factors (i.e., meteorological and geological) [15,19,25]. We
obtained good and consistent results with these statistical methods, which consolidate and
strengthen previous insights.

Considering the different types of occupied spaces, small differences were highlighted,
especially across living and sleeping rooms, in terms of correlation coefficients between
IRL and meteorological parameters. A slightly higher influence of weather conditions
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on IRL is depicted by correlation coefficients and multiple linear regression analyses (cf.
Figures 3 and 5). At this stage of understanding, we believe that occupants’ uses and habits
in sleeping rooms are less diverse and dynamic than in living rooms. Indoor conditions
may stay more stable in sleeping rooms, which results in a lower influence of occupants
and a higher influence of meteorological parameters, similar to basements, but not to the
same extent.

The relative influence of the different meteorological parameters on IRL has been
highlighted by different statistical analyses. Although meteorological parameters seem
to be more influential IRL in unoccupied spaces than occupied ones, we noticed some
different influences between them. Our results show that outdoor temperature is the most
significant parameter. Significant anti-correlations between IRL and air temperature were
calculated in unoccupied spaces; in these, a tendency to anti-correlation has been found.
Cross-correlation analyses corroborate previous results in both occupied and unoccupied
spaces. Finally, multiple linear regressions highlighted the large influence of air temperature
(mean, maximum, and minimum) in both unoccupied and occupied spaces. These results
are consistent with previous observations and studies carried out in Switzerland [4,5,12,24].
Furthermore, multiple linear regressions highlighted the large influence of atmospheric
pressure. It has been previously shown that atmospheric pressure does not influence much
IRL over the long term [5], although on the short term, pressure variations might [4]. In
this paper, we highlight the influence of atmospheric pressure in occupied spaces, which is
consistent with previous literature. Finally, relative humidity seems to be a determinant
in basements, while the influence varies between correlation and anti-correlation. Other
meteorological (i.e., precipitation and wind) parameters investigated within our dataset do
not present a link with IRL.

5. Conclusions

In this paper, we aim to assess the influence of meteorological parameters, such as air
temperature, moisture, pressure, precipitation, and wind, on IRL monitored during short-
term measurements, using a methodology developed in Switzerland. Based on hourly
meteorological and radon measurements, we conducted different statistical analyses in
order to answer a number of research questions that aimed to assess the reliability of the
radon short-term measurement method.

Through different statistical analyses, we identified strong influences of meteorological
parameters on indoor radon measurements monitored during the short-term radon mea-
surement method. Outdoor temperature, atmospheric pressure, and relative humidity are,
respectively, the most determinant parameters on one-week measurements. According to a
cross-correlation analysis, meteorological conditions from five days prior to the beginning
of radon measurement periods showed a statistical link with IRL. Among the investigated
indoor spaces, unoccupied spaces were the most influenced. Indeed, the less important
influence of occupants enhances the impact of meteorological parameters. In contrast, some
of the occupied spaces might be more airtight, which results in a stronger reduction of the
influence of meteorological parameters. Consequently, occupants’ behavior will become
the determinant factor for IRL.

Although we noticed a strong trend, differences exist across the different buildings,
which are illustrated throughout this paper. Ultimately, there are reasons to presume that
building characteristics impact the magnitude of the influence of past and present weather
conditions on IRL, even though it is difficult to address this point here. The most decisive
aspects might be the building’s structural system, its age, its occupation, and especially the
condition of built surfaces in contact with the ground.

Overall, the influence of some weather parameters on IRL measured during a short-
term measurement is significant. The impact varies depending on whether the indoor space
is unoccupied or occupied, how far it is from the ground, whether it is airtight or not, and
whether it is a used space or not. It is of paramount importance to take these factors into
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account when analyzing the results of short-term measurements, and more specifically, to
consider the evolution of the weather conditions five days prior to the measurement.

In light of these conclusions, different practical recommendations addressed to pro-
fessionals might be emphasized. Firstly, unoccupied spaces are often more impacted by
meteorological conditions. We recommend taking these parameters into account during the
analysis of the measurements. Furthermore, the unoccupied space must be the least isolated
space within the house. We highlighted that laundry rooms, often considered unoccupied
spaces, showed results similar to those of occupied spaces such as living rooms. Finally, to
analyze the influence of weather on IRL during a short-term measurement, it is relevant to
consider weather parameters five days prior to the beginning of the radon measurements.

This paper brought up different conclusions that are consistent with those found in
the literature. In order to improve the robustness of our findings, increasing the sample size
of the selected buildings would be needed, as would the conditions in which these radon
short-term measurements are carried out (i.e., season, artificial indoor depressurization).
Therefore, future research should consider the potential effects of both meteorological
conditions and building characteristics (i.e., floor, building type, and thermal insulation)
more carefully, which would be practicable with a larger sample.

Despite these limitations, the outcomes highlighted above are very valuable for under-
standing the relationship between indoor radon levels and meteorological parameters. Our
results being in-line with those found in the literature, practitioners and professionals who
perform radon short-term measurement should be careful while analyzing their results.
Moreover, our results show a strong influence of weather on radon levels measured locally
in buildings, and this depends on whether or not the space is occupied or not. Occupied
spaces, those most at risk of radon exposure to occupants, are less influenced by these
conditions than unoccupied ones (e.g., basements). Nevertheless, this finding leads us to
believe that the results of short measurements can be influenced by atmospheric condi-
tions. The interpretation must therefore take this into account. At this stage, this study
does not allow us to formulate precise recommendations as to the ideal meteorological
conditions required during a short measurement. Currently, the method requires that an
under-pressure between −4 to −0.5 Pa must be recorded for at least 80 % of the measure-
ment time in the lowest occupied room of the dwelling in order to generate conditions
close to those observed during the heating period, and that, independently of the current
atmospheric conditions.

To further improve our assessment of the reliability of these measurements, the next
step would be to compare the results of short measurements with official annual and winter
measurements carried out in the same buildings, as well as with other short-term measure-
ments that may or may not incorporate this artificial under-pressure during measurements.
By considering all these factors, it will then be possible to estimate more precisely the
probability of exceeding the national reference level and thus better anticipate the radon
risks in buildings.
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Figure A1. Dot plot of autocorrelation of indoor radon time series assessed for a 96-h lag in occupied
(Occ.) spaces (b,d–f) and unoccupied (Unocc.) spaces (a,c). ±0.5 values are displayed as horizontal
black lines; correlations within these are considered as not significant.



Atmosphere 2023, 14, 1163 14 of 15

Parameter: Wind_speed

Space: Occupied

Parameter: Wind_speed

Space: Unoccupied

Parameter: T2m_avg

Space: Occupied

Parameter: T2m_avg

Space: Unoccupied

Parameter: Pres_std

Space: Occupied

Parameter: Pres_std

Space: Unoccupied

0 5 10 15 20 25 30 0 5 10 15 20 25 30

−1.0

−0.5

0.0

0.5

1.0

−1.0

−0.5

0.0

0.5

1.0

−1.0

−0.5

0.0

0.5

1.0

Lag (days)

C
ro

ss
−

co
rr

el
at

io
n 

co
ef

fic
ie

nt

Municipality

Abbaye

Agno

Claro

Courtedoux

Enney I

Enney II

Mendrisio

Origlio I

Origlio II

Pedrinate

Roveredo

Sorengo

St−Légier

(a) (b)

(c)

(f)(e)

(d)

Figure A2. time series of the cross-correlation between indoor radon time series assessed and
standardized pressure (a,b), mean outdoor air temperature (c,d) and wind speed (e,f) for a 30-days
lag in occupied spaces (a,c,e) and unoccupied spaces (b,d,f). ±0.5 values are displayed as horizontal
black lines; correlations within these are considered as not significant.
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