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Environmental radiation monitoring involves measuring the level of radioactive contamina-
tion of the air, including the relevant meteorological measurements at the micro-location type
of measurements, which are essential for evaluating the extent of environmental factors and
effectively managing the exposure of the population and the impact on the environment.
These measurements are crucial in ensuring a comprehensive understanding of the ecological
conditions and facilitating informed decision-making to safeguard the well-being of commu-
nities and ecosystems. This paper shows the relation between the change of ambient dose
equivalent H*(10) rate in the air and precipitation due to washing out and rainout in the at-
mosphere. Measurements were made in the vicinity of nuclear facilities within the public com-
pany Nuclear Facilities of Serbia at the weather station mounting pole 114 m above sea level.
To illustrate the relationship between the measured ambient dose equivalent H*(10) rate and
precipitation levels, a variation of these values was employed specifically during the most
rain-laden months in 2019 and 2020. Besides, an interlaboratory comparison was conducted
to ascertain the system's operational validation. A thorough examination of this ratio dis-
tinctly reveals the impact of heavy rainfall on the ambient dose equivalent H*(10) rate,
thereby rationalizing the observed elevated values. Importantly, these heightened readings
were not attributed to any inadvertent release of radioactive effluents from nuclear facility op-
erations in this particular instance.
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INTRODUCTION

Protection of the environment from ionizing radia-
tion is a set of measures that prevent the harmful effects
of ionizing radiation in the environment and eliminate
the consequences of that radiation, as well as keeping ev-
idence of materials and raw materials that increase the
concentration of radionuclides above the prescribed lim-
its in the technical-technological process [1].

The public company Nuclear Facilities of Serbia
(PC NFYS) is the only operator of nuclear facilities and
the holder of a license to carry out nuclear activities in
the country. The PC NFS operates the research nuclear
reactor RA, which is in preparation for decommission-
ing activities, the experimental zero-power nuclear re-
actor RB, two old radioactive waste storage facilities
with the nuclear license for the final shut-down, two
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new radioactive waste storage facilities in operation
(Hangar H3 and secure storage SS), a waste processing
facility in preparation for trial-run, and a closed ura-
nium mine Gabrovnica in eastern Serbia.

Following current legislation, PC NFS monitors
radioactivity in the environment in the vicinity of nu-
clear facilities and examines the level of external radia-
tion by the ambient dose equivalent A*(10) rate mea-
surement in the air, the relevant meteorological
measurements, and modeling the dispersion of radioac-
tive pollutants in the boundary layer of the atmosphere.

Monitoring of radioactivity in the environment
is carried out to assess the population's exposure to
ionizing radiation, both from natural and artificial
sources. Natural radioactivity as an integral part of our
environment continues to be the main source of radia-
tion exposure and impact on the environment, with
85.5 % of the average radiation dose received by the
population. In the boundary layer of the atmosphere,
natural radioactivity comes mostly from radon 2*Rn
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and thoron 2?’Rn, which are present in the atmosphere
as part of the natural decay chains of uranium and tho-
rium. The progeny of these radionuclides spread in en-
vironmental air and are removed from the atmosphere
by processes such as dry and wet deposition. With dry
deposition, progeny falls to the ground due to gravity
or airflow. This paper deals with the wet deposition
process occurring due to the washing of progeny by
precipitation.

The climate of the Vinca area belongs to the mod-
erately continental type with four seasons. The autumn
period is longer and warmer than the spring period. Sum-
mers are warm, while in winter there is snow cover.
Spring is short and rainy, and summer comes quickly.
The warmest months are July and August, while the
coldest is January. Data covering the period from 1958 to
the present in terms of monitoring meteorological pa-
rameters at the Vin¢a micro-location are available.

The annual average amount of precipitation was
684 mm from 1961 to 1990. The highest amount of
precipitation occurs in June, with an average monthly
amount of precipitation of 90.4 mm. The driest month
is October, with a mean monthly rainfall of 40.3 mm.
The location and coordinates of the meteorological
station are shown in tab. 1. and fig. 1.

During the rainy period, radioactive elements
are washed out from the atmosphere to the ground, and
a temporary increase in the ambient dose equivalent
H*(10) rate is observed. Therefore, it is important to
distinguish in real time whether possible increases and
changes in the measured values of ambient dose equiv-
alent H*(10) rate in the air result from changes in me-
teorological conditions or the occurrence of a radia-
tion or nuclear accident.

Apart from precipitation, the ambient dose equiva-
lent H*(10) rate in the air generally depends on geo-
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Table 1. Co-ordinates of the measuring station

Co-rdinates of the measuring station
Longitude: 4 =20°35'59.85"E
Latitude: ¢ = 44°45'38.55"N
The altitude of the object: 114 m

graphical location, mainly influenced by altitude (cosmic
radiation), the radioactive content of local rock formation
and soil (naturally occurring minerals with significant
concentrations of uranium, thorium, and potassium), as
well as by nuclear accidents and tests in the past (contam-
ination by artificial radionuclides).

The accident at the Chernobyl nuclear power
plant(1986) raised awareness of possible nuclear acci-
dents as well as long-distance transportation of nu-
clear material depending on meteorological condi-
tions. This led to the development of a system for
continuous measurement of the dose rate of gamma ra-
diation in the air, as well as early warning of a radiation
accident in most countries.

Nuclear facilities in the PC NFS are an artificial
source of radiation. Continuous measurement of ambient
dose equivalent H*(10) rate in the air as part of the moni-
toring of radioactivity in the environment around nuclear
facilities is carried out to fulfill the safety and security
conditions for the operation of nuclear facilities under the
Law [1] and Rulebook [2]. The tests are carried out by an
accredited method following the requirements for the
competence of testing laboratories according to the
SRPR ISO/IEC 17025:2017 standard (Testing the level
of radioactive air contamination by continuous measure-
ment of the strength of the ambient dose equivalent: EPA
HASL 300:1997), by the Conformity Assessment Body
of Serbia [3, 4].

Routine interlaboratory analyses are carried out
to enhance the analyses of precipitation's influence on
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Figure 1. Location of the
measuring station
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radiation conditions in both work and living environ-
ments and to evaluate their relation.

An interlaboratory comparison of continuous
measurement of the ambient gamma dose rate equiva-
lent was performed.

MEASUREMENT AND METHODS

As part of the monitoring of radioactivity in the
environment, continuous measurement of the ambient
dose equivalent rate of gamma radiation in the air is
carried out at five locations in the vicinity of nuclear
facilities and one at a remote location, Vodovod, in the
village of Vin€a, which is part of the system of early
warning of emergencies at the state level, which is
within the competence of the Directorate for Radiation
and Nuclear Safety and Security of Serbia. The data
continuously collected at the latter location, are also
part of the European Radiological Data Exchange
Platform (EURDEP) [5]. The coordinates and location
ofthe measuring station are givenin tab. 1 and fig. 1.

The EURDEP platform also shows data on the
environmental ambient gamma dose rate equivalent in
the countries surrounding the Republic of Serbia. This
is crucial as monitoring of the dose rate in the neigh-
boring countries where nuclear power plants are in-
stalled enables the tracking of potential increases in
the ambient dose equivalent #*(10) rate. Depending
on the prevailing weather conditions and atmospheric
currents, the airborne contaminant cloud may extend
to our country as well.

Data on the ambient dose equivalent #*(10) rate
measurements in the air are collected continuously for
24 hours, and the half-hourly values are displayed on
the main monitor in the control room of the Depart-
ment for Radioactivity Examination and Environmen-
tal Protection of the PC NFS. In addition to light and
sound signaling, the system has been improved with
the help of the eEMIS application and SMS notifica-
tion in case of an increased ambient dose equivalent
H*(10) rate above the defined threshold, which in this
case is approximately double the value of the natural
background (200 nSvh™") [6]. Also, this value is ap-
proximately double the value of the measured back-
ground during system commissioning, represents the
new reference initial state, and is a tradeoff between
sufficient system sensitivity and low false alarm
events. Company AMES from Slovenia developed the
eEMIS application.

The SMS notification about the increased dose
rate reaches the phone numbers of the persons autho-
rized for radiation measurement, as well as the person
in charge of radiation safety in the PC NFS.

Previous practice has shown that notification of
increased values of the dose rate was received only due
to increased values during rainfall, which was con-
firmed and proven in regular reports [7].

Continuous ambient dose equivalent H*(10) rate
measurements were obtained using MFM203 monitors.
MFM203 is a portable instrument for monitoring gamma
radiation in the environment. It autonomously performs
all the necessary functions of a self-sustained local moni-
tor. When connected to a data communication link, it op-
erates as a smart field unit of the real-time automatic early
warning network. The two energy-compensated Gei-
ger-Miiller-based probes of different sensitivities and
measurement ranges, MFM203 can cover dose-rates
from the normal background to accidental levels.

Two probes are positioned at 1.3 m above the
grass surface. The site is elevated 114 m above sea
level, which allows for unhindered airflow around the
probes.

The measuring range of probes is from the back-
ground level of ambient gamma dose rate equivalent
(50 nSvh™) up to accidental levels (1 Svh™). The energy
response of the probes is from 50 keV to 2 MeV, linear in
the energy interval from 60 keV to 1.3 MeV within 20 %.
The Dose rate display range is in Sievert per hour units,
limited to a five-digit decimal significand (mantissa) and a
one-digit decade exponent (XXXXXe+Y) [8].

The gamma dose rate monitor with probes (A
and B) is presented in fig 2.

From the radiation protection point of view, it is
important to determine the relation between ambient
dose equivalent #*(10) rate in the air and meteorolog-
ical parameters. Meteorological parameters, i.e., air
temperature at different reference heights, air pres-
sure, the wind at three levels, precipitation, relative
humidity of the air, and solar radiation, were obtained
by automated measuring devices as part of the auto-
mated meteorological station set up on the meteoro-
logical weather station mounting pole of the 40 m of
height, on 114 m above sea level [9].

Figure 2. Multifunctional gamma dose rate
monitor MFM203 with probes
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The structure of the meteorological tower was re-
newed in 2008, and sensors were placed on three levels
at the meteorological tower: 2 m, 10 m, and 40 m. An
automated weather station with sensors (AMS156),
made by the Slovenian company AMES, is presented in
fig. 3. and fig. 4.

An automatic electric rain gauge with a heater
fig. 5, whose resolution is 0.2 mm [9], placed 1 m
above the ground, obtained data on the amount of pre-
cipitation.

All collected data and measured values are rep-
resented and analyzed by the application eEMIS.

The continuous measurement results of the am-
bient dose equivalent H*(10) rate in the air are shown
in units of nSvh~!. The combined measurement uncer-
tainty of the results is estimated to be 28.64 % with a
confidence level of 95 % (k = 2), for the common ef-
fluent energy range (60 keV to 1.3 MeV), by the inter-
nal documents of PC NFS [10].

RESULTS AND DISCUSSIONS

Graphical presentations of ambient dose equiva-
lent H*(10) rate during significant rainy periods in

Figure 3. Automated meteorological weather station
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Figure 4. Scheme of the meteorological sensors at
the meteorological tower

Figure 5. Rain gauge with heater

2019 and 2020, when the relation with precipitation is
particularly evident, are shown in figs. 6 and 7 for De-
cember 2019, and in figs. 8 and 9 for February 2020,
respectively.

The Pearson correlation coefficient was com-
puted to determine the atmospheric natural radioactiv-
ity dependence on precipitation.

The Pearson correlation coefficient quantifies
the extent of dependence between two physical mea-
sures, providing a value within the inclusive range of
+1to—1. It measures the strength and direction ofa lin-
ear relationship between two variables [7].

The following criteria were used for Pearson's
correlation coefficient: uncorrelated (for values that
are between —0.09 and 0.09), low correlated (for val-
ues that are between —0.3 and —0.1or between 0.1 and
0.3), medium correlated (for values that are between
—0.5and 0.3, or between 0.3 and 0.5), and strong cor-
related (for values that are between —1.0 and —0.5 or
between 0.5 and 1.0) [7].

The Pearson correlation coefficients were com-
puted using Microsoft Office Excel by the function
Pearson. Values of 0.82 for December 2019 and 0.43
for February 2020 were obtained after calculation.

Observing the graphical presentations and com-
puted Pearson's coefficient, a medium to strong corre-
lation between precipitation and ambient dose equiva-
lent H*(10) rate becomes evident. It is apparent that
the rise in ambient dose equivalent H*(10) rate was not
aresult of a specific radiological accident but occurred
notably during the rainiest months in 2019 and 2020.

It is important to know that the shown increases
do not exceed the value of 200 nSvh!, which is the
value of the set alarm threshold.
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INTERLABORATORY COMPARISON

Interlaboratory comparison is the organized per-
formance and evaluation of the results of tests of the
same parameters by two or more laboratories under
predetermined conditions. These requirements are
also described in the international standard ISO/IEC
17025:2017 [3].

As part of the interlaboratory comparison, the
continuous measurement results of the ambient dose
equivalent H*(10) rate in the air of two laboratories
were compared. Two participating laboratories were
the Department for Radioactivity Examination and
Environmental Protection in PC NFS and the Depart-
ment of Radiation and Environmental Protection,
Vinca Institute of Nuclear Sciences in Belgrade.

The PC NFS used the Multifunctional Gamma
Radiation Monitor MFM203 with two GM probes
(AMES Environmental Measurement Systems), and
Vincaused the Stationary Alarm DMRZ-M15A Moni-
tor with two plane-parallel pancake GM tubes inside

6. Feb 7.Feb

the probe, with the measurement range from 50 nSvh~!
to 1 mSvh~! [11]. Both probes are suitable for a photon
energy range from 60 keV to 1.3 MeV.

Both dosimeters were calibrated in the Vinca Insti-
tute of Nuclear Sciences — Secondary Standard Dosime-
try Laboratory according to International Organization
for Standardization standard ISO 4037 [12-14].

The results of the interlaboratory comparison
from 08.12.2021 to 13.12.2021 are shown in fig. 10.
Additionally, a graphical representation of the mea-
surement results during periods of elevated rainfall is
included, highlighting a conspicuous correlation.

Due to the continuous nature of the measure-
ments lasting 6 months, and large amounts of data, we
could not present the entire data in this paper. That is
why we did graphical representations of the dose rate
during the significant rainy periods when the relation
with the ambient dose equivalent rate in the air is par-
ticularly pronounced, as shown in fig. 10.

The organizer of the interlaboratory comparison
statistically and graphically processed all the data. The
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Figure 10. Ambient dose
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inter-laboratory comparison for
period 08.12.2021-13.12.2021
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graphical presentations in fig. 10 show a clear match
between the measurement results. Both instruments
also have a good response to precipitation and a strong
relation between the ambient dose equivalent H*(10)
rate and the amount of precipitation.

CONCLUSIONS

This paper presents the characteristics of the
monitoring system for ambient dose equivalent
H*(10) measurement and the automatic meteorologi-
cal station used in the vicinity of nuclear facilities in
the PC NFS. The measurement results of ambient dose
equivalent and precipitation were gathered and ana-
lyzed.

Ambient dose rate diurnal variation caused by
humidity changes increasing the dry deposition of ra-
don progeny concentration was not observed due to
the system not being sensitive enough for such small
variations. However, the wet deposition of radon with
progeny during the rainout was detected. A relation-
ship between precipitation volume and dose rate in-
creases was observed. An analysis of the dose rate in-
crease and decrease in conjunction with
meteorological data can help determine if the increase
was caused by the radon washout or the presence of ra-
dioactive effluents from nuclear facilities, whether
distant or on-site.

To ensure proper operation the system is regu-
larly calibrated in an accredited laboratory. Also, a lab-
oratory intercomparison was organized. The results
were analyzed and are satisfactory, as the measured
values of the difference between two systems at the
same location were in the range of their measurement
uncertainty. Statistical analysis of the intercomparison
data showed a robust correlation between ambient
dose equivalent H*(10) rate increases and precipita-
tion levels.
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Becna M. PAITYMMNIO, Musioms B. BAJIETUR, Ano J. JAHUKRUJEBUh

PEJAIIMJA AMBUJEHTAJTHOI' EKBUBAJ/IEHTA JAYUHE JTO3E U
KOINYNHE IMAJABUHA TOKOM MOHUTOPUHI'A PAINOAKTUBHOCTHU
Y OKOJ/IMHUM HYKIEAPHHUX IIOCTPOJEILA

Ieo mpahewa pauoaKTUBHOCTH Y KMBOTHO] CPEIMHU y ONM3MHM HYKJIEAPHUX IOCTPOjeHa
o0yxBaTa UCIUTHUBAakE HUBOA PAAMOAKTUBHE KOHTAMUHALIYj€ Ba3AyXa, Kao U pejieBaHTHA METEOPOJIOIIKa
Mepema Ha MUKPOJIOKallUji, pafiil IPOLieHEe HUBOA U KOHTPOJIE U3JI0KEHOCTH CTAHOBHUILTBA U >KUBOTHE
cpeguHe. Y pajy je mpukKa3aHa KopeJanuja usMeby npomMeHe jaunHe aMOUjeHTaTHOT €KBUBAJICHTA JJO3€
rama 3pauema y Ba3gyxy M KOIMYMHE NajflaBUHA yciey coupama atMochepe. Mepewma cy BplleHa Ha
JIOKanuju METeOpOoIomKy cTyo Ha 114 m HagMopcke BucuHe. [1a 6u ce mpuKaszao ofHOC n3Mebhy n3mepennx
BPEHOCTH aMOWMjeHTAHOT €KBUBAJICHTA 03¢ W KOJIWYNHE MajJlaBWHA, KOpUITheHa je Bapujalyja OBHX
napamMeTapa TOKOM HajKUIoBUTHjux Mecenu y 2019. u 2020. rogunu. Mebyna6oparopujcko nopebeme je
MpUKa3aHo Ja OM ce JoKasala Balupalndja cucTeMa. AHajlu3a OBOT OHOCA jaCHO IOKa3yje YTHUIaj
MHTEH3UBHE KHIIIE Ha jaunHy aMOUjeHTalIHOT €KBUBaJIEHTa 103€, ILITO OIIpaBlaBa U3MepEeHe KPaTKOTpajHe
NIOBUIIIEHE BPEJHOCTH KOj€, Yy OBOM CIIy4ajy, HUCY HacTalle ycie]] €BeHTYaIHOT aKIMAEHTaIHOT NCIYIITakha
paguoakTUBHUX ehIIyeHTa yciel pajia HyKJeapHuX IOCTpojemha.

Kmwyune pequ: MOHUTTLOPUHZ, HUBOTUHA CPEOUHA, METLEOPOAOUIKU Tapametnap, Nadasuta, HyKaeapHo
iociupojerve




