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We present a method for the estimation of annual radon concentration based on short-term
(three months) measurements. The study involves results from two independent sets of indoor
radon concentration measurements performed in 16 cities of the Republic of Macedonia. The
first data set contains winter and annual radon concentration obtained during the National sur-
vey in 2010 and the second, contains only the radon concentration measured during the winter
of 2013. Both data sets pertain to radon concentration from the same cities and have been mea-
sured applying the same methodology in ground floor dwellings. The results appeared to be
consistent and the dispersion of radon concentration was low. Linear regression analysis of the
radon concentration measured in winter of 2010 and of the 2010 annual radon concentration
revealed a high coefficient of determination R? = 0.92, with a relative uncertainty of 3%. Fur-
thermore, this model was used to estimate the annual radon concentration solely from win-
ter-term measurements performed in 2013.

The geometrical mean of the estimated annual radon concentration of the 2013: radon concen-
tration (A-2013) =98 Bqm™3 was almost equal to the geometrical mean of the annual radon
concentration from the 2010, radon concentration (A-2010) = 99 Bqm™3. Analysis of the in-
fluence of building characteristics, such as presence/absence of a basement in the building, or
the dominant building material on the estimated annual radon concentration is also reported.
Our results show that a low number of relatively short-term radon measurements may produce

a reasonable insight into a gross average obtained in a larger survey.
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INTRODUCTION

The majority of the urban population spends
long periods indoors, where radon accumulates, which
may lead to elevated indoor concentrations. Radon is
known as the most significant contributor to the dose
received by the population due to exposure to natural
sources of ionizing radiation [1]. To reduce the risk
from radon exposure, authorities of many countries
prepared national radon programmes the overall de-
signs of which are based on the experience gained
from the national surveys. The programmes incorpo-
rated the knowledge about the temporal and spatial
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variability of the radon concentrations (Cy,) con-

trolled by numerous natural and anthropogenic factors

[2, 3]. Aradon survey qualifies as being national when

it involves simultaneously measuring the Cy,, in a rep-

resentative sample of dwellings throughout the entire
country during a year. In general, the measurements
are performed with nuclear track detectors.

The detectors are usually deployed for the fol-
lowing periods of time:

(a) quarterly, where the detectors are exposed in four
successive periods of three months (one full sea-
son) [4-6],

(b) semi-annually, two successive periods for a dura-
tion of six months, including two full seasons [7],
or, and
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(d) annually, for a period of one year [8, 9].

Regardless of the time of exposure, the results
are expressed as an annual Cy,,. In cases (a) and (b) the
annual Cy,, is presented as arithmetic mean of the mea-
sured concentrations in the successive periods. In the
case under (c) the annual Cy,, is measured directly.

The radon problem became a serious concern
throughout the Balkan region. Large amounts of re-
gional data became available from recent surveys car-
ried out in Serbia [10-14], the Republic of Srpska [15,
16], Bulgaria [17], Romania [18] and Greece [19].
Also, several campaigns of Cy, measuring have been
conducted in the Republic of Macedonia over the last
decade. The greatest source of data was provided by
the national surveys of radon and thoron in dwellings
inthe Republic of Macedonia from 2010 [20-22]. Fur-
ther research of Cy, was conducted in schools and
dwellings [6, 8]. Moreover, some investigations were
done for establishing a relationship between the in-
door Cg,, and the activity of ?°Ra in surface soil [23].
Aspartof these activities, a supplementary survey was
carried out in 47 dwellings from 16 cities during the
winter months of 2013. The results are a subject of this
study. We present the evaluation of annual Cy,, and its
uncertainty comparing the variance of results with
those of the national survey measured in the same cit-
ies in 2010. Variation related to building characteristic
is also discussed.

MATERIALS AND METHODS
Design of survey

The radon detectors were distributed within a
campaing that involved undergraduate students from
the first year of the Faculty of Medical Sciences in
Stip, class 2012/2013. Students originating from vari-
ous cities throughout the country were instructed to
deploy a radon track-detector at the ground floor of
their homes in their home cities. They were asked to
keep the detector deployed during a three-month win-
ter period (January to March 2013). The 47 detectors
were deployed at a distance greater than 50 cm away
from a wall and away from a heating source in the most
occupied room (either living room or bedroom). The
students filled out a questionnaire, providing general
information about the characteristics of the house or
building: position (GPS co-ordinates), presence/ab-
sence of basement, smoking habits, and the type of
dominant building material. Some of these factors
were further considered as a grouping parameter in the
statistical analysis of the results. Four of the detectors
were lost during the campaign. Finally, we received re-
sults for 43 dwellings located in 16 cities, pertaining to
winter 2013. The cities under observation are charac-
terized by different geographical position trough the
country (fig. 1), and are located at altitudes between
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Figure 1. Spatial estimate of annual Cy, in 43 dwellings;
coordinates in m, GISCO Lambert azimuthal equal area
projection

70 mto 650 mabove sea level. They also belong to dif-
ferent geological zones categorised in different
litho-stratigraphic units.

Using the list of the cities included in the 2013
survey we extracted the Cy, results for the winter sea-
son in 2010, Cg,(W-2010), and for the entire year
2010, Cg,(A-2010). The 2010 dataset included Cy,, re-
sults from 186 different dwellings in 15 cities. One of
the cities from the 2013 survey was not included in the
list of the survey in 2010, but was kept for the study.

Measurements

The radon concentration in 2013 was measured
using the same nuclear track detectors with commer-
cial name RSKS, product of Radosys, Hungary, that
were used for the survey in 2010. The track detectors
consisted of a CR-39 detector placed in a cylindrical
diffusion chamber with 25 mm x 40 mm. After being
collected, the detectors were sent to the National Cen-
tre of Radiobiology and Radiation Protection in Sofia
Bulgaria, for analysis.

The CR-39 detectors were detached from the dif-
fusion chambers, and were chemically etched in 6.25 M
solution of NaOH at a temperature of 95 °C for 3.4
hours. The track counting was performed by the optical
transmission microscope using an automated image
analysis system. The software identified the detector's
ID code engraved onto the surface of the CR-39. Using
an appropriate calibration factor, the software con-
verted the detected number of tracks per unit area (track
density) into radon concentration, expressed as

CRn:f;;p_pb:_f;;pnet (1)

t t
were Cy is radon concentration (in kBqm ), while py,
and p are the background and counted track density

per mm’, respectively; /: is a calibration factor, and ¢ is
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the exposure time in hours. The calibration factor for
this series of detectors was provided by the manufac-
turer, f; = 44.47 £ 3.53 (in tracks per mm*/ kBgh per
mm ). The background track density p, = 0.417 +
+0.05 (in tracks per mm?) was determined from 10
blank detectors measurements.

To determine the annual radon concentrations by
using short-term (winter) measurements one should
first establish the relation between them. For this pur-
pose we have provided a linear regression analysis of
the measured Cp,, in the winter 2010, Cy,(W-2010)
and the annual Cy,(A-2010). The analysis yielded the
following eq.

Cra (A):aCRn(W)+b:apr%S‘+b )

where a and b are the constants of the linear depend-
ence of the annual vs. the winter Cg,,.

The quantification of the uncertainty was done
in accordance with the method, recommended in the
EURACHEM Guide [24] and IAEA Tec doc 1401
[25]. The combined standard uncertainty was esti-
mated by applying the law of uncertainty propagation
for the independent variables

2 2 2
= 100) () [}
1 2 n

where the u(x)/x are the uncertainties expressed as rel-
ative standard deviations.

The uncertainty of the annual radon concentra-
tion was estimated taking into account its probability
distribution, converting each source of uncertainty
into a standard uncertainty, and finally, combine them,
as shown in eq. 4.

According to egs. 2 and 3, the combined uncer-
tainty of the estimated annual concentration Cy, (A) is
given in eq. 4

1, [Cro (A)]=Cry (A):
2 2 2 2
\/[ucfc)J {u(pw )J (1) ()
: fc P net t a 4)
The uncertainty of the calibration factor u(f;)
was provided by the manufacturer (Radosys). Its rela-
tive value was 7.9 %.
The uncertainty of the net track density is calcu-
lated as a combined uncertainty of the track density

and the background track density of an unexposed
(blank detector), as given with eq. 5

2 2
U(Pot )= Pret \/(”(” )j +[”(”B)j 5)
P PB

Both uncertainty components in eq. 5 were de-
termined from multiple series of measurements. Re-
peated measurements of detectors for QA with low,

medium, and high track density gave the relative un-
certainties of 8, 5, and 3 %, respectively. The relative
uncertainty of 12.5 % for the background uncertainty
was obtained from repeated measurements of 10 blank
detectors.

It should be also noted that the exposure time in
eqs. | and 2 is expressed in hours. On the other hand,
the reported time of detector exposure is measured in
days (24 h). Therefore, we assume a possible contribu-
tion of several hours' difference at the times of deploy-
ment of 46 track-detectors to the overall uncertainty.
Lacking the knowledge about the shape of the data dis-
tribution, but knowing the time range of 2 day (1 day
for deploying and 1 day for collecting detectors), we
have estimated this type of uncertainty theoretically.
Assuming a rectangular distribution of the exposure
time, the uncertainty was calculated as u(¢) =2/ V3 in
days. For the detectors exposed during three months in
winter 2013, the relative uncertainty for a time expo-
sure was within the range: from 0.8 to 1.7 %.

The uncertainty of the constant @ in eq. 4 was ex-
pressed with the uncertainty originating from the lin-
ear least squares fitting procedure. It was calculated as
the root mean square (RMS) of the differences be-
tween the experimental and modelled values. It was
found to be 3 %.

Finally, in this study, the relative combined un-
certainty of annual Cy,,, that included the uncertainties
of calibration factor, detector background, track
counting, exposure time and seasonal correction was
found to be between 10 % and 14 %.

RESULTS AND DISCUSSION

Table 1 shows the descriptive statistics of the in-
door Cy,. The last two columns refer to the results of
the survey from 2010, whereas the second last column
refers to winter quarterly measured C,(W-2010) and
the last one corresponding to the annual radon concen-
tration Cy,(A-2010), that was calculated as an average
Cg, from the measurements of the four seasons in
2010. The first and the second column pertain to the
data from 2013, where Cg,(W-2013) represents the
measured values in the winter and Cy,(A-2013) is the
estimated annual value with applied seasonal correc-
tion, using the linear model from 2010. The measuring
locations and the estimated annual Cg,(A-2013) are
mapped on fig. 1.

The results were fitted with a log-normal func-
tion. Kolmogorov-Smirnov and Chi-square tests were
used for testing the hypothesis that the data follow a
log-normal distribution. For all data sets, the assump-
tion was confirmed at 95 % level of significance. Fur-
thermore, normality was tested by using the Ander-
son-Darling and Shapiro-Wilk tests. The summary
results of the tests are presented in tab. 2. The obtained
values for the error probability (p) were greater than
0.05, and thus confirmed the hypothesis for log-nor-
mality and normality.
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Table 1. Descriptive statistics of indoor radon concentrations covered in this work

Statistic Cro(W-2013) [Bqm ] | Cro(A-2013) [Bqm ] | Cra(W-2010) [Bqm *] | Cr,(A-2010) [Bqm ]
Number of observations 43 43 186 186
Minimum 30 26 17 18
Maximum 535 460 956 552
Median 110 95 135 96
Mean 140 120 179 123
Standard deviation 98 85 150 93
Variation coefficient (CV) 70 % 69 % 84 % 75 %
Geometric mean (GM) 114 98 137 99
Geometric standard deviation (GSD) 1.90 1.90 2.06 1.91
Table 2. The summary results of distribution fitting tests
Variable/test Kolmogorov-Smin?ov ‘ : .qhi-square Shapiro-Wi‘lk : Anderson-Darling
Log-normality testing original data Normality testing In transformed
Cra(W-2013) »=0.998 p=0.454 p=0.996 p=0.992
Crn(A-2013) p=0.998 p=0.421 p =0.996 p=0.992
Cra(W-2010) p=0.853 p=0.033 p=0.762 p=0.553
Cra(A-2010) p=0.719 p=0.150 p=0.364 p=0317

Linear model development

The model was developed with the parametric
linear regression analysis applied to the results from
2010. It appeared that the dependence among the an-
nual concentrations of radon can be very well de-
scribed with a linear function. The results are shown
graphically in fig. 2. The regression coefficients of the
linear model, Cy,(A)= Cyr,(W)a+b, are as follows:
a=0.859 and b= 0.369, with a high coefficient of de-
termination R? = 0.92.

Comparison between Cg, measured
in 2010 and 2013

We compared the homogeneity of the C,,(2010)
and Cy,(2013) variances using the Bartlett test (BT). The
null hypothesis assuming the variables have the same
variance, was confirmed for p > 0.05. From here it fol-
lows that the variances of the measured Cy,(W-2010)
and Cy,(W-2013) were practically equal (BT, p =
=0.978). Likewise, it appeared that the variance of the
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Figure 2. Result of the regression analysis of annual and
Cromeasured in the winter of 2010. Regression model:
y=ax+ b (in brackets: uncertainty of coefficient)

annual concentrations Cp,(A-2010) and Cg,(A-2013)
were also equal (BT, p = 0.952).

The differences between GM values were also
tested. Since the data followed the normal distribution
and the variances of the two data sets were equal, the
Student's #-test for independent samples/two-tailed,
was applied for the log-transformed values of the Cy,,.
The differences between the GM values of the mea-
sured winter Cy, for both surveys (2010 and 2013)
were negligible (Student #-test, p = 0.124). It also ap-
plies to the differences between the estimated annual
mean values (Student 7-test, p = 0.924).

Impact of the building characteristics

We also compared the variances of Cy, for two
groups of data, classified according to either the pres-
ence or absence of a basement in a dwelling. Further-
more, we compared the variances between the groups
of houses that were made of different dominant con-
struction material. The results of the Bartlett test for all
the groups are given in tab. 3. Because the datasets are
homogeneous (BT, p > 0.05) and normal (AD, SW,
p > 0.05), the influence of these factors was tested on
the grouped Cy,, by ANOVA (analysis of variance) and
Fisher LSD test.

ANOVA for winter and annual CRn from 2013,
grouped according to the “presence of basement” and
“building materials” showed significant differences
between the mean values of the groups (ANOVA,
p <0.0001 in both cases). The 2010 data test also re-
vealed significant differences. ANOVA gave a value
p =0.006 for the winter measurements and p =0.001
for the annual values, respectively.

The Fisher LSD test for Cg, winter measure-
ments showed that its mean radon concentration val-
ues in houses without basements are higher than those
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Table 3. Results of the grouped Cg, by presence of
basement and building materials homogeneity testing

Bartelett test
Grouped by Grouped by bulding
basement materials
In Crs (W-2013) 0.493 0.922
In Cgy, (A-2013) 0.485 0.924
In Cr, (W-2010) 0.874 0.403
In Crs (A-2010) 0.449 0.294

measured in houses with basements, p = 0.0002 (fig.
3). Apparently, the results showed simmilar behaviour
for the annual concentrations of both surveys. The
mean value for Cy, measured during the winter season
of 2010 is LSD, p = 0.001 and for the annual value
LSD, p = 0.0003, respectively.

The influence of building materials on the in-
door Cy,, is not as obvious as the one of the presence of
a basement, as was previously described by other au-
thors [26,27]. For example, in the 2013 survey, the im-
pact of building materials is significant (LSD, p =
= 0.006 (winter); p = 0.006 (annual)) while in the 2010
survey itis not (LSD test, p=0.261 (winter); p=0.174
(annual)). Figure 4 shows the GM values of Cy, taken
from both surveys (2010 and 2013), grouped with re-
spect to the type of building material. The mean value
of Cy,, measured in winter in the new survey for houses
built of concrete was lower than for those made of
stone (LSD, p = 0.003) and lower than for those con-
structed of brick (LSD, p = 0.009). The mean values
were divided into two groups: Group 1 — houses built
of brick and stone and Group 2 — houses built of con-
crete. Figure 4 reveals that a similar trend exists for the
values from the national survey but it is not repre-
sented by a significant grouping as in the new survey.
For example, the differences were significant only be-
tween the mean Cp, for the houses made of stone and
concrete (LSD, p=0.037 for the measurements in win-
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Figure 3. Geometric means of Cy, in houses with and
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Figure 4. Geometric means of Cg, in houses built from
bricks, concrete and stone

ter), (LSD, p = 0.021 for annual concentration). How-
ever, the differences between concentrations related to
houses of bricks and houses of stone were not signifi-
cant. Hence, the Cy, values can be grouped in two
groups (brick/stone and concrete).

To summarize, it should be noted that: the factor
“basement” clearly showed the influence of geogenic
radon on indoor Cp,. On the other hand, building ma-
terial appeared to be a less dominant factor that influ-
ences the indoor Cy,,.

Figure 5 was created for further clarification of
the influencing factors. It shows the geometric means
(GM) of Cy,, for both surveys grouped by two factors:
the presence of basement and building materials. For
example, in houses with no basement (1 and 2 bars) for
which the dominant building material is brick, there is
no diference between the 2010 and 2013 survey (error
bars overlapping). However, notable differences ap-
peared for brick houses with basements (error of 3 and
4 bars overlapping). That this may be affected by the
season factor is indicated by the fact that this differ-
ence does not appear for annual Cy,, in houses made of
bricks with basements. In the same figure, the seasonal
impact can be seen in houses with basements built of
concrete. For houses made of stone with no basement,
the results cannot be compared because the 2013 sur-
vey includes only one such house. However, one can
see that the error bars of radon concentration in all
groups overlap, meaning that all groups have the same
mean values.

Furthermore, the results of Cy, measured in the
buildings made of concrete showed slightly different
behavior than brick and stone houses. The Cy,, values
for 2013 pertaining to the group of houses built of con-
crete are lower than those from the 2010 survey mea-
surements (the 1 and 3 bars are lower than the 2 and 4
ones in fig. 5). The apparent inconsistencies can be ex-
plained by a small number of samples in 2013, as well
as that the samples do not necessarily represent the
population exposed to the same environment, as the
geology of cities may vary. Furthermore, the house
characteristics are determined by many other factors
other than the presence of basement and building ma-
terial, which cannot be expected to be “averaged
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Figure 5. Geometric means of Cg, in houses built of
brick, concrete and stone in houses with and without
basements
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away” with only few samples. This illustrates that
apart from the seasonal variations, the influence of
some other factors related to characteristics such as
age of the building [28, 29], type of windows [30],
heating method [31], wall finishing [32], number of
floors [33] and geology [34-36] should notbe ignored.

CONCLUDING REMARKS

A student campaign was organized in the winter
of 2013 for indoor Cy,, measurements in ground floor
rooms of 43 dwellings in 16 randomly selected cities
in the Republic of Macedonia.

To estimate the annual Cy, for 2013, the winter
data were adjusted to annual means by applying a lin-
ear model, derived from the results of the 2010 survey
by regression of annual vs. winter. The obtained func-
tion in this way has a high coefficient of determination
and a negligible contribution to the combined uncer-
tainty of the annual radon concentration.

Analysis of the data shows that Cy, measured in
the winter as well as estimated annual Cy, from the
2013 and 2010 survey:

— can be described with log-normal distributions,

— have the same variance and GM values (insignifi-
cant difference),

— have the same variances when grouped with re-
spect to the presence of basement and the domi-
nant building material,

— showed the same trend of the differences in GM
values between Cy, in houses with and with no
basement, and

— showed the same trend of differences of GM val-
ues between the Cy, values for houses built from
concrete and stone.

The proposed method aims to provide time and
cost effective measurements (three-month duration —
single disposable detector) for estimation of the annual
indoor radon concentrations Cg,(A). Similar models
could be developed for estimation of the annual Cy, us-
ing a different season of the year (summer, spring or
fall). Actually, something very similar has been done al-
ready in Macedonia [22] and India [37] where the
method was used to estimate missing seasons.
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3nenka CTOJAHOBCKA, Kpemena UBAHOBA, ITutrep BOCEB,
baaxo BOEB, 3opa, C. KYHWh, Maptuna HHIEHOBA, 3opan hYPI'Y3,
Mpeapar M. KOJIAPXK, Munka 3[IPABKOBWh, Mumoza PUCTOBA

IMPOLHEHA OYTOTPAJHUX KOHIEHTPAIIMJA PAJOHA Y 3ATBOPEHUM
IMPOCTOPUJAMA HA OCHOBY KPATKOPTAJHUX MEPEIBA

IIpencraBibeHa je MeTofa MNpOLEHe TOfulllkbe KOHIEHTpalMje pajJoHa 3acHOBaH Ha
KpaTKOTpajHuM (TpoMeceuHuM) Mepetuma. CTyuja o0yxBaTa pe3ysTare |Ba He3aBHCHA CKyIla Mepeha
KOHIIEHTpAIHje pafioHa y 3aTBOPEHUM ITPOCTOpHjaMa cripoBefieHnx y 16 rpajjoBa Peny6inke Makepgonuje.
IIpBu cet pe3yarara cagpsku 3MMCKE U TOAMIIHLE KOHIIEHTpalKje pagoHa 1o0ujeHe TOKOM HalluOHATHOT
Mepema pagona y 2010. ropunu. [pyru ceT nojgaTaka cagpsku caMo KOHIICHTpauje pajioHa MepeHe TOKOM
s3ume 2013. rogure. O6a ceTa mofgaTaka OJHOCE ce Ha KOHIICHTpalMje pajjoHa U3 UCTHUX T'PajioBa, e Cy
Mepema BplIeHa Y CTaHOBUMA U IIPU3EMIbY MICTOM METO[0I0rujoM. [JoOujeHu pe3ynTaTu Oulu cy yBeK ca
HUCKOM [UCIIEp3UjOM KOHILEHTpauuje pajpoHa. JluHeapHa perpecuoHa aHanu3a HIOpUMEHEHa Ha
KOHIIEHTpaluje pajjoHa usmepene y Toky 3ume 2010. u ropuime KoHeHTpanyje pagona 3a 2010. roguny
nokasana je BUCOK KoeuuujenT etepmunanyje R> = 0.92, ca penatusHoM HecurypHouhy of1 3 %. OBaj
JIMHEpaH! MOJIel KOpPHUITheH je 3a MPOoIeHy TOANIIhe KOHIIeHTpanuje pajona 3a 2013. roquHy Ha OCHOBY
3UMCKUX MEPEHa U3BEJICHUX Te TOINHE.

leomeTpujcka cpefma BpEeJHOCT MNpOLEHEHE TIOfullIkbe KOHIEHTpauuje pajgoHa 3a 2013,
(A-2013) =98 Bqm >, 6mi1a je TOTOBO jeiHaKa BPEAHOCTH KOja ce OJIHOCH Ha KOHIEHTpaujy pagona y 2010.
roguan, (A-2010) = 99 qu’3. Amnanu3a yTuiaja KapakKTepUCTHKE 3rpajia, OfICYCTBO MOPyMa, OJHOCHO
JOMUHAHTHOT IpabeBUHCKOr MaTepujaja, Ha NpOLeHkEeHe roulllkhe KOHLEHTpaluje pajioHa, Takobe je
npuka3ana. Hamm pesyatatu mokasyjy ja Manu Opoj peJaTHBHO KpaTKUX Mepera pajioHa MOTy AaTu
pasyMaH yBHUJl Y IpoceyHe pe3yaraTe JoOujeHe y ONCeXKHUjEM UCTPaKUBamby.

Kmyune peuu: ciiian y puzemsmsy, padoH y 3aili6OpeHo] UpoCciiopuju, AUHeapHa pezpecuota
aHaau3a, Hecu2ypHocul




