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Abstract

Research works on the atmosphere radon and its’ daughters have been car-
ried out. The correlations among the concentrations of unattached ?%po and
Hépg, ions, the number and size of condensation nuclei, and the effective attach-
ment coefficients were clarified. The variations of radon and thoron concen-
trations were analyzed in relation to the wind speed and turbulent diffusivity.
Outdoor and indoor **’Rn concentrations in Japan and China have been sur-
veyed using passive electrostatic integrating *>’Rn monitors. The annual mean
outdoor “*Rn concentrations ranged from 2.4 to 9.7 Bq m™ and 4.8 to 14.6 Bq
m” in Japan and China, respectively. The ratios of indoor and outdoor *’Rn
concentrations were about 2 to 3. Outdoor “**Rn concentrations were measured
continuously with ectrostatic radon monitors at six locations in Japan and
China. The **’Rn concentrations at Nagoya, Kasugai, Toki, Beijing and Fuzhou
showed a diurnal variation clearly in autumn. At Kanazawa, the clear diurnal
variation appeared in summer. An analytical model of one layer long range
transport of “background component” of *’Rn was proposed using air mass
trajectory technique. This model could explain the temporal variation of back-
ground component of **Rn. In addition, a three-dimensional numerical simula-
tion model was developed for calculating the temporal variation of *’Rn. The
variation of observed “*’Rn concentration agreed with that of calculated one.

Keywords: radon, thoron, radicactive ion, temporal variation, diurnal variation,
. . 222 . . .
passive method, outdoor and indoor Rn concentration, diffusion
equation, numerical simulation.
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1. Properties of Radon Daughters

1.1 Introduction

218Po(RaA) is produced by a-decay of ““Rn. At the time of formation, RaA is an unat-
tached atom in the atmosphere which, after a short time, attaches to an aerosol particle for-
ming attached RaA. A fraction of the unattahced RaA is ion and the rest is neutral.

Many authors"® have studied the natural radioactivity in the atmosphere; in particular,
the time variations of concentrations of radioactive substances, the local anomaly on land,
and the relation between concentrations of radioactive substances and meteorological ele-
ments have been fairly well studied. However, the researches on the propertles of natural
radioactive ions are considerably few” ™. According to Chamberlain and Dyson the most
fundamental form of naturally occumng radioactive ions is the RaA (ZISPO) ion of which mo-
bility, denoted by £, is 2.2 cm’s 'volt”. In the previous paper”), the present authors clarified
that the radioactive nuclides carried by radioactive ions (k=2. 2 cm’s ™ 'volt” ) are mainly
RaA. In this chapter, we describe first the interaction between RaA ions and condensation
nuclei.

When we estimate the lung dose from radon and thoron decay products, we must take
into account that a considerable number of unattached atoms may be deposited in the trachea
and the brochial region, while the attached atoms are mainly deposited in the pulmonary
reglon ). In addition, ICRP Publication 32' indicates that for the special case of inhaled
unattached radon daughters a considerably higher dose is given to the bronchial than the pul-
monary epithelium. It is therefore important to know the unattached fraction. In this chapter,
we also describe the research for unattached fraction of radon daughters.

222,

1.2 The interactions between RaA ions and condensation nuclei

1.2.1 Measurement

The following simultaneous measurements were carried out from July, 1964 through
Feb., 1967 at various stations in the central area of Japan;

concentration of RaA ions, n4 (cm )

concentration of condensation nuclei, Z (cm )

rate of RaA ion production, g, (cm )
and diffusion coefficient of condensation nuclei, D (cm 5.

1.2.2  Instruments used for measurements

The instruments used for the present work are as follows:
(1) Concentration of RaA ions (n,)
The apparatus used for collecting radioactive ions is shown in Fig. 1-1. The diameter and
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the length of the flow tube are 25 cm and 250 cm, respectively. A copper wire of 0.055 cm in
diameter and 200 cm in length is supported by insulators coaxially in the flow tube and is
maintained at negative potential of 225 volts. The flow tube is always grounded. The air is
drawn through the flow tube at rate of 200 cm s~ . From the values of the potential difference
and the velocity of air-flow used here, the critical mobility of radioactive ions trapped on the
wire is calculated to be 2.2 cm’s 'volt . The radioactive ions are collected for one hour, and
at the end of the collection period, the wire is wound upon a flat spool for activity counting.
A ZnS scintillation counter is used for alpha-counting, and counted values are recorded for
90 minutes after the end of the collection.

It was clarified that the radioactive nuclides trapped on the wire are mainly RaA”. Then
the time variation of alpha-disintegration of the wire may be expressed by the following
formula;

Aphe(1— €™
(/13 "}»A)(;{C ——)“A)

Acha(l— e

(e—l,,t _ e—lct)
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Fig. 1-1 The apparatus used for collecting RaA ions (Negative Wire).
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where
I, : alpha-disintegration rate at time ¢ (dps)
£ : collection efficiency for RaA ions
0 : flow-rate (cm’s ")
1y : concentration of RaA  ions (cm ™)
Njand No  : numbers of RaA and RaC atoms on a wire respectively

Aqipand Ac @ decay constants of RaA, RaB, and RaC respectively (s_l)
T : collection time(s).

Substituting the values =1, Q=n(3)’%200 cm’s ™, 1,=3.79x107%57", 1,~4.31X107% ",
1c=5.86X10"*%"", and T=7,200s into formula 1-1, and using 0.080 as the value of countmg
efficiency of the scmtlllatlon counter, we can estimate the concentration of RaA ions (n,) in
the air from the counting rate.

(2) Concentration of condensation nuclei (Z)

A Pollak photoelectnc nucleus counter was used for the present work. The calibration
curve obtained by Nolan'" was used for estimating the concentration of condensation nuclei
from the measured value of extinction.

(3) Diffusion coefficient of condensanon nuclei (D)

The diffusion battery method'®'> was used for measuring diffusion coefficient of con-
densation nuclei. A metal diffusion battery with ten channels was used. The diffusion coeffi-
cient of condensation nuclei was estimated by using Gormley’s formulac™. A particle
diameter (2r) corresponding to a value of diffusion coefficient was calculated by using
Stokes-Cunningham formula.

(4) Rate of RaA ion production (g4)

Although it is well known that positively charged RaA atoms are present in the atmos-
phere, it has not been perfectly clarified how many per cent of RaA atoms are positively
charged and how many per cent are neutral. We denote the charged fraction of RaA atoms
produced by a-decay of Rn-222 by f, and the fraction of neutral RaA atoms by (1-f). Then
we may estimate the rate of radioactive (RaA) ion production from the concentration of
radon gas in the air:

qa =qun =f)‘Rnan (1-2)

where
f  :charged fraction of RaA atoms produced by a-decay of Rn-222
qr. : rate of RaA atom production (cm s~ )
Agn : decay constant of Rn-222 (s~ )
ng, :concentration of Rn-222 (cm™ )
In the present work, the concentration of Rn-222 was measured by means of the char-
coal trap method or the filter pack method.

1.2.3  Results of measurements

(1) Mean life of RaA ions
The mean life of RaA ions is given by the following relation;

b= (1)
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where
6, : mean life of RaA ions(s)
B4 : effective attachment coefficient between RaA ions and condensation nuclei
(em’s™).
In the case of RaA ion equilibrium, the following relation may be given:

pa =7 (1-4)

The rate of RaA ion production (q,) cannot be directly measured. We can determine only
the value of gr, = qu/f, Ba/f, or f6,. However, as is described by Ikebe'”, the value of fis es-
timated to be about 0.26. The average mean life of RaA ions is about 12 sec on the campus
of Nagoya Univ., but is rather long at Mt. Norikura (36 s), Toki (50's), and Tadeshina (24 ~
375).

(2) The correlation between the concentration of RaA ions and that of condensation nuclei

According to the formula (1-4), n,/q, is expected to be inversely proportional to Z, if
we assume f3, to be constant. In actual, the value of §, is considered to be mainly controlled
by the size of condensation nuclei (2r), and the time variation of 7, hence j, are remarkably
wide. Fig. 1-2 shows the correlation between n,/q, and Z. The data shown in the figure is
classified into five groups according to the value of D measured simultaneously. In each
group, the value of D, hence 3, is rather constant. As is shown in this figure, n,/q, is almost
inversely proportional to Z. Thus, if we take the variation of D into consideration, the corre-
lation among n,4, Z, and g, is expressed by the simple formula; g, = B4 nsZ.

(3) The effective attachment coefficient ,
The effective attachment coefficient between RaA ions and condensation nuclei (8,)
may be estimated from the formula (1-4). S, is considered to be a function of the diffusion

Nagoya Univ.
—  Feb, 1967
: e
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x\“\x o
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Fig. 1-2 The correlation between n,/(q,/f) and the concentration of condensation nuclei.
Data is classified according to the value of D.
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Fig. 1-3 The correlation between the attach- Fig. 1-4 The correlation between the attach-

ment coefficient of RaA ions (divided
by f) and the diffusion coefficient of
condensation nuclei.

ment coefficient of RaA ions (divided
by f) and the radius of condensation
nuclei.

coefficient of nuclei (D). Fig. 1-3 shows the correlation between $,/fand D measured on the
campus during Feb., 1967. As is shown in this figure, ,/f correlates fairly well with D. The
average diameter of condensation nuclei (2r) may be calculated by using Stokes-Cunningham
formula. In Fig. 1-4 the correlation between (,/f and r is shown. Similar correlations were
also obtained at Tadeshina, in Aug., 1966.

According to Keefe and Nolan'”, the effective attachment coefficient between small ions
and nuclei (b) is expressed theoretically as a function of that between ions and uncharged nu-
clei (), and 7, is given as follows:

_4arDy(1+ J7y)

4D,

(1-5)

Mo

where
r :radius of the nucleus (assumed spherical)
C : average speed of the small ions
D, : diffusion coefficient of the small ions

2 —6
__ &, _288x10
Y =27k ( ’

for a temperature of 17°C)

where e is electronic charge, T is absolute temperature, and k is Boltzmann’s constant.



8 Y. Ikebe, T. lida, M. Shimo and T. Sakashita

Our results of observations of small ions measured simultaneously together with RaA
ions suggested the excess of uncharged nuclei (or the lack of charged nuclei) in the atmos-
phere during the observation periodls), In this case, b approaches 7.

In this case of RaA ion, Dy=0.054 em’s ! and C=1.75%10*cms .. Inserting these
values into formula (1-5), we obtain 7, as a function of r. The solid line in Fig. 1-4 represents
7o (arbitrary unit). The measured values shown in the figure agree fairy well with the solid
line in the range of r larger than 0.015 zm.

Lassen and Rau'” obtained a similar formula, but without the image term, to describe
the attachment of ThB atom to aerosol particle. Our measured values seem to agree well with
the Lassen and Rau’s theory in the range of 7 smaller than 0.03 um.

1.3 Measurements of free RaA

1.3.1 Measurements

The short-lived radon daughters were sampled on a filter, and o particles were counted
using ZnS(Ag) scintillation equipment. The equilibrium equivalent RaA concentration, Qu
was obtained by analyzing a single count of the filter assuming radioactive equilibrium be-
tween radon daughters. The wire screen method™ was used for measuring the unattached
concentration of RaA, Q4. We used an ordinary filter holder where a wire screen was used
instead of a filter. In this case the RaA activity was obtained assuming no RaB and RaC on

the wire screen. The unattached fraction f, is presented as follows'”;

_Qi__ 2
fa “@j*m (1-6)

where 1, is the decay constant of RaA nuclide(s), § is the attachment coefficient of unat-
tached atom to aerosol particles (cm”.s™") and Z is the aerosol particle concentration (cm—3).
The quantity § Z indicates the attachment rate of an unattached atom to an aerosol par-
ticle””.

1.3.2  Results of measurements

In Fig. 1-5, the result of measurements of f is shown. In the figure, r is the radius of at-
mospheric aerosols determined by using a diffusion battery. Inverse correlation between f,
and Z is seen. The observed values agree to a considerable degree with the theoretical curve
calculated from Fuch’s theory””. A detailed discussion of this relation is included in a pre-
vious paper by Shimo et al’).

1.4 Conclusion

To clarify the interaction between RaA ions and condensation nuclei, simultaneous
measurements of the concentration of RaA ions (n,), radon-222, and condensation nuclei
(Z) were carried out at several stations. In some occasions, the diffusion coefficients of nuclei
(D) were also measured. It was found that the correlation among them may be well expressed
by the simple formula; qs=pfsnsZ. The correlation between S, and D (or radius of nuclei)
was also obtained.

" For evaluating the unattached fraction f, (fraction of RaA atoms unattached on aero-
sols) in the open air, the total activities and the unattached activities of RaA atmos have been
measured in various environments. The observation of the number concentration Z and mean
radius of aerosols have also been carried out simultaneously. It is shown that the unattached
fraction decreases with increase of the aerosol particle concentration and that an observed
unattached fraction agrees with the calculated one.
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Fig. 1-5 Variation of the unattached fraction as a function of aerosol particles. r=radius of
aerosol particles. Standard error of aerosol particles is less than few per cent.

2. Analysis of the Variation of Radon and Thoron Concentration in Relation to
the Wind Speed and Turbulent Diffusivity

2.1 Introduction

*’Rn (radon, Rn) and “*’Rn (thoron, Tn) diffuse continuously from the ground surface
to the atmosphere. These radioactive emanations are transported upwards by turbulent diffu-
sion in the atmosphere.

There have been numerous researches for the relation between Rn and Tn concentra-
tions and turbulent diffusivity of the air (K). The vertical distributions of Rn and Tn have
been calculated by assuming various functional forms of K with respect to altitude®>", On
the contrary, several researches’>” calculated the mean value of K between two altitudes
from Rn measurements, assuming K to be constant.

In this chapter, analytical solutions of the diffusion equation obtained by assuming linear
increase of the diffusion coefficient with respect to altitude are presented. The relationships
between the concentrations of the emanations and wind speed are also obtained theoretically,
and are compared with those obtained by field measurements. We also report the evaluation
of the vertical profiles of the turbulent diffusivity from observed Tn profiles.

2.2 Vertical profiles of Rn and Tn concentrations

2.2.1 Analytical solutions of the diffusion equation
The equilibrium vertical profiles of Rn (zzan) and Tn (mRn) for steady-state condi-
tions at a constant exhalation rates of Rn and Tn can be obtained from the following dif-

ferential equation;
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d
dz

dn

K9] ~in=0 (2-1)

where

n : concentration of Rn or Tn at altitude z (Bq cmw?’)

K : diffusion coefficient (cm’s")

A : radioactive decay constant of Rn or Tn (5™).
The diffusion coefficient K is quite valiable with altitude. In the turbulent boundary layer
near the ground surface, K is approximately expressed by the following linear law of z;

K=a+bz

where

a : molecular diffusion coefficient (cmzs—l)

b : turbulent diffusion coefficient at a unit altitude (cm’s™").
Above the boundary layer, K seems to be rather constant. In the present work, we assume
two types of K-profiles;

Case 1; K=a+bz for 0 <z=w (2-2)
K=a+bz for 0=z=<H

Case 2 ; (2-3)
K=a+bH for z=z H

Substituting (2-2) into (2-1), we obtain as the diffusion equation

thydngpdn g, g 2-4
(a Z) dZ2 dZ n ° (—)

Introducing a variable y = Ja + bz, we obtain from (2-4)

d’n 1

dy ¥

dn
dy

_ 4k

n=0. (2-5)

The general solution of the equation (2-5) is
- 2 2
n ——Alo( ;ﬁy) + BKO( —g,ﬂy)

%Wb—z,))Jr BKO(%W) (2-6)

= Al

where I, is the modified Bessel function of the first kind of order zero, and K, is the modified
Bessel function of the second kind of order zero.

Now we shall introduce the following boundary conditions: (i) Rn and Tn have proper-
ties of radioactive decay. Consequently,

n(z = *) = 0. (2-7)



On the Properties and Behavior of Radon and Its Daughters in the Atmosphere 11

(ii) The total activity of Rn or Tn in a vertical air column is equal to the exhalation rate at the
ground surface. Therefore,

[indz=E (2-8)
0

where E is the exhalation rate of Rn or Tn atom from the ground surface (Bq cm s ). From
the condition (i),

A=0. (2-9)

Inserting (2-6) and (2-9) into the condition (ii), we obtain
iB[ KO( 3 Ma¥bg) | de=E. (2-10)
0

Putting / MKO( % JA(a + bz) ) dz = I and introducing a new variable x = 2/A(a + bz)/ b, we
0
obtain
1= [, Ko(xyedx =52 ek, ()]
27 Jau Ko()xdx =57 [xK: ()], (2-11)
b b

where K, is the modified Bessel function of the second kind of first order. It is easily proved
that lim xK;(x) = 0. Then we obtain from (2-10) and (2-11)

2@3) . (2-12)

B= E/mKl( 5
Inserting (2-9) and (2-12) into (2-6), we obtain as the solution of the equation (2-1)
n= EKO( 2 [(a+5) ) /mKl( 2_1)@) . (2-13)

This result is in accordance with the solution obtained by Wormell* (1965, unpublished, re-
fered by Crozier and Biles) and by Israel et al’” by means of a different method.
For case 2, the solution of equation (2-3) may be obtained by similar way;

ny=B{NI(x) + Ko(x)} x= H (2-14)

and ny = BMe “RAZ= s g (2-15)
where N = Ki(xn) = Ko(xn) =11
I(xp) + Li(xg) ° xy Io(xpy) + Li(xg)

xy = 2JM(a+bH),
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-1
B=2E { bN[xIy ()] — b[xK,(x)]3 + ZMMKH}

and 7, is the modified Bessel function of the first kind of first order.

2.2.2  Results of caiculation

Vertical profiles of Rn and Tn were calculated by using the solutions described above. In
the present work, we used the following values of constants: a=0.054 cm’s ' for Rn and Tn,
4=2.10X10"%"" for Rn, and A=1.30X10"%s"" for Tn. As the exhalation rate we supposed

E,=1 Rn or Tn atom/cm”.

Case 1; K=a+bz(0 < 7<)
Inserting these values of constants into (2-13), we can obtain Rn and Tn profiles for the
case of K=a+bz. The calculated profiles of Rn and Tn are shown in Figs. 2-1 and 2-2,

respectively.

K=a+bz(0=z=< H)
K=a-+bH(z =z H)

In the present work, the value of H was taken as 200 m for each value of b.

With respect to Tn, the results of calculation for case 2 coincide quite well with that
shown in Fig. 2-2 which was calculated for case 1. Tn profiles shown in Fig. 2-2 coincide also
with some of those obtained by Jacobi and Andre who assumed several typical K profiles
similar to the present work. These circumstances seem to show that the value of K above
200 m altitude do not affect Tn profiles below about 10 meters.

Fig. 2-3 shows the result of calculation for Rn.

Case 2 ;

i Esa=1 Rn atom/cnf sec
e - K=a+bz R
St I
1IN =
I 10 3
1070 RN a
‘g FHTSEON ®
17 ) =
E ==l TN Hi1 =
= o s 1 LN )
o = e =
= T LT T R o)
£ | L T e LS ] 10 2
LI e SN us)
10-18 o : i! i T v ;! ‘ \\ ‘{(‘__ N\ -3
[ VIASAVE
. ] \__\ M 102 3,
10-18 | ! l ) \\ Nl =
lem 10cm I'm IOm 100m Ikm 10km
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Fig. 2-1 Vertical profile of ?2Rn (radon) for Case 1 s K=a+bz(0 < z<x),
p
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Fig. 2-2 Vertical profile of **’Rn (thoron) for Case 1 ; K =a + bz (0 < z < ).

This profiles agree quite well with those for case 2.
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Fig. 2-4 Correlation between the concentration of *2Rn (radon, z=1m) and wind speed (z=1m)
obtained on the campus. Solid lines represent the theoretical relationships for case 1;
(Zy=0.2 cm).

2.3 Relation between the concentration of Rn and wind speed

In general, concentrations of Rn and Tn in the atmosphere vary widely with a change of
time. For example, the concentration of Rn at 1 meter above the ground surface measured on
the campus of this university had a range of values from 0.4 Bq m” to 35 Bq m, varying
considerably from day to day. The main cause of the time variation of Rn and Tn concentra-
tions seems to be change of vertical turbulent diffusivity or wind speed.

Fig. 2-4 shows some example of the correlations between the Rn concentration
measured on the campus and the wind speed at 1 meter above the ground. As shown in the
figure, negative correlation is apparent.

The relationship may be found theoretically as follows: Under neutral condition, the ver-

tical distribution of mean wind speed near the ground is given by the logarithmic profile®;

u(z) = n ‘ (2-16)

where
u(z) : wind speed at altitude z gcm s
ux : frictional velocity (cm s )
k  :von Kérman constant = 0.41
and z,: roughness length (cm).
Assuming the vertical turbulent diffusion coefficient of Rn and Tn, denoted by K(z), to
be equal to that of momentum, we can express K(z) as

K(z) =kuxz. (2-17)
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If u(z,) is given, we can estimate K(z,) from (2-16) and (2-17). Then we can estimate corre-
sponding n(z,) from Fig. 2-1. Thus the relationship between n(z;) and u(z,) may be obtained.
Fig. 2-5 shows the relationships between the Rn concentrations and wind speed. In the figure,
the value of E, is taken as 1 atom cm ’s ', and the value of z; is taken as 1 m. The solid line
in Fig. 2-4 represents the theoretical relationship between the Rn concentration and wind
speed. In the figure, z; is taken as 0.2 cm™. The observed data correlate fairly well with the
theoretical line.

Comparing the theoretical line for E,=1 atom cm’s™" with observed data (for unknown
exhalation rate), we can estimate exhalation rates of Rn. The exhalation rate of Rn is esti-
mated to be 44 m Bg m s~ which seems reasonable as compared with the results obtained
by several researchers’***%,

In order to see the effect of the stability of the atmosphere upon the dispersion of the
observed data of Fig. 2-4, data obtained by Hosler™ were analyzed by the similar method
described above. Fig. 2-6 shows the results. The data obtained on the neutral condition agree
well with the theoretical relation, whereas those obtained on the stable and unstable condition
don’t agree. Thus the stability of the atmosphere seems to much affect on the relation. For
neutral condition, the assumption of the constant exhalation rate seems to be correct.

2.4 Estimation of vertical turbulent diffusivity from Tn profiles

2.4.1 Measurements of Tn profiles

Field measurements were conducted by using an ionization chamber at two sites on the
university campus; in the green belt where the ground surface in covered with lawn (lawn
area, 61 mXx91 m) and on the bare soil (soil area, 61 mx100 m)]4). Measurements were made
in the daytime from Aug. to Nov. 1968. Among the Tn profiles obtained during the measur-
ing period, those which satisfy the following three conditions are chosen in the present work
as some examples of Tn profiles: (1) wind direction; N~ NW, (2) fairly constant wind speed,

Nagoya Univ. Sept. 1968
E lawn area
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Fig. 2-7 Vertical profile of thoron concentration measured on the lawn area of the campus. (a) Sept. 3
(u=0—0.5 ms ); (b) Sept. 2 (0.7—2.0); (c) Sept. 6 (2.0—3.2); (d) Aug. 31 (3.2—6.0).
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Fig. 2-8 Comparison of the observed points of thorn obtained on the lawn area with calculated thoron
profiles by assuming K=a-+bz.

and (3) dry ground surface. The measurements were made at the leeward (east) edge of each
site.

Fig. 2-7 shows Tn profiles measured above the lawn area. In the figure, measured points
are classified into four groups according to the date of measurements. As is shown in the
figure, four Tn Profiles may be drawn according to the wind speed (u) at 1 m above the
ground. The profiles seem to be fairly similar to those obtained by Crozier & Biles™. The
curves drawn in Fig. 2-8 among the plotted observed points are theoretical ones calculated
from equation (2-13) for a constant exhalation rate.

Although observed points for u=0.3ms ' rather seem to agree with calculated profile
for K=a+0.4 z, those for u=2.6ms " and 4.0ms ' do not agree with calculated profiles.
These discrepancies suggest that the diffusivity K in the atmosphere near the ground cannot
be expressed strictly by K=a+bz. Therefore, in the following section we attempt to evaluate
K profiles from observed Tn profiles.

2.4.2 Estimation of Tn exhalation rate

To evaluate K profiles from observed Tn profiles, we must evaluate Tn exhalation rate
(E,) at the observation sites. Recently methods for the direct measurement of Tn exhalation
rates have been developed by several researchers. However, it is as yet impossible to measure
E, directly taking into consideration of the effect of the wind speed. In the present work, we
estimate E, indirectly as described in section (2-3). Thus the exhalation rate of Tn above the

lawn area was evaluated to be 340mBqm s~

2.4.3  Estimation of K profiles from Tn Profiles

In the present work, K profiles are evaluated from observed Tn profiles as follows: Inte-
grating the diffusion eq. (2-1) for steady state condition, we obtain
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dn ‘
‘sz =] ndz. (2-18)
Then K(z) may be given by
K(2) = |K(z)| 4| +/1/ ndz|/ fl— (2-19)

Now Tn flux E at altitude z may be given by

E=—k49. (2-20)

Then

K(2) = {—E(z3)+/1/ ndz|/ ( dz) (2-21)

From observed Tn profiles, we can evaluate
Z

(dnfdz),, (dn/dz),, and [ ndz.
. %

In this work z, is taken as 3 cm, and E(3) is estimated in each profiles as

M =—in(L5). (2-22)

Then we can evaluate K(z) from the formula (2-21).

Fig. 2-9 shows the K profiles on the lawn area estimated from Tn profiles shown in Fig. (2-7)
using egs. (2-21) and (2-22). As is shown in the figure, estimated K profiles somewhat differ
from K= bz. The estimated K profiles may be expressed well by an experimental formula

K(z) =az’. (2-23)

The values of « and f§ are shown in Table 2-1. f§ takes the values from 1.3 to 1.5. The dis-
crepancies between the diffusivity Ky, estimated from Tn profiles and that Ky calculated
from the Rossby relation (2-16) were discussed from the view point of the stability of the
atmosphere' 9,
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Fig. 2-9 Vertical K profiles on the lawn area estimated from thoron profiles shown in Fig. (2-7).

Table 2-1 K(z)=azﬁ profiles estimated from thoron profiles.

Profile Date a B
a Sept. 3 0.40 1.35
b Sept. 2 1.0 1.3
c Sept. 6 1.1 1.5
d Aug. 31 3.0 1.4

2.5 Conclusion

The vertical distributions of Rn and Tn were obtained analytically under some conditions
of the diffusion coefficient with respect to altitude. The theoretical relationships between the
concentration of the emanations and wind speed were compared with those obtained by field
measurements, and fairly good agreements were obtained. The main cause of the dispersion
of the data seems to be the stability of the atmosphere.

Field measurements of the vertical Tn profiles were carried out on the campus. Compar-
ing the observed Tn profiles with those calculated by assuming K=a+bz, some discrepancies
were found between them.

Estimations of K profiles from observed Tn profiles were made. It was found that the es-
timated K profiles may be expressed well by an experimental formula; K(z)= az’.
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3. A Survey of Outdoor and Indoor *’Rn Concentrations
by Passive Method in Japan and China

3.1 Introduction

Many type of passive **Rn monitors’*>* have been widely used for the survey of time
average indoor **’Rn concentrations. To evaluate lung dose precisely due to inhalation of
*’Rn and its daughters, it is necessary to measure also mean >*’Rn concentrations in various
outdoor environments. However, the measurements of regional distribution of outdoor “**Rn
concentration have hardly been carried out due to lack of high sensitive passive “’Rn
monitor’”. The information on the regional distribution of **’Rn concentration and its time
variation is also important to study “*’Rn in relation to **’Ra concentrations in soil, *’Rn ex-
halation, geographical features, and its behavior in the atmosphere.

The authors’™ studied and developed a new type of %)assive electrostatic integrating
Rn monitor (EIRM) that is capable of measuring outdoor *Rn concentrations accurately.
The monitors used to measure the outdoor and indoor “**Rn concentrations in co-operation
with various laboratories and institutes in the Tokai districts’” and in Japan and
China®®*%. In this chapter, the results of surveys in Japan and China are described.

222

3.2 Instruments and methods

3.2.1 Electrostatic integrating **? Rn monitor

Fig. 3-1 shows the EIRM (Aloka; GS-201B) which has same construction as the EIRM
developed by lida et al.” The EIRM has a volume of about 2.26 L. Radon-222 atoms in the
EIRM are exchanged naturally by diffusion through a membrane filter positioned at the

— 165mm¢ —— s

Battery )
% (315V)
a5

212 mm

13mm

Fig. 3-1 Electrostatic integrating *22Rn monitor.
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bottom. The measured exchange rate was 0.67 h™'. Radon-222 decays by emission of an a-
particle to 28py,. and most of **Po atoms are positively chargedél). The positive *®p6 jons
are collected electrostatically on the electrode. Since the electrostatic collection of 28po*
atoms depends on the humidity in air, the inside of the EIRM was dehumidified with a P,Os
drying agent which is powerful and does not absorb *Rn gas. The cellulose nitrate (CN) film
(LR115 type 2) in the electrode detects the a-particles emitted from only 8P atoms due to
the structure of the collecting electrode™). According to Currie’s definition®”, the detection
limit is found to be 0.4 Bq m > for an exposure time of 2 months. Therefore, outdoor *’Rn

level can be measured with high accuracy.

3.2.2  Monitoring duration and monitor arrangement

Surveys of outdoor and indoor *Rn concentrations in the Tokai districts of Aichi, Gifu
and Mie prefectures have been measured every 2 months during about 2.5 years from August
1985 to January 1988. Measurements of the outdoor **’Rn concentrations at 5 locations in
Japan except the Tokai districts have been carried out from December 1986 to November
1988. Surveys of indoor *2’Rn concentrations had also been carried out in typical dwellings in
Nagoya and Sapporo from February 1984 to November 1987.

Surveys of outdoor and indoor *Rn concentrations in China have been made with
about two-months integrating times from November 1988 to January 1990 and from
February 1991 to March 1993. The nine central cities in six different regions of China,
Changchun, Huhehaote, Beijing, Xi’an, Nanjing, Shanghai, Wuhan, Fuzhou and Guiyang,
were selected as surveyed locations. Gaoxiong in Taiwan and Nagoya in Japan were selected
as control cities. The first survey involved 102 measuring sites located in Beijing, Xi’an,

Mean 6.4:2.1 Bq‘r-n'3

Fig. 3-2 Average outdoor *22Rn concentrations at various locations in Tokai districts.
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Fig. 3-3 Seasonal variation of outdoor “““Rn concentrations in mountainous regions and near sea.

Ky
Sappero
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51Bqm® §
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Kochi 3
688qm? 578

ob’

Fig. 3-4 Average outdoor **Rn concentrations at 6 locations in Japan.

Nanjing, Shanghai, Fuzhou and Guiyang and the second survey included 81 sites in Chang-
chun, Huhehaote, Shanghai Wuhan, Fuzhou and Guiyang. In principle, the surveys were car-
ried out by setting the monitors in indoor and outdoor conditions simultaneously at each site.
The EIRMs were set outdoors ranging from 1 to 1.5m high above the ground. The indoor
monitors were set in apartments and offices constructed with concrete and brick, which are
typical buildings in China.
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3.3 A survey of outdoor and indoor 2 Rn concentrations in Japan

3.3.1 Distribution of outdoor **’Rn concentrations

The annual mean “**Rn concentrations at each location in the Tokai districts from Au-
gust 1985 to January 1988 are shown in Fig. 3-2. The *’Rn concentration at Nakatsugawa
was 11.7Bgqm ~* which was the hlghest of all measured locations. On the other hand, the
lowest concentration of 3.5Bqm™ ? was observed at Saku island. The average values of 21 lo-
cations in Aichi prefecture, 10 locations in Gifu prefecture and 9 locations in Mie prefecture
were 5.7, 8.4 and 6.0 Bqm ™, respectively. Fig. 3-3 compares seasonal variation of average
*’Rn concentrations of 8 locations in mountainous region with that of 10 locations near the
sea. In the mountainous regions, the mean *Rn concentration was about 9. 5 Bqm > and
fluctuated widely between 6 and 11Bqm . On the contrary, it was 4.5Bqm"~ * and ranged
from 3 to 6 Bqm ? near the sea. The both results show a clear pattern of a spring-to-summer
minimum and an autumn-to-winter maximum.

The annual mean outdoor “*’Rn concentrations at 5 locations in Japan except the Tokai
districts are shown in Fig. 3-4. The highest concentratlon of 9.7Bgqm ~ was observed at
Kusatsu and the lowest concentration of 2.4Bqm™ * at Sapporo. The annual mean *Rn con-
centrations at Kanazawa Maizuru and Kochi were 5.1, 7.8 and 6.0Bqm ® which were al-
most the same as the **’Rn concentration level at Nagoya. Outdoor *Rn concentrations at
Sapporo and Kanazawa did not show the clear seasonal variations. The results at other loca-
tions show a seasonal variation of a summer minimum and a winter maximum.

Table 3-1 Average outdoor and indoor **Rn concentrations in Japan.

average *’Rn concentration (Bq m )

outdoor indoor
location No. of mean No. of Type of mean indoor

monitors monitors house outdoor

Nagoya® 1 59 3 wood 7.5 1.3

5 concrete 17.7 3.0

Sapporo” 1 2.2 1 wood 38.5 17.5

2 concrete 86.1 39.1

Sapporo” 1 2.3 1 wood 15.5 6.7

2 concrete 25.2 11.0

Tokai o 20 5.7 13 wood 15.2 2.7
Districts (12 wood 1.1 1.9)

7 concrete 13.7 2.2

mean 20 5.7 20 14.7 2.6
(19 12.1 2.1)?

a) means for Feb., 1984 ~ Jan., 1986

b) means for Feb., 1985 ~ Mar., 1986

¢) means for Apr., 1986 ~ Nov., 1987

d) means for Dec., 1985 ~ Mar., 1987

e) except the data of the high 222Rn concentration of 64.8 Bgm ™~ in a wooden house.
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3.3.2  Indoor***Rn concentrations

A preliminary survey of indoor “*’Rn concentrations had been carried out in Nagoya and
Sapporo. The measurements in colder Sapporo from February 1985 to March 1986 were se-
lected new types of energy-efficient houses which have spread gradually in Sapporo in recent
years. Moreover, from April 1986 to November 1987 we have measured the “*’Rn concen-
trations in typical dwellings in Sapporo. The observed results of indoor **’Rn concentrations
are represented in Table 3-1. The mean “*’Rn concentration in 3 wooden houses at Nagoya
was 7.5Bqm"° and slightly higher than the outdoor concentration of 5.9 Bq m~°. The mean

Beijing
80Bqm? ®

Nanjing
Xi'an . 64Bgm?,
11.2Bgm™

Shanghai
488qm?
7

Fuzhou

95Bgm™ -
Guiy: Q
uiyang :
3 Gaoxiong
12.28gm 40Bqm?

Fig. 3-5(a) Average outdoor *?Rn concentrations at six cities in China
from November 1988 to November 1989.

Changchun
101Bgm”

Huhehaote
8.68qm™

.
Guiyang
11.8Bqm™

Fig. 3-5(b) Average outdoor Rn concentrations at six cities in China from April 1991 to April 1992.
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Table 3-2 Average outdoor and indoor *22Rn concentrations in China (Nov., 1988 ~ Nov., 1989).

average *’Rn concentration (Bq m—3)

outdoor indoor

location No. of mean S.D. No. of mean S.D. indoor

monitors monitors outdoor
Beijing 10 8.0 2.5 11 22.6 3.4 2.8
Xi’an 14 11.2 3.0 9 23.9 7.7 2.1
Nanjing 10 6.4 1.3 10 13.7 5.3 2.1
Shanghai 5 4.8 1.6 5 16.6 4.8 34
Fuzhou 10 9.5 1.9 10 24.5 5.2 2.6
Guiyang 4 12.2 2.0 4 38.1 13.9 3.1
mean 8.7 28 23.2 7.7 2.7
Gaoxiong” 1 4.0 1 15.5 9.1 3.9
Nagoya® 6 5.5 6 11.3 2.3 2.1

S.D.: standard deviation
a) means for Feb. 1988 to Feb. 1989.
b) means for Dec. 1985 to Dec. 1986.

Table 3-3 Average outdoor and indoor **Rn concentrations in China (Apr., 1991 ~ Apr., 1992).

average “*’Rn concentration (Bq m—3)

outdoor indoor

location No. of mean S.D. No. of mean S.D. indoor

monitors monitors outdoor
Changchun 7 10.1 2.0 4 26.4 4.9 2.6
Huhehaote 4 8.6 1.9 4 11.3 2.0 1.3
Shanghai 9 4.3 0.8 7 15.2 3.2 3.5
Wuhan 11 14.6 5.9 15 19.8 4.9 1.4
Fuzhou 9 10.2 2.8 9 31.8 6.5 3.1
Guiyang 1 11.8 1.1 1 17.3 6.3 1.5
mean 9.9 3.4 20.3 6.9 2.1

S.D.: standard deviation

*22Rn concentration in 5 concrete houses was 17.7 Bq m™, which are about 3 times those in

outdoor air. The very high **’Rn concentrations were observed in tightly built houses at Sap-
poro. On the other hand, the mean *”Rn concentrations in typical dwellings at Sapporo were
only about 2 times those at Nagoya.

Outdoor and indoor **’Rn concentrations in 20 locations in the Tokai districts have been
measured from December 1985 to March 1986 by the co-operation with NIRS®. The results
of annual mean “*’Rn concentrations in outdoor and indoor air are represented in Table 3-1.
We selected 13 wooden houses and 7 concrete apartment houses. The very high **’Rn con-
centration of 64.8 Bq m™ was observed in one of wooden houses. The annual mean ***Rn
concentrations except the high **Rn concentration are also represented in Table 3-1. The
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ratios of indoor and outdoor “*’Rn concentrations were 1.9 in wooden houses, 2.2 in con-
crete houses and 2.1 in all dwellings.

3.4 A survey of outdoor and indoor 22Rn concentrations in China

3.4.1 Distribution of outdoor **2Rn concentrations in China

The average outdoor “*’Rn concentrations at nine cities of the mainland China from No-
vember 1988 to November 1989 and from April 1991 to April 1992 are shown in Table 3-2,
Table 3-3 and Fig. 3-5. Shanghai, Fuzhou and Guiyang participated in the both surveys.
Their results of first and second surveys agreed fairly well for outdoor *2Rn concentrations at
the three cities and for indoor concentrations at Shanghai and Fuzhou. However, a different
result was obtained for indoor **Rn concentrations at Guiyang, since the selected building
was only one at second survey.

The annual mean **’Rn concentration of nine cities was 9.3 Bq m™° from Table 3-2 and
Table 3-3. This is almost the same level as the average concentration of 10 Bq m~ in con-
tinental areas that is indicated in UNSCEAR report™. Among the nine cities, the highest

30k | Beiling 4 L Shanghai 4 b Sh_anghal‘i 4 ‘Cr;angcr;un 4
20r 1t W 1+ - .
10F- 1T a1 r~ ""‘M&“;'ﬂ
Qutdoor B e i
O i
T T
3pF | Nanjing 4 | @ Fuzhou 4+ I-Huhehaote .

1 I Guiyang
Guiyang

L] L

22pn concentration (qu~3)

0 NDJFMAMJJASONDJF  NDJFMAMJJASONDJF  FMAMJJASONDJFMAM  FMAMJJASOND J FMAM
1989 1983 1991 1991
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20+ 1 r —e— Qutdoor,
10 -
0 NDJFMAMJJASONDJF
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Fig. 3-6 Seasonal variation of outdoor and indoor *’Rn concentrations at nine cities in China and
Gaoxiong and Nagoya. The error bars indicate the standard deviations each data.
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and lowest annual mean “’Rn concentrations of 14.6 Bq m ranging from 8.4 to 23.9Bq

m™ and 4.8 Bqm ™ ranging from 3.6 to 6.3 Bq m > were observed at Wuhan and Shanghai.
The ***Rn concentrations in China were higher in southern parts than those in northern parts,
and they were lower in seashore are as than those in inland areas.

The mean outdoor “*’Rn concentrations for two-month intervals at each city are shown
in Fig. 3-6. The patterns of seasonal variations at the nine cities have a summer minimum and
a winter maximum, and were similar to those at control cmes and most areas in the world.

Fig. 3-7 shows the relationship between outdoor *’Rn concentrations and “*Ra concen-
trations in soil®®. A good correlation coefficient of 0.88 was obtained for the data at Nanjing,
Shanghai, Fuzhou, Guiyang, Nagoya and Gaoxiong. The data at Changchun, Huhehaote,
Beijing, Xi’an and Wuhan were excluded from the calcuiatton of the correlation coefficient,
because of the reasons described below. The high outdoor Rn levels at Changchun, Huhe-
haote, Beijing and Xi’an suggest the high exhalanon rate of **’Rn from dry soil of low *Ra
concentrations. In addition, some of the hlgh *’Rn concentrations may be attributed to high
atmospheric stability and high frequent occurrence of inversions in the inland areas The low
R n levels at Nanjing and Shanghai correspond to the low exhalation rate of *Rn from soil
due to the low **°Ra concentrations in soil and hwh soil moisture. The high *’Rn levels at
Fuzhou and Guiyang result mainly from the hlgh Ra concentrations in soil. A clear seaso-
nal variation at Wuhan situated in inland area may be caused by high atmospheric stability
and low soil moisture in winter.

3.4.2 Indoor**’Rn concentrations

Annual means and seasonal variations of indoor *’Rn concentrations were also shown
in Table 3-2, Table 3-3 and Fig. 3-6. The highest mean concentration of 38.1 qu was ob-
served at Guiyang in the fn“st survey and the lowest was 11.3Bgqm~ ? at Huhehaote. The sea-
sonal pattern of the indoor “*Rn concentrations was the same as that of outdoor, i.e., that
was minimum in summer and maximum in winter. This trend depends upon not only outdoor

22Rn concentrations but also living conditions, being ventilated in summer. As shown in the
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right column of Table 3-2 and Table 3-3, the ratios of indoor to outdoor ***Rn concentra-
tions in China ranged from 1.3 to 3.4, were really same as those of Japanﬁo)‘

3.5 Conclusion

Outdoor and indoor ***Rn concentrations have been surveyed in the Tokai districts and
in Japan and China using passive electrostatic integrating *’Rn monitors.

In the Tokai districts of Aichi, Gifu and Mie prefectures, outdoor *’Rn concentrations
have been measured at 40 locations every 2 months during about 2.5 years from August
1985. The annual mean “*’Rn concentrations were about 9.5 and 4.5 Bqm™ in the moun-
tainous regions and near the sea. The both bimestrial results show clear seasonal variations.
The annual mean outdoor “*’Rn concentrations at Sapporo, Kanazawa, Maizuru, Nagoya,
Kusatsu and Kochi were 2.4, 5.1, 7.8, 6.6, 9.7 and 6.8 Bq m_a, respectively. Outdoor “Rn
concentrations showed different seasonal patterns at 6 locations. The average indoor “**Rn
concentrations in wooden and concrete houses were about 11.1 and 13.7 Bq m™ in the Tokai
districts. The ratio of mean indoor and outdoor *’Rn concentrations of 12.1 and 5.7 Bqm™’
were about 2.1 in the dwellings.

The surveys of outdoor and indoor *’Rn concentrations at nine cities in China were
been carried out by the co-operation of China and Japan from November 1988 to January
1990 and February 1991 to March 1993. In the first survey, the annual mean outdoor **Rn
concentrations at Bemng, Xi’an, Nanjing, Shanghai, Fuzhou and Guiyang were 8.0, 11.2, 6.4,
4.8,9.5 and 12.2 qu , respectively. The results of the second survey at Changchun, Huhe-
haote, Shanghai, Wuhan Fuzhou and Gulgrang were 10.1, 8.6, 4.3, 14.6, 10.2 and
11.8 Bgm - respectlvely The annual mean “’Rn level and seasonal variation at each city
can be explamed by the “**Ra concentrations in soil, the weather conditions, the soil moisture
and their geological conditions. The annual mean indoor “?Rn concentration was 21.8Bq
m™ in typical buildings constructed with concrete and brick. The highest indoor **Rn con-
centration of 38.1 qu was observed at Guiyang, and the lowest concentration of
11.3Bgm™ ~ was at Huhehaote. The seasonal variations of the *’Rn concentrations in the
dwellings depend upon outdoor *’Rn concentrations and living conditions. The ratios of
indoor to outdoor **’Rn concentrations ranged from 1.3 to 3.4.

4. Continuous Measurements of Qutdoor Radon Concentrations
at Various Locations in East Asia

4.1 Introduction

To investigate *’Rn behavior in the atmosphere, continuous “**Rn monitors, which can
measure outdoor “*’Rn concentratlons accurately at numerous locations, are required. Ioniza-
tion chamber® ) scintillation cell® ), the two-filter method67), and electrostatic collection
method®® have been used for measuring environmental **’Rn concentrations. However, these
instruments and methods reported up to the present were not suitable to measure outdoor
low **’Rn concentrations. Authors®” studied and developed an electrostatic continuous **’Rn
monitor (ERM-1). This 222Rn monitor has following characteristics: 1) a capability to
measure continuously low **’Rn concentration levels with high accuracy and sen81t1V1ty, 2)a
stable operation; and 3) an easy maintenance. Using this monitor, outdoor ***Rn concentra-
tions were measured at Nagoya University beginning in 1985.

This chapter describes the construction and characteristics of four “Rn monitors
(ERM-3, ERM-4, ERM-5, and ERM-6) which were the same type as ERM-1 and some re-
sults for the continuous measurements.
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4.2 Measurement method

4.2.1 Construction and principle of electrostatic 22 R monitor

Fig. 4-1 shows the schematic diagram of the monitor. The "’Rn detection unit is

equipped in the center of an aluminum hemisphere with radius 200 mm. The monitor has a
volume of about 16.8 L. The air flows at 1 L min™" into the hemisphere through a membrane
filter and a vapor trap of phosphorus pentoxide (P,0,) with a diaphragm pump. This process
removed aerosols, **Rn daughters and water vapor from the air.

Radon-222 decays by ermsswn of an a-particle to *8po, and most of *"*Po atoms are
positively chargedm) The positive ®Po ions are collected electrostatically on the electrode of
aluminized Mylar (0.9 mgcm 2? coated with 10 mgem™ ZnS(Ag) phosphorm Alpha-par-
ticles emitted from *'*Po and *"*Po atoms are incident on the underlying ZnS(Ag) through
the Al Mylar. The scintillations due to a-particles are detected by a 38 mm diameter photo-
multiplier tube optically coupled to a light pipe. The scintillation pulse which is amplified and
processed is fed into a personal computer (NEC PC-9801RX) through an interface. In the
personal computer, the *Rn concentrations are calculated automatically from oa-counts
accumulated every one-hour using following equation,
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o - XC(I-z)
o) =—¢F FD) ¢“4-1)

where, Q(I) is the mean ’Rn concentration during the time interval I inBq m ™, C(I) is the
a-counts durmg time interval I; C’(I-i) is the a-counts during time interval I that are ex-
pected from **’Rn daughters collecting on the electrode during time interval I-i; CF is a cali-
bration factor given by the product of #p,, 72,5 and V which are the collection efficiency of
*%p6* jons on the electrode, the a- counting efficiency by the ZnS(Ag) phosphor and the vol-
ume of the hemisphere in m 3; and F(I)is a term on the basis of Bateman equation in s. The
term F(I) is a function of the decay rates of “Rn daughters, the collecting time of **Po*
ions on the electrode and the a-counting time’?

Electrode

Flow meter

PCOBOIRX

Fig. 4-1 Schematic diagram of continuous electrostatic *’Rn monitor.
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4.2.2 Characteristics of the ”” Rn monitors

A flow rate sucked with the diaphragm pump was adjusted to 1L min”, in consideration
of the exchange rate in the *Rn monitor, the presence of *Rn in the sampling air, and the
amount of drying agent in the vapor trap. Up to the flow rate of 0.5L min~’, the *’Rn con-
centration in the monitor varies almost identically that in outdoor environment.

The electric field inside the monitor was calculated using a computer simulation. From
the lines of electric force, the effective collection volume from which 8p5* jons could be
collected on the electrode can be evaluated to be almost the whole volume.

The electrostatic collection of *"*Po™ ions depends on the humldlty m the air’”. In prac-
tice, it was confirmed experimentally that the collection efficiency of *™®Po" jons decreases
with increasing absolute humidity. The relative or absolute humidity in the outdoor environ-
ment fluctuates considerably from season to season. Therefore, the air sample was passed
through a vapor trap of about 1000 g of P,Os which could maintain the inside of the monitor
at absolute humidity under 0.5 gm" * during a hot and humld summer in Japan and China.

The **Po” ions may also be neutralized by trace gases ), especially NO,. The calibration
factor CF at an applied potential of —3000V as a function of NO, vapor concentratlon indi-
cated that it did not change within the NO, concentratlon range of 0 to 0.53 mgm " % at 25°C,
1 atm. Because the collection efficiency of the 2'®Po" ions was not affected by the neutraliza-
tion due to NO,, no attempt was made to remove NO,.

The dependence of the calibration factor CF upon the applied potential was measured
from —500V to —5000V in steps of 500V, keeping the absolute humidity under 0.5 gm"3.
The experimental result showed that the calibration factor increased only 18% from —2000V
to —5000 V. Therefore, the applied potential has been determined to be —3000 V, reducing
the various effects due to electric leakage.

Calibrations of five ’Rn monitors including ERM-1 were done as follows the five
monitors, 108.7 L vessel, a 1.5 L cylindrical ionization chamber containing hxgh *’Rn con-
centration, a vapor trap of P,Os and a diaphragm pump were connected in series in a recircu-
lating system. Then the air was circulated for 24 hours at 1L min~ through the system with
the pump. The *’Rn concentration in the system was measured w1th the 1.5L ionization
chamber that had been calibrated against known concentration of **Rn exhaled from **’Ra
solution. The mean values of the calibration factors are 17.8, 18.6, 18.3, 18.1 and
19.3Bq 'm’h”" for ERM-1, ERM-3, ERM-4, ERM-5 and ERM-6, respectively. The pro-
duct of the collection efficiency 7y, and the a-counting efficiency 7,5 can be evaluated to be
about 0.3 from the CF values. Assuming that 7, is 0.45 and 88% of *8po atoms carries a
positive charge when formed”, about 75% of the ***Po” ions in the monitor were collected
on the electrode.

To study the effect of the recombination between *¥po* ions and negative ions in high
Rn concentration, the relationship between the calibration factor and the *’Rn concentra-
tion was measured. This measurement was carried out using ERM-1. The relationship was
linear in the range from 18 to 2220 Bq m'

The background count rate of each **’Rn monitor was measured for 24 hours by main-
tainmg *Rn-free in the monitors after flowing 100 L of *’Rn-free air that is a mixture of
nitrogen and oxygen in the ratio of 79 to 21 in Volume The mean background count rates
obtained from this experiment are (5.3 £ 2.7) h™'. Using the values of the uncertainty in the
background count rates and the cahbratlon factors, the detection limits defined by Currie’ K
were found to be about 0.3 Bqm " for every monitor.

When the **Rn concentrations were measured continuously at one-hour intervals with
the monitor, the standard deviations could be evaluated by using the statistical errors of a-
counts and by considering propagation of the errors in Eq 4-1. The calculations gave the
standard deviations of 23.7, 10.6 and 7.5% for the **’Rn concentrations of 1, 5 and
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Beijing
B

Fuzhou

Fig. 4-2 Map of **’Rn measurement locations.

10Bq m, respectively. Since the standard deviations of monthly and annual mean *’Rn
concentrations due to the statistical errors of a-counts were small, the uncertainty of the
mean concentrations depended mainly on the uncertainty of the calibration factor and ac-
cidental noise counts.

The maintenance of the ““Rn monitor was only to exchange the filter paper and the dry-
ing agent of P,O5 once a month. Since *Rn long-lived decay products of 1%ph accumulate
on the Al Mylar of the electrode for long-term measurements, it was necessary to remeasure
the background count rate or to exchange the Al Mylar + ZnS(Ag) sheet once a year. The
data of ***Rn concentrations were stored in a floppy disk at 12 p.m. every day.
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4.3 Results and discussion

4.3.1 Outdoor**’Rn concentrations in Japan

After studying the characteristics of the monitors, outdoor *Rn concentrations were
continuously monitored beginning in October 1990 at Kasugai (ERM-6) in the plains, Toki
(ERM-4) in the mountainous regions, and Kanazawa (ERM-5) located near the Japan Sea.
The monitors were set up at typical locations in these regions. The locations are shown in Fig.
4-2. The distances from Nagoya to Kasugai, Toki and Kanazawa are about 10 km, 30 km and
150 km, respectively. The hourly data of *’Rn concentrations were obtained from August
1985 to August 1994 at Nagoya, from October 1990 to September 1993 at Kasugai, from
October 1990 to April 1992 at Toki and from November 1990 to October 1994 at Kana-
zawa.
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Fig. 4-3 shows the typical diurnal variations of *Rn concentrations in each season of
1991 at each location. The **’Rn concentrations from 1'to 10 January, shown in Fig. 4-3(a),
illustrated similar variation at each location. The *’Rn concentrations during 3 and 7 January
hardly fluctuated and were low. Most of the low concentrations of about 3 Bq m™ are re-
garded as the contribution from the ’Rn originating in China’”, since Japan was then
covered with a cold air mass from the continent and the strong northwest wind was blowing.
The results from 21 to 30 April, shown in Fig. 4-3(b), were low *”’Rn concentration levels at
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Fig. 4-3 Comparison of *22Rn concentrations measured at Nagoya, Kasugai, Toki and Kanazawa from
(a) 1 to 10 January, 1991, (b) 21 to 30 April, 1991, (¢) 11 to 20 August, 1991 and (d) 11 to
20 November, 1991.
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every location. The *Rn concentrations at Kasugai and Toki indicated hourly variations
similar to Nagoya. The hourly variations of *’Rn at Kanazawa were a little different from
other locations. The *’Rn concentrations at Kasugai and Toki from 11 to 20 August, shown
in Fig. 4-3(c), were a little higher than those at Nagoya. Since a south wind blows mainly in
summer, the “*Rn concentrations at Nagoya located near the seacoast showed a small

4r —e— NAGOYA

ol @ KASUGAL
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Fig. 4-4 Seasonal variation of monthly mean **’Rn concentrations at Nagoya, Kasugai,
Toki and Kanazawa.
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Fig. 4-5 Comparison of *22Rn concentrations measured at Nagoya, Beijing, and Fuzhou
from (a) 1 to 10 January, 1993 and (b) 21 to 30 July, 1993.
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diurnal variation and the mean level was low. On the other hand, the *22Rn concentrations at

Kanazawa showed large and clear diurnal variations that may be attributed to strong inver-
sion conditions. The clear diurnal variations at Nagoya, Kasugai and Toki from 11 to 20
November are shown in Fig. 4-3(d). The diurnal variation at Kanazawa is not clear and the
mean **’Rn level was low.

The mean “*’Rn concentrations each month were calculated using the hourly data to in-
vestigate the seasonal variations of the *’Rn concentrations at each location. The seasonal
variations in 1991 are shown in Fig. 4-4. The annual mean 2Rn concentrations at Nagoya,
Kasugai, Toki and Kanazawa were 5.1, 6.0, 6.1 and 5.8 Bq m_s, respectively. The 22Rn level
at Kasugai was a little higher than that at Nagoya. However, the seasonal variations of a
spring-summer minimum and an autumn-winter maximum were similar to that at Nagoya.
The seasonal pattern at Toki was similar to that at Nagoya except for a higher *2Rn level in
March. On the other hand, the monthly mean *’Rn concentration at Kanazawa showed a
different seasonal pattern with a summer-autumn maximum. As described above, the high
mean “*’Rn concentrations were observed in August and September. Similar annual mean
*22Rn concentrations and the seasonal pattern at each location had already been observed by
passive method”®.

4.3.2  Outdoor **’Rn concentrations in China

After comparison of the two *’Rn monitors of ERM-1 and ERM-3 in the campus of
Nagoya University, the ERM-3 was sent to Fuzhou, China and outdoor *’Rn concentrations
were measured beginning in July 1991. ERM-4 was moved from Toki to Beijing, China. The
outdoor “*’Rn concentrations at Beijing were measured for September 1992 to September
1993. The locations are shown in Fig. 4-2.

Fig. 4-5 shows the typical diurnal variations of ?’Rn concentrations in January and July
1993 at Nagoya, Beijing and Fuzhou. In Fig. 4-5, the hourly data are plotted at each local
time, and the results at Nagoya, Beijing and Fuzhou are shown by solid lines, broken lines
and dotted lines, respectively. Both *’Rn concentrations from 1 to 10 January and from 21
to 30 July showed different diurnal variation at each location. From the figures, it is clear that
the mean “*’Ra levels at Fuzhou were higher than those at Nagoya and Beijing. These tend-
encies appeared in all seasons. ‘

The monthly mean 2Rn concentrations were calculated using the hourly data from Oc-
tober 1992 to September 1993. The data obtained at Fuzhou were of poor quality because of
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Fig. 4-6 Seasonal variation of monthly mean 2Rn concentrations at Nagoya, Beijing and Fuzhou.
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an electric power shorta;e in that area, especially during summer. The variations are shown
in Fig. 4-6. The mean *2Rn concentrations during this period at Nagoya, Beijing and Fuzhou
were 5.3, 7.0 and 11.4 Bqm™, respectively. The monthly mean 2’Rn level at Fuzhou was
high. However, the seasonal variation of a summer minimum and a winter maximum was
similar at each location. The annual mean outdoor ““’Rn concentrations at Beijing and
Fuzhou’” measured with passive monitors were 8.0 and 9.5 Bq m™>. Therefore, the “’Rn
concentrations observed with electrostatic >**Rn monitor are consistent with the results by
passive method.

4.4 Conclusions

. 222 : . .
Four electrostatic “““Rn monitors were constructed for continuously measuring outdoor

Rn concentrations at various locations. The characteristics of the monitors were studied in
detail.

The hourly data of outdoor 2’Rn concentrations were obtained at Nagoya, Kasugai,
Toki and Kanazawa in Japan, and Beijing and Fuzhou in China. The 22Rn concentrations at
Nagoya, Kasugai and Toki showed a diurnal variation clearly in autumn and a seasonal pat-
tern of a spring-summer minimum and an autumn-winter maximum. At Kanazawa, a diurnal
variation appears clearly in summer. At Beijing and Fuzhou, the pattern of the diurnal varia-
tions was different from that at Nagoya. The annual mean ?2Rn concentrations at Nagoya,
Kasugai, Toki, and Kanazawa in Japan, and at Beijing and Fuzhou i China were 5.1, 6.0,
6.1,5.8,7.0, and 11.4 Bqm ™, respectively.
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5. A Long Range Transport Model and Simulation Study
on the Temporal Variation of Radon

5.1 Introduction

Many researchers have studied the diurnal variations and the vertical profiles of *’Rn
mainly based on the stability of the air, eddy diffusivity, and the diffusion equation. However,
until now the analyses about the seasonal variation and long range transport of *Rn are very
limited”®”®. In addition, numerical simulation studies about the observed temporal variation
of ?’Rn are also limited®™”. In this chapter, first we propose an analytical treatment of long
range transport of >’Rn with an aim to clarify origin and transport of *Rn. Next we intend
to develop the numerical model of three dimensional transport of *Rn from remote and
near sources. This model should be applied to the transport of various pollutant gases. *’Rn
is a convenient tracer element of atmospheric transport, because it is chemically inert and a
radioactive gas with the long half life time of 3.8 days. Continuous measurement of environ-
mental *’Rn concentration has been carried out in Nagoya University for this decade. In
order to clarify the variation of 22Rn concentration, the results of numerical simulation was
compared to the observational data.

5.2 A long range transport model of *’Rn

5.2.1 Analysis

Fig. 5-1 shows an example of the variation of *22Rn concentration measured at Nagoya
University. In this work we separate the 2Rn concentration to the following two compo-
nents:

(1) Rn atoms originated near the measuring site, which is denoted hereafter by “diurnal
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variation component.” For this component, the time variation may be controlled by factors
such as atmospheric stability, eddy diffusivity, and Rn exhalation rate near the site.

(2) Rn atoms originated from remote sources, which is denoted hereafter by “background
component.” This component is assumed to be distributed uniformly in the atmospheric
boundary layer since these Rn atoms have been mixed enough in the boundary layer until
they arrive at the measuring site from their origin.

According to three-dimensional numerical simulations of atmospheric radon®”, we
define here that “diurnal variation component” is consisted of radon exhaled within 20 km
around measuring site, and the rest is “background component.” The average minimum of
the day concentration of the “diurnal variation component” was adopted to be about 0.8 Bq/
m’ *Y. In Fig. 5-1, a broken line represents background component. The curve was drawn
about 0.8 Bq/m’ below the minimum concentration on each day.

The radon concentration obtained by a filter-pack method at the campus during summer
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Fig. 5-1 An example of the variation of **’Rn concentration.
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Fig. 5-2 The relation between the background component and the pass-over-island time
(maritime air mass).
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Fig. 5-3 The relation between the background component and the pass-over-island time
(continental air mass).

season (July—Sept., 1977, 1978, 1981) and during winter season (Dec. 1980—March 1981)
was analyzed. An air mass trajectory was drawn on each day by using 850 mb weather chart.
According to the history of the air arrived at Nagoya, the observed air mass was classified
into two groups ----- maritime air mass and continental air mass.

Fig. 5-2 shows the relation between the background component of Rn concentration and
the pass-over-island time in the case of maritime air mass>>. The pass-over-island time on
Japan Island was determined from the trajectories described above.

Fig. 5-3 shews the relation in the case of continental air mass.

5.2.2 Model
According to the analysis described in 5.2.1, the concentration of background compo-
nent Rn, n, is given by

an — g+ iyn+S (5-1)

where, ¢ : The pass-over island time (d)
A, :removal constant from the atmospheric boundary layer to the upper free at-
mosphere (d )
Ay : radioactive decay constant (d ")
§ : rate of Rn supply (Bq m d_I).
S is given by

r

S=E/H , (5-2)

where, E :Rn exhalation rate (Bqm > d ")
H : height of the atmospheric boundary layer (m).
In the case of maritime airmass, we obtain the solution of eq. (1) from the initial condi-
tion:t=0:n=0,
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n=3(1—e" (5-3)

where A = A, + A, and T is the pass-over islands time from landing point in Japan Islands to
Nagoya. The solid line shown in Fig. 5-2 is drawn using the values of 1 = 0.684"" from 7z =
1/Jg = 2 days and S/A = 3.7Bqm . The saturation concentration of n (t=®) = S/1 =
3.7Bq m° was determined from the observed data in Fig. 5-3.

In the case of continental air mass, the solution of eq. (5-1) is shown by

S Ty S -
n=5(1—e"M)+5e DT (5-4)

where K=T"/T and T’ is the time from leaving point of Chinese Continent to landing point
of Japan Islands. The solid line in Fig. 5.3 is drawn from eq. (5-4) using the average value of
K of about 1.6. '

5.2.3 Discussion

In Figs. 5-2 and 5-3, the observed data agree fairly well with model curves respectively.
The value of 7,=2 days seems to be consistent with the values obtained by Misaki et al®,
and Mochizuki and Tanji*®.

In the treatment described above, we can obtain the value $=2.5Bqm °d . If we adopt
the value of E=1 Rn atom cm s '=1.8X10° Bqm >d"’ 8586) a5 the exhalation rate of radon
over the land, we get H=720m from eq. (5-2), which is consistent with the height of atmo-
spheric boundary layer (0.5—1.5 km).
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5.3 The numerical model on three dimensional atmospheric transport of *?Rn

5.3.1 Modeling system

(1) Computational areas

Considering the 3.8 days half life time of *»Rn, we take the computational area to be a
broad region over the eastern Asia. This area is subdivided into two regions: local area
(200 kmX200 km) centered on Nagoya and regional area (4000 kmXx4000 km) which covers
the large part of eastern Asia. Fig. 5-4(a) and (b) show the local and regional areas, where
the horizontal grid resolutions are Ax = Ay =4 km and Ax= Ay= 80 km, the altitude of the
upper boundary are 1 km and 4 km, and the vertical grid resolutions are Az= 50 mand Az =
200 m, respectively. The *2Rn from the local area around the measuring site dominates the
diurnal variation of its concentration, while the **’Rn from the regional area affects the long-
time variation.

(2) Wind field model

We used the data of WMO, electric power plants at Hamaoka, and AMeDAS (Auto-
mated Meteorological Data Acquisition System), where the periods were 28 May to 18 April
1990, 1 November to 18 November 1990, and 10 December 1990 to 3 January 1991. The
surface and aerological data of wind field were interpolated to fit for the calculational mesh.
However, the interpolated wind field does not satisfy the equation of continuity,

1 9(ew*) _

+
m’  0z*

0. (5-5)
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Here the (u, v, w) are components of wind velocity along the axes of x, y, z. The map scale
factor m is the ratio of the transformed distance on the Lambert conformal map projection to
the true distance, while m is equal to 1 on the local area. p is the density of air. z* is the ter-
rain following coordinate. In the regional area, z* is equal to (z — z,)/(z, — z,) X z,, while z*
is equal to z in the local area. z, is elevation of ground. z, is reference altitude for the upper
boundary.

We modified the interpolated wind field so as to satisfy this equation with variational
method (Ishikawa, 1991). The calculated wind field was provided at 6 hours resolution and
linearly interpolated to the time step of the transport model.

(3) Transport model
This transport model is based on WSPEEDI, JAERI (World System for Prediction of
Environmental Emergency Dose Information, Japan Atomic Energy Research Institute)87’88).

5w

de_ 2] d(uC vC
m

ot ox\ m ay
_owC, 9 (p0C|_ -
6z*+6z*(K0z*) AC+s (5-6)

Here C is *’Rn concentration (Bq mw32. A is the decay constant (2.097X107°s™") of *’Rn. K
is the vertical diffusion coefficient (m°s ). S is *’Rn emission rate (Bqm s ). m is the
map scale factor. z* is the terrain following coordinate.

We used the diffusion equation of *’Rn with the horizontal advection, vertical advec-
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tion, vertical diffusion, radioactive decay, and emission. The equation was solved by the dif-
ferent techniques for the local and regional areas, respectively, shown in Table 5-1. The time
steps of local and regional areas were set equal to 150 s and 300 s, respectively.

Table 5-1 Numerical Method

Local Regional
Advection random-walk finite difference scheme
Scheme method Modified EXQUISITE method
(Maekawa, 1987)*”
Diffusion random-walk finite difference scheme
Scheme method Crank-Nicolson method
(Diehl et al., 1982)"” (Smith, 1965)""

(4) Distribution of *2Rn emission rate

The area of “’Rn emission for the local area was difined as a section (80 kmX80 km)
centered on Nagoya. This source contributes to the results of the local calculation, while
*”Rn emitted in the outside of this section contribute to the results of the regional one. The
flux of *’Rn from the oceans was assumed zero, because oceanic emission was 100—1000
times smaller than the emission from the land areas.

The distribution of the **’Rn emission rate shown in Fig. 5-5(a) was determined for the
local area, assuming the following linear relation between the average *’Rn concentration
and **Rn emission rate”:

Q=048E +2.3 (5-7)

where Q and E are the annual average of concentration (Bq m's) and emission rate (Bq m?
s-l) respectively.
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Fig. 5-6 Vertical turbulent diffusion profiles for the regional area.

Fig. 5-5(b) shows the distribution of *2’Rn emission rate in the regional area. We simply
assumed the uniform emission rate (1 Rn atom cm 2 s_l). The square represents the **Rn
emission part for the local area.

(5) Vertical turbulent diffusion profiles

We used the different profiles for the local and regional areas because the detailed me-
teorological data were available only on the local area. The profiles of the local area were cal-
culated by Mellor and Yamada’s turbulence model’”. For the regional area, we used simple
profiles to classify the unstable (for day-time) and stable conditions (for night-time). Fig. 5-6
shows the simple profiles for the regional area.

5.3.2 Results

The results of numerical simulation for three cases: Spring, Autumn, and Winter Were
compared with the observational data obtained by ERM (Electrostatic Radon Momtor)
Nagoya University. We should continue the numerical simulation until effects of the 1n1t1al
conditions fade away; we assumed the zero concentration thorough the whole areas initially.
Since it took about 4 days for **Rn originated from the western boundary to arrive at Na-
goya, the numerical simulation of *’Rn transport for the least 5 days period was necessary
until we got the reasonable results. The inflow of ”’Rn through horizontal and upper boun-
daries was assumed zero, because they were far enough from the observational point and the
effects of boundary conditions were small.

The numerical simulation yielded a good fit for the case of Autumn but an overestimate
for the cases of Spring and Winter. Fig. 5-7 shows the comparison of calculated values and
observed ones for an example of Autumn.

Fig. 5-8 shows the average of observed and calculated ““Rn concentrations where the
components of local and regional parts are shown for calculated one. The magnitude of aver-
aged **’Rn concentration in each season is mainly occupied by the magnitude of the diurnal
variation which comes from the local part.

222
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5.4 Conclusion

The time variation of atmospheric *2’Rn concentration was calculated by using a numeri-
cal model. Based on the results of numerical simulation of radon, we sezparate the “**Rn con-
centration measured at Nagoya into the following two components : (1) *’Rn atom originated
near from the measuring site, which is denoted by “diurnal variation component”. From nu-
merical simulation of radon, it has been shown that the measured diurnal variation can be ex-
plained by this component. (2)mRn atoms originated far from the measuring site (including
Chinese Continent), which is denoted by “background component”. For this component, we
propose here a one layer transport model using air mass trajectory technique. By this model
we can explain the temporal variation of background component.

The numerical calculation provided following conclusions.

(1) The variation of observed **’Rn concentration agreed with that of calculated one.

(2) This study suggested that the magnitude of average *’Rn concentration in each season
was mainly affected by the contribution of local part.

(3) We obtained the best fit for the example of Autumn as for the ratio of observed and
calculated **’Rn concentrations.

This model will be applied to the transport of various pollutants.

6. Summary

To clarify the interaction between 8pg ions and condensation nuclei, simultaneous
measurements of the concentration of **Po ions (11,), radon-222, and condensation nuclei
(Z) were carried out at several stations. In some occasions, the diffusion coefficients of nuclei
(D) were also measured. It was found that the correlation among them may be well expressed
by the simple formula; qa=f,n,Z. The correlation between 8, and D (or radius of nuclei}
was also obtained. The variation of ***Rn concentration was analyzed and the dependency of
the **Rn concentration to the wind speed was theoretically explained. Turbulent diffusivities
of the air close to the ground were obtained from thoron profiles.

A passive electrostatic integrating Rn monitor was developed, which enabled us to ob-
tain easily the regional distribution of 2221 in the Tokai District. A electrostatic radon moni-
tor was also developed with which outdoor *2’Rn concentrations were measured continuously
at six locations in Japan and China.

A three-dimensional numerical simulation was developed for calculating the temporal
variation of ?Rn. The variation of measured “*’Rn concentration agreed with that of calcu-
lated one.
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