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Abstract: With regard to reconstructing the gamma background dose rate, existing models are either
empirical with limited applicability or have many unknown input parameters, which complicates
their application in practice. Due to this, there is a need to search for a new approach and build a
convenient, easily applicable and universal model. The paper proposes a mathematical model for
reconstructing the temporal evolution of the ambient equivalent γ-radiation dose rate during rain
episodes, depending on the density of radon flux from the soil surface, as well as the duration and
intensity of rain. The efficiency of the model is confirmed by the high coefficient of determination
(R2 = 0.81–0.99) between the measured and reconstructed ambient equivalent dose rate during
periods of rain, the simulation of which was performed using Wolfram Mathematica. An algorithm
was developed for restoring the dynamics of the ambient equivalent γ-radiation dose rate during
rainfall. Based on the results obtained, assumptions were made where the washout of radionuclides
originates. The influence of the radionuclides ratio on the increase in the total γ-radiation dose rate
was investigated.

Keywords: radon decay products; simulation; model; gamma background; dose rate; atmospheric
precipitation; rain shower

1. Introduction

Radon and its decay products are naturally occurring radionuclides found in the
atmosphere around the globe. The isotope of radon 222Rn is formed as a result of the
radioactive decay of 226Ra (radium) in the 238U (uranium) chain contained in the Earth’s
crust. Being an inert gas with a half-life of 3.8 days, 222Rn leaves the lithosphere and is
easily dispersed in the atmosphere without interacting with its components. The γ-emitting
radon decay products 214Pb (plumbum) and 214Bi (bismuth) have a short half-life of 26.8
and 19.9 min, respectively, and therefore can accumulate in the atmosphere in sufficiently
high activities. They can join aerosols existing in the atmosphere. When liquid atmospheric
precipitation falls, raindrops are deposited on the Earth’s surface—both non-radioactive
aerosols 214Pb and 214Bi.

The deposition of radionuclides causes an increase in gamma activity, and as a con-
sequence, an increase in the ambient equivalent dose rate during and after precipitation.
In the field of environmental radiation monitoring (environmental radiation monitoring
network) [1,2], the problem of decomposition of the gamma background is still relevant.
This requires tools to describe the growth of background gamma radiation caused by natu-
rally occurring radionuclides and precipitation. In addition to the influence on the result
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of radiation monitoring, the effect of precipitated 214Pb and 214Bi radionuclides becomes
an obstacle in the control of tectonic activity due to the registration of gamma radiation
from the descendants of 222Rn emanating from the fracture of the Earth’s crust [3–7]. For
the quantitative elimination of interference caused by the rainwater precipitation of 214Pb
and 214Bi radionuclides in [8] authors have proposed a method based on the analysis of
a meteorological dataset. The measured dose rate in [8] was corrected by subtracting the
calculated value based on the regression coefficient between the amount of precipitation
and the radiation dose. In [8], scientists used wavelet algorithms to suppress precipita-
tion noise and achieved good results. For gamma spectrometry, using the law of simple
radioactive decay, excellent results (determination coefficient R2 = 0.91) were obtained
for reconstructing the temporal evolution of the net counting rate of the 214Pb isotope
(reproducible model for reconstructing the temporal evolution of the 214Pb) [9].

Although the fundamental physics of the formation of clouds and precipitation
has been known for a long time [10], a comprehensive quantitative model of this phe-
nomenon has not yet been developed due to the insufficient accuracy of knowing the
parameters of processes in clouds. At present, the dynamics of radioactive fallout is being
actively monitored, including with the aim of verifying existing models and adjusting
their parameters [9–19]. Observing the radon decay products dynamics is a useful tool in
studying the chemistry and physics of atmospheric aerosols, cloud formation and atmo-
spheric mass transfer. Research on natural atmospheric radiation is of great importance in
applications such as human health and the radiation safety of nuclear power plants.

The aim of this work was to develop a model for the temporal reconstruction of the
gamma background during the liquid atmospheric precipitation.

First, in this article, the procedure radiation monitoring is shown and the equipment
used for measurements of liquid atmospheric precipitation is described. Second, the new
mathematical model will be presented with accounting all measured quantities. Then, in
the article, differential equations solutions and results of the simulations will be shown.
Lastly, results regarding the reconstruction of the real γ-radiation dose rate for several
cases of rain will be discussed in detail with the indication of our vision for the future
development of this model.

2. Mathematical Model

Whilst the equations for the balance of activities in the air have been known for a long
time [10], our new approach is that we directly model the dynamics of radionuclides in
an air column that starts from the Earth’s surface with an area of 1 m2 and extends to the
lower edge of the clouds.

We do not model the vertical profile of volumetric activity in the atmosphere, but
operate with integral activities in the air column.

Our approach greatly simplifies the modeling of the activity deposited on the ground
by narrowing the set of input parameters to quantities that can be easily measured, such
as radon flux density, precipitation intensity and the height of the cloud lower edge.
Precipitation intensity is measured with OPTIOS optical precipitation gauge with a high
resolution of 1 s [20] and DAVIS Rain collector II shuttle gauge. Data for the lower edge of
the clouds are readily available on the Internet (https://rp5.ru, accessed on 1 July 2021).
The dose rate of gamma radiation was measured by using an scintillation gamma detector
BDKG-03 (ATOMTEX, Minsk, Republic of Belarus). The radon flux density was measured
using a RTM-2200 radiometer (SARAD GmbH, Dresden, Germany).

To simulate the dynamics of the γ-background during the periods of liquid atmo-
spheric precipitation created by the isotopes 214Pb and 214Bi deposited on the Earth’s
surface, it was assumed that radionuclides are washed out only from the subcloud space.
This allows for an air column with a height h (the height of the lower boundary of the cloud)
and a base of 1 m2 to define the integral value Ah

i (t) =
∫ h

0 Ai(z, t)dz. Here, Ai(z, t) is a dis-
tribution function (over height z and time t) of the volumetric activity of the i-radionuclide,
measured in Bq·m−3, where i is 222Rn, 218Po (polonium), 214Pb, 214Bi. Let Ah0

i = Ah
i (t = 0).

https://rp5.ru
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Remark 1. Here, for the volumetric activity A of the isotopes 222Rn, 218Po, 214Pb, 214Bi in order
to shorten the notation, we omit the numerical indices characterizing the mass numbers.

Under the condition of radioactive equilibrium, in the absence of atmospheric precip-
itation, the initial activity of plumbum and bismuth isotopes Ah0

Pb, Ah0
Bi in the air column

of height h can be determined from the value of radon flux density from the soil surface
qRn (Bq·m−2·s−1) from a simple ratio Ah0

Rn=Ah0
Po=Ah0

Pb= Ah0
Bi = qRn/λRn, where λRn is the

radioactive decay constant of radon 222Rn, s−1.
During the period of precipitation, the integral values of the activity of radionuclides

in a column of height h can be determined by solving the system of equations:

dAh
Rn(t)
dt

= qRn − λRn · Ah
Rn(t),

dAh
Po(t)
dt

= λPo · Ah
Rn(t)− (λPo + L(t)) · Ah

Po(t),

dAh
Pb(t)
dt

= λPb · Ah
Po(t)− (λPb + L(t)) · Ah

Pb(t),

dAh
Bi(t)
dt

= λBi · Ah
Pb(t)− (λBi + L(t)) · Ah

Bi(t),

(1)

where λPo, λPb and λBi are the constants of the radioactive decay of isotopes 218Po, 214Pb,
214Bi, measured in s−1; L(t) = I(t) · k1 · k2 is a function of the washout coefficient versus
time, measured in s−1; where I(t) is the precipitation intensity function versus time;
k1 = 10−5 (h/(mm · s)) is the absolute washout ability; k2 is relative washout ability
coefficient.

Remark 2. In the system of Equation (1), to obtain the first line, it is necessary to use the law of

simple radioactive decay:
dN(t)

dt
= −λN(t). In our case, this law describes the loss of radon atoms

due to the process of their radioactive decay. Furthermore, since the activity is described by the
expression A(t) = λN(t), then by multiplying the left and right sides of the decay law equation by

λRn, we obtain
dAh

Rn(t)
dt

= −λRn · Ah
Rn(t). Radon continuously exhales into the subcloud space

from the soil. This exhalation must be taken into account by adding the radon flux density from the
soil surface qRn to the right side of the equation.

For the second, third and fourth lines, the logic remains the same. The generation of radionu-
clides here occurs due to the decay of the parent element. For example, decayed radon turns into
polonium and is taken into account by adding the coefficient λRn · Nh

Rn(t) to the right side of
Equation (here, Nh

Rn(t) is the number of atoms of the substance in the air column), which after
multiplying the equation by λPo and the corresponding transformations takes the form λPo · Ah

Rn(t).
The washout from the subcloud space is taken into account by the decrease in the activity of the corre-
sponding radionuclides using the washout coefficient, for example, for polonium it is L(t) · Ah

Po(t).

The system of Equation (1) has the initial condition:

Ah0
Rn = qRn / λRn; (2)

According to study [16], the radioactive equilibrium in the subcloud air could be
shifted, therefore, we also simulated the dynamics of radon decay products activity in the
subcloud atmosphere with the following ratios:

Ah0
Rn : Ah0

Po : Ah0
Pb : Ah0

Bi = 1.00 : 1.00 : 0.60 : 0.38. (3)

Knowing the integral values of the radon decay products activities in the atmospheric
column Ah

Po, Ah
Pb and Ah

Bi, one can proceed to the activities of As
Po, As

Pb and As
Bi of polonium,

plumbum and bismuth isotopes precipitated by rain on the Earth’s surface, measured
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in Bq·m−2 (we assume that at the initial moment of liquid atmospheric precipitation,
As0

Po = As0
Pb = As0

Bi = 0):

dAs
Po(t)
dt

= L(t) · Ah
Po(t)− λPo · As

Po(t),
dAs

Pb(t)
dt

= L(t) · Ah
Pb(t) + λPb · As

Po(t)− λPb · As
Pb(t),

dAs
Bi(t)
dt

= L(t) · Ah
Bi(t) + λBi · As

Pb(t)− λBi · As
Bi(t).

(4)

In system (4), to obtain equations, it is necessary to apply the logic according to which
system (1) was composed. The difference is that system (4) describes an increase in activity
on the soil surface, at the same time as system (1) describes a decrease from subcloud space.

Then, for system (4), the washout coefficient L(t) on the right side will be used with
the positive sign, since it reflects the increase in activity on the soil surface due to its exit
from the air system.

The joint solution of the systems of Equations (1) and (4) with the initial conditions (2)
and (3) is implemented in the Wolfram Mathematica environment using the built-in func-
tion DSolveValue and has the form:

Ah
Rn = Kh

Rn exp(−τ · λRn),
Ah

Po = Kh
Po exp(−τ · (Li + λPo)),

Ah
Pb = Kh

Pb exp(−τ · (Li + λPb)),
Ah

Bi = Kh
Bi exp(−τ · (Li + λBi)),

As
Po = Ks

Po exp(−τ · λPo),
As

Pb = Ks
Pb exp(−τ · λPb),

As
Bi = Ks

Bi exp(−τ · λBi),

(5)

Kh
Rn =

(exp(τ · λRn)− 1) · qRn + Ah0
Rn · λRn

λRn
,

Kh
Po =

Ah0
Po · (Li + λPo) + λPo · Ah

Rn(exp(τ · (Li + λPo))− 1)
Li + λPo

,

Kh
Pb =

Ah
Po(exp(τ · (Li + λPb))− 1)

Li + λPb
,

Kh
Bi =

Ah0
Bi · (Li + λBi) + λBi · Ah

Pb(exp(τ · (Li + λBi))− 1)
Li + λBi

,

Ks
Po =

Li · Ah
Po(exp(τ · λPo)− 1) + λPo · As0

Po
λPo

,

Ks
Pb =

Li · Ah
Pb(exp(τ · λPb)− 1) + λPb · As0

Pb + λPb · As
Po(exp(τ · λPb)− 1)

λPb
,

Ks
Bi =

Li · Ah
Bi(exp(τ · λBi)− 1) + λBi · As0

Bi + λBi · As
Pb(exp(τ · λBi)− 1)

λBi
,

where i is the time in the total duration of ambient dose equivalent rate fluctuations caused
by precipitation; Li is a discretely specified washout coefficient for each time interval equal
to τ and is a piecewise specified function of t; Ah0

Rn, Ah0
Po, Ah0

Pb, Ah0
Bi is an integral activity

of the corresponding radionuclide in air column, calculated for the previous iteration or
the starting value until the moment of precipitation (before precipitation, one needs to
use (2)); Ah

Rn(t), Ah
Po(t), Ah

Pb(t), Ah
Bi(t) is an integral activity function versus the time of

the corresponding radionuclide in the air column; As
Po(t), As

Pb(t), As
Bi(t) is an activity

function versus time of the corresponding radionuclide that precipitated on the soil surface;
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As0
Po, As0

Pb, As0
Bi is an activity of the corresponding radionuclide calculated for the previous

iteration or the initial value before precipitation.

3. Algorithm for Reconstructing the Time Evolution of the Ambient Dose

The general view of this system is convenient for implementing the algorithm for
reconstructing the time evolution of the ambient dose equivalent rate based on repeating
the cycles of calculating the variables. For this work, the sampling step of the time interval
τ = 60 s. Then, the total time period covered by the model will be i · τ, where i is the number
of time periods of the duration of precipitation, as well as the time periods required to
restore the ambient dose equivalent rate to the background value.

The use of the system of Equation (5) makes it possible to implement an algorithm
for restoring the dynamics of the ambient equivalent γ-radiation dose rate (measured in
Sv·s−1) during rain shower, which consists of the steps described below.

The first step is the simulation of radon and its decay products integral activity
dynamics in the air column by using the system of Equation (1).

The second step is the simulation of the activity dynamics of precipitated 218Po, 214Pb
and 214Bi isotopes on the soil surface by using the system of Equation (4).

Furthermore, the third step is the time evolution reconstruction of the ambient equiva-
lent γ-radiation dose rate by multiplying activity functions As

Pb(t), As
Bi(t) with the specific

gamma ray dose constant for the corresponding radionuclide and then summing them.
Figure 1 shows the activity dynamics of 214Pb and 214Bi precipitated on the soil surface

and the calculated total γ-radiation dose rate excluding γ-background value before precip-
itation.

Figure 1. Dependence of the dose rate, activity of precipitated radionuclides on time. 214Pb activity
on the soil surface (snowflakes). 214Bi activity on the soil surface (diamonds). The total radionuclide
activity on the soil surface (points). The total dose rate of γ-radiation due to the precipitated
activity (circles).

As can be seen from Figure 1 over time, after the cessation of precipitation t1, plumbum
undergoes natural decay and passes into bismuth due to a shorter half-life. In the
interval > t1 the activity of bismuth increases over plumbum As

Pb < As
Bi. Due to the

higher radiation characteristics of 214Bi, the dose rate decrease slower than the activity of
other natural radionuclides in rainwater.

To switch to the registered equivalent dose rate H(t), it is necessary to add the dose rate
created by plumbum and bismuth HPb + HBi and take into account the background com-
ponent HBkg, which is present before precipitation, that is, H=HBkg + HPb + HBi (Figure 2),
where H is the reading of the γ-radiation dosimeter; HBkg is a background value of the
dose rate before the start of precipitation; HPb is the value of the dose rate formed by
the As

Pb activity of plumbum; HBi is the value of the dose rate formed by the As
Bi activity

of bismuth.
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Water amount, Relative units

H = HPb +  HBi  

HBkg  HBkg
end  

Figure 2. Dependence of the dose rate of γ-radiation on precipitation. Precipitation intensity (bar
graph). Dose rate of γ-radiation (circles).

In Figure 2, the background value of the dose rate HBkg measured before the onset of
precipitation is used to plot the readings of the γ-radiation dosimeter. HPb, HBi are dose
rates created by precipitated plumbum and bismuth activities (As

Pb , As
Bi) calculated from

the system of Equation (4). For the second and subsequent rainfall events, Hend
Bkg should be

used instead of HBkg.
Figure 3 shows a special case of rain with a duration of t1 − t0 = 40 minutes. For

such a case, the absence of bismuth in the subcloud space (Ah0
Bi1 = 0) during the period

of precipitation leads to a decrease in total activity in rainwater at the end of the rain t1
by about 20% compared to rain, in which the activities of bismuth and plumbum in the
atmosphere are equal (Ah0

Bi2:Ah0
Pb2 = 1:1).

Ah0
Bi1:A

h0
Pb1 (t=0) = 0:1

Ah0
Bi2:A

h0
Pb2 (t=0) = 1:1

(APb1+ABi1)/(APb2+ABi2)
(HPb1+HBi1)/(HPb2+HBi2)
                             ABi2

                             ABi1

  

t1  t0 

Figure 3. Dependence of the dose rate and activity of rainwater radionuclides on the activity of
bismuth in the subcloud atmosphere. ABi1—rainwater bismuth activity in the absence of bismuth
in the subcloud space (diamonds); ABi2—the activity of bismuth in rainwater, and the activity of
bismuth in the subcloud space is equal to the activity of plumbum (crosses). The ratio of the dose
rates due to the activities of radionuclides in water, in the absence of and in the presence of the activity
of bismuth in the atmosphere (triangles). The ratio of the total activities of water radionuclides, in
the absence and in the presence of the activity of bismuth in the atmosphere (points).

Various cases of the ratios of plumbum and bismuth isotopes in the subcloud space
were simulated, and from these results, it was concluded that if the ratio of radionuclides



Mathematics 2021, 9, 1636 7 of 10

is unknown, then the error as a result of restoring the activity values can be up to 20% and
the dose rate up to 25%. Therefore, when modeling the dynamics of γ-background during
periods of liquid atmospheric precipitation, it is extremely important to know the ratio of
the main dose-forming γ-emitting radionuclides. The absence of bismuth in the subcloud
space Ah0

Bi1= 0 does not lead to its complete elimination from rainwater due to the ongoing
process of transition of decaying 214Pb to 214Bi.

4. Results and Discussion

To assess the effectiveness of the model, it is necessary to compare the data series
obtained from the gamma radiation detector and the dose rate series reconstructed from
the precipitation intensity. This means that to determine how much the restored function of
the dose rate behavior corresponds to the real data, and therefore to calculate the coefficient
of determination. This indicator is a statistical measure of goodness with which one can
determine how well the regression equation matches the real data.

To test the described model, several cases of rain showers occurring in the city of
Tomsk on the territory of the geophysical observatory of the IMCES SB RAS were used.

Figure 4 shows the following precipitation event that occurred on 7 August, 2017.
For this event, according to meteorological data, the cloud base was at the height of
0.8 km, the maximum precipitation intensity was 120 mm·h−1 and the total precipitation
amount was 23 mm. The measured value of the radon flux density before precipitation
was, on average, 4.8 · 10−4 Bq·m−2·s−1. Calculations were made on the assumption of
radioactive equilibrium between radon and its decay products in the atmosphere before
the rain shower.

Figure 4. Influence of precipitation on the formation of the dose rate; measured dose rate (points);
the dose rate reconstructed using the algorithm (solid line); and the precipitation intensity (filled
bar graph).

For the rain shower shown in Figure 4, high agreement between the calculated and
experimental data was obtained. The coefficient of determination R2 = 0.99 and root mean
square error RMSE = 0.004493 [µSv·h−1] for the ambient dose equivalent rate measured
and recreated during a heavy rain.

Consider two consecutive heavy showers that occurred on 30 June 2017, with an
interval of only about 30 min (Figure 5).

According to the meteorological data, for the first event, the maximum precipitation
intensity was 168 mm·h−1, and for the second event this was 98 mm·h−1. The measured
value of the radon flux density from the soil surface before precipitation was, on average,
4.5 · 10−4 Bq·m−2·s−1. The calculations were carried out on the assumption of radioactive
equilibrium between radon and daughter products of its decay in the atmosphere before
the beginning of showers.

The simulation results (Figure 5) showed that the developed mathematical model
(R2 = 0.91) well describes the change in the dose rate of gamma radiation during two
successive rain showers, the time interval between which is much shorter than the time of
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the dose rate decrease due to the decay of precipitated radon decay products to its initial
background value of about 3 h.

Figure 5. Influence of two consecutive rain showers on the formation of the dose rate; measured
dose rate (points); the dose rate reconstructed using the algorithm (solid line; and the precipitation
intensity (filled bar graph).

Figure 6 shows a case of precipitation that occurred on 30 July 2017. According to
meteorological data, the height of the lower edge of the clouds was 1.2 km, the intensity of
precipitation at its maximum value was 55 mm·h−1, and the total amount of precipitation
was 8.6 mm. The measured value of the radon flux density before precipitation was, on
average, 5.7 · 10−4 Bq·m−2·s−1.

Figure 6. Influence of precipitation on the formation of the dose rate; measured dose rate (points);
the dose rate reconstructed using the algorithm (circles); and the precipitation amount (bar graph)

For the reconstructed dynamics of the ambient equivalent γ-radiation dose rate,
shown in Figure 6, the coefficient of determination R2 = 0.81 indicates good agreement
between the calculated and experimental data. In the interval of 1–2 h after the beginning
of precipitation, an overestimated value of the reconstructed dose rate is observed in
comparison with the registered one. This can be explained by soil moisture, and as a
consequence, an increase in its attenuating ability in relation to γ-radiation. To simulate
the γ-background during the second and third events of precipitation (Figure 6), the Hend

Bkg
value of the previous precipitation was used.

5. Conclusions

Analysis of this work results allowed us to draw following important conclusions:
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1. A new mathematical model for the reconstruction of the dose rate during periods of
liquid atmospheric precipitation was developed. The model was tested by comparing the
experimental and reconstructed data. Its effectiveness is confirmed by a high coefficient
of determination (R2 = 0.81–0.99) between the measured and recreated ambient dose
equivalent rate during single and multiple rain events.

2. The new approach proposed by us has justified itself in the fact that for single
high-intensity precipitations, our model with a small set of parameters that needs to be
known describes the experimental data well enough.

3. As a consequence of the first conclusion, we can suppose that the radionuclides are
washed out from the subcloud space but not from the cloud itself, which means that the
contribution of radionuclides that are in the cloud is most likely minimal.

4. Algorithm for reconstructing the total dose rate proposed in this work is convenient
for software implementation. It consists of three sequential steps: the simulation of radon
decay products activity dynamics in the air column; on the soil surface; and time evolution
reconstruction of the ambient equivalent γ-radiation dose rate.

In cases where we have a series of rain events with varying intensity, the model
requires improvement as evidenced by the low coefficient of determination, and in this
direction, we plan to further develop the model and also expand it to other types of
precipitation, for example, drizzle.
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