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ABSTRACT

Data on diurnal variations of radon and thoron decay product concentrations in the
surface layer of the atmosphere in the Moscow region are given. It is noted that the
maximum of radon exhalation from the soil occurred at night. (Measurements were
carried out in summer in dry weather.) The strongest upset of radioactive equilibrium
between radon daughter products was observed in the first half of night and in the

day-time.

From the degree of non-equilibrium between RaA:RaB:RaC during the rain the
constant of their washout from the lower layer of the troposphere was estimated.
The effeect of radon and thoron exhalation variations on variations of their concentra-
tions in the surface layer of the atmosphere is theoretically considered.

At the present time there are many works
devoted to researches of diurnal variations of
radon and thoron decay product concentration
in the surface layer of the atmosphere (STYrO,
1959; BLIFFORD et al., 1956; SERVANT, 1965).
In most papers the form of diurnal course of
radon and thoron decay product concentrations
and its dependence on meteorological conditions
is considered. But some not less interesting and
important aspects of the problem were either
not studied at all or studied very little. In our
paper we touch some of them. These are first
of all, research of diurnal variations of radio-
active balance between short-lived radon decay
products in the surface layer of the air and the
estimation of the effect of exhalation variations
on changes of radon and its decay product
concentration in the atmosphere. Besides, in
the paper the most common variations of the
diurnal course of radon and thoron concentra-
tions with the time of year are established.
We also made an attempt to estimate the diurnal
course of radon exhalation variations.

1. Diurnal variations of radon exhalation

The value of radon exhalation from the soil
was determined by the following method. Rn
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was accumulated in the cylindrical chamber
placed on the soil surface by the open end.
This method was described in detail in the
literature (STYRBO, 1959; Ssissicuina, 1965).
The time of accumulation is one hour. As a rule
4 or 5 chambers were used simultaneously.
They were placed on the soil at a distance of
2-4 m from one another. The results of measure-
ments were averaged. Radon after being accu-
mulated was transferred into the chamber of
standard scintillation «-radiometer, its brand
is PAA-1. This radiometer allowed to measure
directly in the chamber the radon concentra-
tion of the order 10-!* curie and higher. Cali-
bration of the device was carried out with the
help of a standard source having 5-10-1° gram
of radium. Measurements were conducted 3
hours after the introduction of radon into the
radiometer chamber, that is, after establishing
of radioactive balance between radon and its
decay products. The computation of the exhala-
tion value E was made according to the formula:
E=AQ/St, S=T/h,
where h is the height of the air layer in which
radon exhalated from the soil was accumulated
(in our measurements kA =3 cm; it is a distance
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F1c. 1. Comparison of exhalation values determined by accumulation and balance methods (K, ; By, ;).

from the soil surface to the partition in the
accumulation chamber), » is the volume of the
examined sample, ¢ is the time of accumula-
tion, @ the increase of radon amount at the
accumnulation chamber during the time #:Q =
Q; —Q,. @, which is proportional to the radon
concentration at the soil surface at the moment
of placing chamber does not usually exceed
10-209% of @, The statistical error in deter-
mination of radon concentrations in the radio-
meter chamber was not higher than 109,

The method of accumulation has some signi-
ficant drawbacks. The main of them is that this
method isolates the studied part of the soil
from the atmospheric air movements. Therefore
in a number of cases this method was used
simultaneously with the method of balance for
calculating the value E.

For friable rocks with homogeneous distribu-
tion of radium with uniform density and with
established radon flow from the soil into the
atmosphere the equation of balance in the
column cross section of which is equal to the
unit area can be written:

7 @=E+@QA, or E=(Q-Q)4,.

Here @ =goo. H, supposed total amount of
radon in the soil in the column without exhala-
tion the height of which is H; goo —, radon con-
centration at a depth of 2m where it is considered
established and nonchanged with depth; @,
actual amount of radon in the studied column
of the soil. For @, and @ determination the

measurements of radon concentrations in the
soil at a depth of 10, 25, 37, 50, 75, 100 and 200
cm were carried out. Air was sampled at a
given depth with the help of special sounding
duraluminium tubes 8 mm in diameter with
drilled holes at the end. Drilling was performed
with augers 25 mm in diameter. The curve of
vertical distribution of radon concentrations in
the soil was divided into the parts with linear
change of concentration and the value @, was
determined as follows:

Q

Qr+qr+1

Qi: Z = z hi;
z-1 2

where ¢, and ¢,,, are values of concentrations
at lower and upper boundary of the layer the
width of which is h,.

Results of comparison of E measurements
by these two methods are shown in Fig. 1.
There were all in all 8 series of twenty-four-hour
measurements of radon exhalation from the soil
in the summer. Fig. 2 shows measurements
averaged from three series of observations dur-
ing the period from the sixth through the
sixteenth of August in 1963. Measurements
were carried out in sand soils in the Moscow
region in dry weather under anticyclone con-
ditions. In most series there was observed a
natural change of radon flow out of the soil
with time, with a maximum at night hours
(24-04 h) and a minimum ratio of the magni-
tude of 1.5-2.0.

Tellus XVIII (1966), 2
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Temperature gradients in the soil at depths
of 10 and 40 cm are given for comparison in
Fig. 2.

In the period of maximum E values at night
hours minimum radon concentrations in the soil
are observed in the layer down to 25 cm. But
in the layer lower than 40 cm it is quite the
contrary: maximum radon concentrations in the
soil occur at night hours.

Periodicity of exhalation value variations is
due to diurnal variability of some factors res-
ponsible for the process of interchange of gases
between the soil and the atmosphere. Among
these factors the most important are tempera-
ture of the upper layer of the soil (approxi-
mately down to 40 cm) and the intensity of
vertical turbulent exchange in the surface layer
of the air. Increase of turbulent mixing inten-
sity promotes the radon outflow from the soil-
atmosphere interface and the increase of exha-
lation. On the other hand, cooling of the higher
layer of the soil at night hours while at lower
layers temperature remains higher (Fig. 2) can
promote exchanging the soil air along the
vertical and bringing the radon to the soil
surface. Due to this radon flow from the soil
into the atmosphere is increased at night hours.
Higher levels of exhalation at the day time
hours in comparison to the evening ones, on
the contrary, are connected with the influence
of turbulent exchange in the surface layer of
the atmosphere on the magnitude of exhalation.
Minimum values of E in the evening hours,
on the one hand, correspond to relatively low
intensities of turbulent exchange and, on the
other hand, to the absence of temperature gra-
dients in the soil with depth.

The attempt to establish connections be-
tween the exhalation value and change of the
atmospheric pressure was not successful. And
on the contrary the influence of precipitations
is clearly seen. After rain, as a rule, exhalation
value and gradients of radon concentration in
the soil with depth were sharply diminished.

2. Diurnal variations of radon and thoron
decay product concentrations

Measurements of radon and short-lived radon
and thoron decay product concentrations in the
surface layer of the atmosphere were carried
out in the Moscow region in the summer
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Fie. 2. Top: diurnal variations of radon exhalation
averaged over 3 days (72 hours). Bottom. the diurnal
course of the temperature gradient in the soil during
these three days (between 10 and 40 cm).

(June—August) of 1963 and 1964. To determine
radon concentrations the method of its adsorp-
tion on activated carbon was used (STYRBO,
1959; Ssissicuina, 1964)., To measure radon
decay product concentrations (from «-radiation)
the method of air filtration through fine filter
was used. The time of filtration was 20 minutes.
Concentrations were calculated according to
formulas of accumulation and decay of radon
daughter products on filter (BARANOV & Gor-
BUSHINA, 1962), assuming the equilibrium be-
tween them in the atmospheric air. The time
of air filtration when determining ThB +ThC
concentrations was 2 hours. ThB +ThC con-
centration calculation was made analogous to
that in the paper by MAaLARHOV & CHERNYS-
"OvA. The height of sampling is one and eleven
meters above the ground.

Results of measurements of radon and thoron
decay product concentrations averaged for 2
hour intervals are presented in the Table 1.
It is noted the well-known diurnal course which
has the form of a simple wave with maximum
in the morning hours (4-6 hr) and minimum
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TABLE 1. Mean-hour concentrations of radon and thoron decay products (10-'% curiefliter)in the
surface layer of the atmosphere. (Moscow region, Summer, 1964.)

hr... 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24
Isotopes
RaB +RaC 160 200 258 250 187 120 122 118 123 144 155 158
ThB + ThC 3.8 4.8 5.7 5.5 3.5 1.9 2.0 1.7 2.5 2.9 3.5 3.6
RaB +RaC
—_— 42 415 4.5  45. . . 1.1 9. . 4.
ThB + ThC 4 6 535 633 6 69  49.6 497 445 44

in the afternoon hours (14-16 hr). Somewhat
unexpected was the diurnal course of the con-
centration ratio RaA +RaC/ThB +ThC having
maximum values in the daytime (14-16 hr)
and minimum ones at night (0-2 hr). For
stationary state, quite reasonably supposing
that it is ThB diffuses from the soil and not
thoron, the ratio Rn/ThB can be expressed by
the formulas:

Rn  Epn Vims l L= ]
— - R I —— Vaga Vi) | -
ThB EThB },Rn exp K( Rn ThB)

Here Ayp and Ay, are decay constants, K is the
coefficient of turbulence eonstant with height,
Eg, and Emp values of exhalation. Since
Agn <Arng, the ratio Rn/ThB must increase with
decrease of K. But quite the opposite picture
is observed. It is due to the fact that diurnal
variations of radon and thoron exhalation are
somewhat different, or that the diffusion pro-
cesses are nonstationary, or that radon decay

products at different times of the day deviate
in various degrees from the radioactive balance
with radon.

To clear up the role of the seasonal factor in
changes of diurnal variations of radon and
thoron decay product concentration we treated
the data of measurements in Vienna in 1964 which
were received by the Moscow World Center of
data on the program of International Geophy-
sical Cooperation. In Vienna they used the
method of filtration of air. The duration of
filtration was 3 hours. Measurements of filter
f-activity were carried out in 5 minutes, 2.5
hours and 5 days. Values of RaB +RaC and
ThB +ThC concentrations in the air were cal-
culated by us analogous to those made in the
paper by Mavaxrov & CHERNvsHOVA (1965).
And it was considered that the contribution of
f-radiation of fission products into the results
of the first and second measurements was equal
to the intensity of f-radiation of the sample in
5 days. When making an analysis we considered

TABLE 2. Change of diurnal variations of radon and thoron decay product concentration with time
of year (measurements in Vienna).

RaB + RaC ThB + ThC
——————— RaB +RaC ————— ThB+ThC
Month, Time of Time of max Time of Time of max
1964 max min min max min min
I 5.8 11-14 1.4 2.5 11-14 1.5
II 1-1 14-17 1.3 5-8 14-17 1.4
11T 2-5 14-17 1.2 2-5 14-17 1.2
v 5.8 14-17 2.3 2-5 14-17 2.6
v 5.8 14-17 2.9 2-5 14-17 2.5
VI 5.8 14-17 2.0 2-5 14-17 2.5
VII 2.8 14-17 2.7 2-5 14-17 3.0
VIII 5.8 14-17 2.3 2-5 14-17 3.1
IX 2.5 14-17 2.3 2-5 14-17 3.1
X 5.8 11-14 1.7 23-02 11-14 2.2
X1 5.8 14-17 1.4 2-5 11--14 1.4
XI11 — — 1.0 23-5 11-14 1.1
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Fig. 3. Diurnal variations of Rn (@, b) and ThB (¢, d) concentration at three various heights in the

surface layer of the atmosphere.

the diurnal course obtained by averaging of all
the data of measurements carried out during
every month. Results given in Table 2 in
general agree with the data of our measure-
ments (Table 1). The amplitude of diurnal
variations (ratio of maximum concentrations to
minimum ones) increases almost 3 times during
the period from the winter to the summer
season. On the other hand, the amplitude of
diurnal variations is approximately the same
for radon decay products and thoron decay
products which indicates that there is commu-
nity of causes of their diurnal variation course.
The diurnal change of the ratio RaB +RaC/
ThB +ThC in the summer occurs analogous to
the data from Table 1. In the winter diurnal
variations of this ratio are almost smoothed.

During 7 series of 24-hour measurements in
the Moscow region in the summer of 1964 the

data of diurnal course of radon and thoron
concentrations on 3 levels above the ground,
0 m, 5 m and 10 m, were obtained (Fig. 3).
In all the cases the most significant differences
in concentrations with height were observed
at night, the amplitude of diurnal variations
decreasing with the increase of height above
the ground. In three cases out of seven there
was noted some delay in appearance of concen-
tration maximum at higher levels but this
delay was not more than 3 hours for the de-
noted altitudes.

SteENHEY, MosEs & Ducas (1960) give the
data of 3 day (72 hour) measurements of radon
concentrations at 4 altitudes from 0.32 cm to
39.9 m. Results of these measurements are
presented in the Table 3. They also show that
the amplitude of radon concentration diurnal
course gradually decreases with height. Delay

TaBLE 3. Diurnal variations of radon concentration in the layer from 0 to 40 m.

Date ... 20-21. IX. 1958 16-17. VII. 1958 27-28. VII. 1958
Altitude (m) ... 0.97 5.7 23.8 39.9 0.32 0.97 5.7 399 0.32 097 238 39.9
Time of maximum 3 3 2 2 24 24 3 6 23 1 6 6
Time of minimum 10 11 10 10 10 12 10 10 16 16 16 16

Tellus XVIII (1966), 2
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in appearance of maximum at a level of 39.9 m
relative to that of 0.97 m in two cases out of
three reached 5-6 hours.

The time of establishing minimum concen-
trations was the same for all the heights with
rare exceptions.

3. Radioactive equilibrium between radon
short-lived decay products

Separate determination of RaA, RaB and
RaC concentrations in the surface air was
carried out by analysing the curve of radioac-
tive decay of aerosol samples collected on the
filter FPP-15 (from «-radiation).

Decay of mixture consisting of radon short-
lived decay products can be described by the
following equation:

de Mt Be Mt s 0eht — D,

Here 4,, 4,, 4; are the decay constants for RaA,
RaB, RaC; 4, B, C are constants depending
on the amount of RaA, RaB, RaC on the filter
at the moment ¢ =0 (ending of filtration). D,
is the absolute velocity of count at the moment
t. If to multiply the right part and the left one
of the equation by e, it is possible to obtain

Ae(}wx"ln)t LB+ Ce(/lc‘la)t :Deht.

At
De™
4200
400|
0 siwi- 1064
360. 1340__ /400
%0L B =880
520_ C :692
A=208
300t &+C= 190
280} C °©
260 pp (=Mt
%0l
2200
2001

04 05 06 07 08 09 410 p(r Mt

F1c. 4. A typical case of analysis of RaA +RaB +
RaC mixture decay curve.
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The term Ae® ™! decreases relatively fast
with increase of ¢, and at ¢>10-15 min it is
practically equal to nil. Then the remaining
part of the equation will be the equation of a
straight line for the wvariables eh Mt and
De™? (MaLarnov, 1964). At the points where
MMt _10 or ¢ ™ —-0.0 ordinates of this
straight line are equal to B+C and B, res-
pectively.

Hence it is possible to determine B and C.
The difference between De™! and the corres-
ponding ordinate of direct line at any ¢ <10-15
min gives the value of 4¢**~*t from which it
is easy to determine 4 (Fig. 4).

Using the well-known formulas for accumu-
lation of RaA, RaB and RaC on the filter at
the process of filtration and formulas of these
isotopes decay after the end of filtration
(BARANOV & GORBUSHINA, 1962), it is possible
to express constants A, B, C through the con-
centrations of RaA, RaB, RaC (q,, ¢,, ¢5) in the
surface layer of the air.

q, =0.9770 A/[1 —exp(—1,0)1V;
q:=0.2642 B/[1 —exp( —4,0)]1V —q,-1.1287;
q: =CJ[1 ~exp( —4,6)]V +2.785 g, +3.3956 ¢,.

Here V =velocity of filtration in volume units
for a minute; 6 =time of filtration. These for-
mulas are obtained for case when « =activity
of filters (RaA + RaC) is measured and when it
is assumed that the decay of atom of Ra(C’
follows practically instantaneously the decay
of RaC atom. And besides registration efficiency
of «-radiation from RaA and RaC’ by the
counting device considered equal. From the
given formulas and knowing 4, B and C it can
be found ¢,, ¢, ¢s. To receive more exact
values the value of 4 was usually determined
by making additional curves. For this in semi-
logarithmic scale (abscissa is time in minutes,
ordinate is lg[Ae(Arl‘”]) the points were plot-
ted corresponding to the difference between
experimentally measured values of De™* and
the direct line at ¢ <10-15 min. Then through
these points a straight line was drawn with the
slope corresponding to the RaA half-life. Extra-
polation of the received straight line to ¢ =0
allowed to determine A.

In our paper the ratio of concentrations of
RaA:RaB:RaC was determined, RaA con-
centration being assumed equal to 1. We used

Tellus XVIII (1966), 2
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TABLE 4. Radioactive balance between short-lived radon decay products.

10-12 12-14 14-16 16-18 18-20 20-22 22-24

hr... 0-2 24 46 68 8-10
Isotopes
RaA 1 1 1 1 1
RaB 0.5 0.9 0.8 0.9 0.8
+0.07 £0.06 +0.07
RaC 0.4 0.7 0.7 0.9 0.7
+0.08 +0.07

Number of

measurements (22}  (22) (16) (21) (20)

1 1 1 1 1 1 1
0.7 0.4 0.7 0.6 0.6 0.5 0.4

10.05 £0.05 £0.07 +0.08 +0.07 +£0.07 £0.05 £0.08 £0.08

0.7 0.4 0.6 0.5 0.5 0.4 0.3

+0.08 £0.07 £0.07 +0.06 £0.08 +0.07 +£0.06 +0.09 +0.08 *+0.08

(240 (33 (18) (17) (200 (25) (21

260 measurements carried out in 1963 and 1964
during the period from June through August.
Measurement data were divided for two hour
intervals and were averaged. The results are
presented in Table 4. Mean-root-square devia-
tions are also shown. The amount of the meas-
urements is given.

The most strong disequilibrium between
radon decay products takes place in the evening
and during the first half of night. The sharp
upset of radioactive equilibrium occurs also
immediately after noon. Radon decay products
approach most closely to the equilibrium in
the morning.

During the analysis of separate cases it was
found out that sharp upset of radioactive
equilibrium between RaA, RaB and RaC was
established during change of weather from
windy one to complete calm. Thus on the 14th
of August in 1964 from 16.40 to 17.00 the
ratio of radon decay product concentrations
was 1:0.9:0.8. Directly after the establishing
of calm from 19.40 to 20.00 this ratio changed;
it became 1:0.05:0.02. And then it increased
and reached the value 1:0.7:0.7 by 22.00.
Establishing of calm was accompanied by in-
crease of radon decay product concentrations.
To all appearances, sharp decrease of intensity
of vertical turbulent exchange promotes the
accumulation of radon in the surface layer and
the corresponding upset of radioactive equili-
brium. Hence, the disequilibrium in the evening
and in the first half of night, that is during
the period when intensity of vertical turbulent
exchange usually sharply decreases, is quite
understandable. It is very difficult so far to
explain whether the disequilibrium at noon
(12-14 br) is connected with other causes. It is
most likely due to frequent appearance and
destruction of convective vertical flows at this

Tellus XVIII (1966), 2

time of the day (SErvANT, 1965; KIRICHENKO,
1962; SHorPAaUSKAS, 1965).

In one of the cases sharp upset of equilibrium
between RaA, RaB, RaC was observed in the
morning after night frosts. If early in the
morning the ratio of RaA, RaB, RaC concen-
trations was 1:1:1, by 10 o’clock in the morning
when the ground was thawed out and dried this
ratio dropped to 1:0.2:0.1. It is apparently ex-
plained by the appearance of new portions of ra-
don without its decay products from the soil the
capillaries of which became free of ice and water.

The effect of precipitation on the extent of
radioactive disequilibrium between radon short-
lived decay products was specially studied. It
was established that in many cases this effect
was significant. In the morning hours in the
winter and spring of 1963-1964 two series of
measurements of RaA, RaB, RaC concentration
ratio in the surface air during precipitation and
in dry weather were carried out. From 27
measurements in dry weather radioactive equili-
brium (not lower than 1:0.9:0.9) was observed
in 22 cases. RaA, RaB, RaC mean concentra-
tion ratio was 1:0.9+0.03:0.9 +0.06. (Mean-
root-square deviations from arithmetical mean
are presented.)

From 15 measurements during precipitation
the ratio close to radioactive equilibrium was
only in 5 cases. Using the obtained data it is
possible to attempt to estimate separately the
constant of washout of RaB and RaC. It is
not difficult to show that for established state
the RaA, RaB, RaC concentration ratio (in
activity units) in case of precipitations can be
expressed according to the laws of kinetics of
first order as follows:

1: }vz . }-zls
et Gy (At Gy) (et Gy)

9 92 s~
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Here 1, and 1, are decay constants of RaB and
RaC; G, and G, are washout constants of RaB
and RaC. Use of the above formula gives ap-
roximately equal values of G, =(1.5 +0.5)-10~*
sec~! and G, = (1.0 £0.51)-10-*sec™?, though the
washout constant for RaB is a little more than
for RaC. G, and @, characterize washout of
radon decay products by falling precipitation
particles. Their values are several times lower
than those of washout constant of RaA and
RaC from the cloud air by cloud drops, esti-
mated by Styro B. I. with coworkers (1964).
On the other hand, the received values of G,
and G, are two to four times higher than those
of washout constant of RaB + RaC, determined
by one of the authors from measurements on
the slope of Elbrus (MALAXHOV & SOLODIKHINA,
1962) and need to be thoroughly examined.

For estimation of ThB washout from the
surface layer of the atmosphere by falling preci-
pitation particles the case of long-term rain
was used when for 3 hours ThB concentration
in the surface air decreased to 0.6 of its level
before the beginning of precipitation. If we
consider that the decrease of concentration
during precipitation occurred according to the
exponential law, the value 1.4-10-% sec—! will
be obtained for ThB washout constant. In all
the other cases the duration of precipitation
was considerably less than the duration of
collecting the sample and therefore there was
no sense in determination of the washout
constant.

It is interesting to note that in a number of
papers (SERVANT, 1965; FonTtaN & BiroT, 1964)
the authors do not find during precipitation
the significant decrease of the concentration of
all the radon short-lived decay products in
comparison to the radon concentration. It can
be explained by the fact that the total con-
centration of radon decay products especially
determined from o-radiation is changed less
under the influence of precipitation than the
ratio of separate radon short-lived decay pro-
duct concentrations.

4. Variations of natural radioactivity in the
atmosphere caused by change of Rn and
Th exhalation

Periodical change of radon and thoron and
their daughter concentrations in the surface

S. G. MALAKHOV et al.

layer of the atmosphere can be the result of both
diurnal variations of intensity of vertical tur-
bulent exchange and diurnal variations of
exhalation. We shall consider below the effect
of exhalation variations on change of radon,
thoron and their daughter concentrations in
the atmospheric air. Let us touch, first of all,
the periodical variations of exhalation. The
equation of radon and thoron diffusion for
nonstationary conditions can be written in the
following form:
o, _ 2

ot o Ml (1)

Here g, =radon (or thoron) concentration, 4, =
the constant of its decay, z =height, ¢ =time,
» =coefficient of vertical turbulent diffusion.
The latter is constant with height and during
the day. The last condition allows us to estimate
better concentration change under the influence
of exhalation change. We solve the equation
for boundary conditions:

o6

= E(1 +¢cos wt),
02 |z=0

go—>0 at 200, x

where E(1 +ecoswt) =diurnal exhalation varia-
tions presented as a sum of exhalation constant
level and cosinusoidal variations. We are inte-
rested in the stationary state when it is possible
to neglect the effect of initial conditions. Then
the solution can be presented as a sum of two
terms: Qo = qgtationary + qovarlable. Here qgtat is a
solution of stationary (&g/ot=0) equation of
radon diffusion corresponding to constant level
of exhalation, qi** describes established varia-
tion of radon (or thoron) concentrations under
cosinusoidal variations of exhalation. The
boundary condition for the second term of the
solution can be changed by

2%
oz

- Eeeia)t
2=0

4

and it is necessery to find solution for g¢* in
the form of Re(A4e™*#). Then we obtain

4

B b2, 2
@ = —48 exp ( - ‘/lo +’w z cos %’)
Vi Vi+o "
4
ht+o’
X €08 | ot — JTzsxn‘ﬂ’_% , 2)
% 2 2
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where @,=arc tg w/4, g, in atoms per unit vo-
lume.
The multiplier

4
( ‘/13 +a ¢.)
exp | — 3 2CO8
x 2

shows the decrease of diurnal variation ampli-
tude and cosine delay of variations with the
height above the ground. The value of g% ig

known:

E —_—
goret T (—2V 2g/).
X

For radon (thoron) decay products differen-
tial equations were solved

24

oq
—= T~ AndntAn-19n (3)

o
ot oz
for the boundary condition

oqn
o 20
02 |z-0

=0, n>1,

that is, it was assumed that only radon (or
thoron) without its daughters exhales from the
soil and ‘‘dry” deposition of radon (thoron)
decay products is neglected. Then

n—-1
I A

- - n
Qn—‘—q?tt“'*‘E”_o— X z L
Ve S0y =
Vii+o' TI (-2
. =0xF{
Bro® |
X cO8 [wt— V 1u,w zsxn%—%]. (4)

Here ¢;=arc tg w/is
g, is in atoms per unit volume.

En—l)'x
stat _ ’LI_O nz exp (—Zl ;.f;")
Ve Syz 3 Ge-n)

x=0xFi

For studying the effect of separate sharp
exhalation variations of radon or thoron on
the magnitude of their concentration in the
surface layer of the air, equation (3) was solved
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under the following boundary and initial con-
ditions:

a
1) gu=0att=0; x—q—o = E fort>0;
0% |z=0
gpt—>0 8t z—o0.
d
2) gu=-0att=0; ¢ -y
2=0

gn—>08atz—>o00, n>0.

The solutions are:

BTl )

- FF(z, t, Ay %)

== 2 )
% 0 TT "-4)
e §—— x=0; %1
Here

F(z, 8,41, %) =exp(—zV)F¢)[1 +¢ (V;__ii - _L_)]
2V xt

2 ;;t)] ;

'RARE 2 Je

—exp (zV ) [1 - ¢(Vﬁ +

(x)= EJI e V'd
¢ Vet Y.

If radon (thoron)]exhalation equal to E con-
tinued during the time §, then for ¢>0

e ME-0) poo 1
gt = — f — {exp
“ oVa Jo Vuit-9)

(z+e)

vom |- 5 ) e

_ {z- e)
4x(t - 06)

E
p(&)=——=F(&,0,2, %).
Ax

Now we shall touch some results of calcula-
tion made according to the above formulas.
The curves of dependence of radon and thoron

concentration increase for various ze =z/V; on
exhalation which began at ¢ =0 and was equal
to E (formula 5) are shown in Fig. 5. Radon
and ThB concentration in the stationary
conditions (t—oo) for corresponding values of
2,5r Was taken for a unit. Very great duration
of establishing stationary state attracts atten-
tion. For radon, even near the ground surface,
stationary state is established 7-10 days after
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m=6320

e

1% 14

g 9 10 1 12 t dagg

Fig. 5. Increase of radon and ThB concentrations in the atmosphere at t>0 if E=0 at t <0 and if

E =const at t>0.

the exhalation began. Radon begins to appear
at the height z,; =623 sec? only 12 hours after
its exhalation out of the ground and at the
height 2z, =10% sec? in 24 hours. For small
altitudes about half the atoms of radon went
out of the ground surface during not more
than 24 hours and for 2., =623 sec! the amount
of exhaled atoms reached approximately 79,.

For thoron decay chain (ThB) the stationary
concentration establishes about 5-7 times
quicker. As in our solution, diffusion is conside-
red on half-line (from z2=0 to z=o0) and
» =const. with height the obtained estimations
of time of stationary state establishment should
be regarded as estimations of the upper limit.
But as for qualitative conclusion of inertial
state of radon and thoron concentrations rela-
tive to Increase of exhalation 1t is, to all
appearances, correct.

Diurnal course of radon concentration in the
air caused by diurnal variations of radon ex-
halation proves to be very small (formulas 2, 4).
The amplitude of variations for the extreme
case, when ¢ =1 and z =0, is only 0.18 from the
mean value of concentrations during 24 hours.
It decreases with height according to the law
0.18 exp [0.0073 (z/Vx)], where z/Vx is expressed
in sect. When measuring radon exhalation (£ 1)
we obtained K. /E... =2, that is, ¢ = 4. Cor-
responding to this case, amplitude of diurnal
variations will be 3 times less. Delay of diurnal

variations of radon concentration has an hour
increase with increase of z, for about every
40 sec ¥,

The amplitude of ThB diurnal variations at
2=0 and ¢=1 is somewhat higher than that
of radon: 0.6 of the mean value. Its decrease
with height is described as 0.6 exp [0.0034 (z/x)].
Phase delay from exhalation increases about
an hour with increase of z,; for about every
40 sec . For about &=4, the amplitude of
diurnal course of ThB concentration will be
about 209, that is, the ratio of maximum and
minimum values will be 1.5. It is already close
to natural ThB diurnal course. Thus, thoron
exhalation variations cannot be neglected when
considering causes of diurnal course of ThB
concentration.

qroYgrat
12

08

10 14 18 22 2 6 10 t4 hours

Fic. 6. The diurnal course of radon and RaB con-
centrations at z=0 calculated theoretically for
cosinusoidal exhalation variations and for K = const.
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Fie. 7. The established change of radon and ThB concentrations in the atmospheric air provided that
every seventh day it is raining (£ =0) and on the remaining 6 days exhalation is constant (£ = const}.

Diurnal course of radon and RaB concentra-
tions (z =0, £ = 1) calculated from the formulas
(2) and (4) is presented in Fig. 6 (maximum
of E is at 2 o’clock a.m.). RaB variations delay
in phase from radon variations. Owing to it,
upset of radioactive equilibrium between radon
and ThB is the greatest in the first half of
night and in the first half of day and minimum
differences are in the morning and at the end
of the day-time. At night radon concentration
is higher than that of RaB and in the day-time
the picture is quite the contrary. In general,
it agrees qualitatively with our experimental
data on concentration ratio of RaA to RaB in
the atmospheric air (§ 3). But the observed
disturbance of radioactive equilibrium between
short-lived radon decay products in the atmos-
phere is considerably greater than it is expected
from calculations according to the formula (3).
Besides, on the average in data on concentration
ratio of RaA to RaB, given in chapter 2, there
are no cases when RaB concentration would
be higher than that of RaA. Both these facts,
in our opinion, are explained by such a power
factor in the atmosphere as periodical varia-
tions of intensity of vertical turbulent exchange
which are not taken into account in calcula-
tions.

Established variations of radon (ThB) con-
centration are shown in Fig. 7 for the case
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when every 6 days Rn(Th) exhalation was equal
to E and on the seventh day it was nil (it
was raining). On the average such relation
between dry and rainy times is characteristic
of central parts of the USSR (Climatological
reference book of the USSR, 1949). Calculation
was performed by numeric methods using the
formula (5). Delay of radon concentration
variation with height attracts attention just as
the fact that radon concentration very slowly
reaches its level after the finish of precipita-
tions. Maximum radon concentrations near the
ground surface constitute 6/7 of the concentra-
tion level at constant exhalation under sta-
tionary conditions taken for 1.

Calculations according to formula (2) show
also that concentration ratio of Rn and ThB
has maximum values in the day-time and
minimum ones at night, if change of radon
and thoron exhalation is synchronous with
maximum in the middle of the night and with
minimum in the day-time.

Summary

The diurnal course of radon, thoron and
their decay product concentrations has maxi-
mum early in the morning and minimum in
the evening. Its amplitude decreases from
summer to winter. The strongest upset of radio-
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active equilibrium between radon short-lived
decay products is observed in the first half of
night and the ratio close to equilibrium is early
in the morning (measurements in the summer
months). Measurements of radon exhalation
showed that its maximum was at night and its
minimum was in the evening. The diurnal
variations of exhalation led us to the thought
to find out their effect on the diurnal course
of natural radioactivity of the atmosphere.
Theoretical calculations made in the present
paper showed that diurnal variations of exhala-
tion can provoke diurnal variations of natural
radioactivity parameters which are qualita-
tively similar to the variations observed experi-
mentally. But quantitatively all these varia-
tions are, as a rule, insignificant, except those
of ThB. Variations of intensity of vertical tur-

8. G. MALAKHOV ef al.

bulent mixing should be acknowledged. Prob-
ably the main factor which governs diurnal
variations of natural radioactivity in the
atmosphere.

Diurnal variations of vertical turbulent ex-
change are the largest in summer. In accordance
with this, the most pronounced diurnal course
of radon and ThB concentration occurs in the
summer months. The upset of radioactive
equilibrium between RaA:RaB and RaC in the
first half of night to all appearances is also
connected with variations of turbulent exchange.
At this time the radon diffusion in the atmos-
phere along the vertical sharply grows weak,
“fresh’’ radon accumulates in the surface layer.
This disturbs the radioactive equilibrium be-
tween radon and its decay products especially
at the very beginning of the process.
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CYTOYHBIE BAPHMAHOUN HKOHHEHTPAIIMU TIPOAYKTOB PACIAJA PAJOHA U
TOPOHA B HPU3EMHOM CJIOE ATMOC®EPEI I X BLIMBIBAHUE OCAIKAMH

IIpencraBieHs FaHHBE 0 CYTOUHHX BapHALMAX
KOHIEHTPAUUH NPOXYKTOB pAcmafa pajxoHa H
TOPOHA ¥ NpMaeMHOM cixoe B MoCKOBCKOHK 06-
JacTH. 3aMeyeHO, YTO MAKCHMYM BHIEJIEHUSH
PafioHA M3 MOYBH NPHXORMTCA Ha HOYb. (Ua-
MepeHMsa OBIIM BHOOJHEHH JIETOM B CYXYyIo
morony.) HauGonee cuibHOe HapyleHHue pa-
ZMOAKTUBHOTO PABHOBECHA MEKAY AOYEPHUMH
TPONYKTaMX pafoHa HAGIIORANOCH B IEPBYI0
TIOJIOBMHY HOYM U B JHEBHOe BPeMf.

Ilo cremeHu HepPaBHOBECHOCTH BO BpeMA
aoxaa Mexny RaA:RaB:RaC 6nia ounenuHa
KOHCTAHTA X BHIMHBAHWA M8 HHKHETO CIOA
Tponocdepr. TeopeTHuecKM PpaCCMATPMBAETCHA
BJIVAHNA N3MEHEHHHA BLIEJIEHHMA PajoHa M TO-
POHA Ha BapHAIlMI0 MX KOHLEHTpauM#t B mpu-
3eMHOM CJI0€ aTMOC(EepH.

Tellus XVIII (1966), 2



