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ABSTRACT

Field measurements of the vertical Tn profiles were carried out on the university cam-
pus. On comparison of the observed Tn profiles with those calculated by assuming
K =a +bz, some discrepancies were found between them. Profiles of the vertical dif-
fusivity K were estimated from observed Tn profiles. It was found that the estimated
K profiles may be expressed well by an experimental formula; Ku,(z) =azf. Some
discrepancies were found between the diffusivity K, estimated from Tn profiles and
the diffusivity K, calculated from wind speed by assuming neutral stability. These
discrepancies are discussed in relation to the stability of the atmosphere.

1. Introduction

222Rn (radon, Rn) and *2°Rn (thoron, Tn)
diffuse continuously from the ground surface
to the atmosphere. These radioactive emana-
tions are transported upwards by turbulent
diffusion in the atmosphere. Therefore, there
exist close relations between Rn and Tn con-
centrations and the turbulent diffusivity of the
air.

There have been numerous researches into
the relation between Rn and Tn concentrations
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 (Hess & Schmidt
1918; Schmidt, 1926; Malakhov, 1959; Jacobi &
André, 1963; H. Israél et al., 1967; Ikebe, 1970;
Birot et al., 1970). On the contrary, Wilkening
(1956) and Sisigina (1964) calculated the mean
value of K between two altitudes from Rn meas-
urements, assuming K to be constant. Recently
Hosler (1969) and Lettau (1970) evaluated the
mean value of K between two altitudes from
Rn measurements under steady and non-steady
state conditions, respectively. Reiter (1969)
also estimated the mean value of K from RaB
concentration. Hess (1955), Kawano (1957}, and
Yordanov (1970) also discussed the effect of
turbulent diffusion upon the atmospheric
electric phenomena. On the other hand, Jacobi

Tellus XXIV (1972), 1

(1965), G. W. Israél (1965), Crozier & Biles

. (1966) and H. Israél et al. (1967, 1968) studied

the relation between atmospheric Tn concentra-
tions and the turbulent diffusivity.

In the present paper, we report the evalua-
tion of the vertical profiles of the turbulent
diffusivity from observed Tn profiles.

2. Arrangements used for Tn
measurements

Measurement of Tn concentration in the air
is difficult owing to its short life, and direct
measurements were impossible until several
years ago. First Fontan et al. (1961, 1962)
developed a method using an indirect method
of enrichment. Recently, G. W. Israél et al.
(1964, 1966) developed a new method using
ionization chambers. In the present work, we
used the method developed by Israél et al.
Fig. 1 shows the arrangement used for the
present work. Air was introduced into the cham-
ber through a filter F;, by a vacuum pump.
Aerosols and ions in the air were ascertained
to be completely removed by the filter.: The
effective volume of the chamber is 30 litres,
and 700 volts was applied to the chamber.

! A millipore filter (pore size: 8 u) of 7 cm in dia-
meter was used for F,, and that (pore size 0.3 u) of
the same size was used for F,.
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Fig. 1. Experimental arrangement used for measur-
ing thoron concentration.

About 90 % of the saturation current was ob-
tained by the voltage, which was clarified both
by experiment (plateau curve) and by calcula-
tion (Jaffe’s theory). Flow rate used was 45
1/min. The decreases of the inner pressure and
the ionization current due to the air flow were
ascertained to be less than 1 %.

Ionization current due to « particles formed
on the decay of Tn and ThA atoms was meas-
ured with a vibrating-reed electrometer and
recorded automatically. Tn gas emanated from
the standard RATh solution (22¥Th, 1.65 x 109
Ci) distributed by N.B.S. was used for calibrat-
ing the ionization current, i. Calibration was
as follows: 22Rn was emanated from the 2*Th
solution by bubbling of air at the flow rate
of v ccfsec. After the air containing Tn (v
cc/sec) was mixed with the fresh air in-
troduced via a bypath at a flow rate of
V-v cefsec, they were introduced together into
the chamber at the flow rate ¥V =750 cc/sec =45
1/min. Fig. 2 shows the relation of 1/i vs. 1/v.
The linearity of the observed points was also
obtained theoretically (Shimo et al.,, 1972).
From the intersection of the straight line with
y axis, we can obtain the ionization current %,
which corresponds to that when all Tn produced
in the solution was introduced into the chamber.
On the other hand, Tn concentration at the
entrance of the chamber, denoted by @,, is
expressed by

NO

Q= V37100 {Ci/ce) (1)

where 1 is the decay constant of Tn (1.27 x 10-2
sec—!) and N, is the production rate of Tn in
the solution (6.07 x 104 sec!). Thus the ioniza-

tion current ¢, = 9.7 x 10-1® Amp corresponds to
@, =2.78 x 10-* Ci/ee; i.e.

Qofio = 0.029 @)

The relation between ¢, and @, was also
studied theoretically. We can calculate <,
from the following relation

E -
fy=3.7-101- e OVf (3)

where

e electronic charge, 1.6 x 10-1* Coul.

E energy of a-rays (6.28 +6.78) x 10% eV

W W value of air, 35.5 eV

(7 mean Tn concentration in the chamber,
Ci/ce

V volume of the chamber, 3.0 x 10* ce

f correction factor

The following correction factor was evaluated.

f =f1'fs'fa (4)

where f, is the factor which represents the de-
crease of the current due to the columnar re-
combination, f, represents the decrease of the
current due to the wall effect of the chamber,
and f, is the factor which corrects the differ-
ence between ‘“ideal”’! and ‘“‘actual’’ state of
air flow in the chamber. f,, f,, and f; were
evaluated and found to be f, =0.90, f, =0.89,
fs=0.89 (Shimo et al., 1972). From formulae
(3) and (4), we can calculate the relation be-
tween 1, are @,. The result is expressed as

Qo/te = 0.027 (5)

which agrees well with eq. (2) obtained by the
calibration.
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Fig. 2. The relation between 1/i and 1jv.

1 «“Porfectly uniform flow” was assumed as the
ideal flow. Then,

6=Qo

v

1—e*Vvy,
“,( e )
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3. Measurements of 2Rn profiles

Field measurements were conducted at two
sites on the university campus; in the green
belt where the ground surface is covered with
lawn (lawn area, 61 m x 91 m) and on the bare
soil (soil area, 61 m x100 m). Measurements
were made in the daytime from Aug. to Nov.
1968. Among the Tn profiles obtained during
the measuring 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, and (3) dry ground surface. The
measurements were made at the leeward (east)
edge of each site.

Fig. 3 shows those 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 ac-
cording to the wind speed () at 1 m above the
ground. The profiles seem to be fairly similar
to those obtained by Crozier & Biles (1966).

Fig. 4 shows Tn profiles measured above the
soil area. Measured points are also classified
into four groups. In this case, e, f, and g, pro-
files do not differ so much from each other ac-
cording to the wind speed as above the lawn
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Fig. 3. Vertical profile of thoron concentration
measured on the lawn area of the campus. (a)
Sept. 3 (u=0-0.6 m/sec); (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. 4. Vertical profiles of thoron concentration
measured on the naked ground of the campus.
(e) Nov. 20 (u=0-0.5 m/sec); (f) Nov. 19 (0.6-1.2);
(9) Nov. 1 (1.5-3.1); (k) Nov. 28 (5-7.5).

area. This discrepancy seems to be explained
by the difference of the exhalation rate between
lawn and soil area. Namely, as will be described
in the next section (Table 1), the exhalation
rate (E,) over the lawn area does not depend so
much upon the wind speed, whereas that over
the soil area depends largely upon the wind

Table 1. Estimation of thoron exhalation rates

By x 10-18

Authors Method Cifem? sec)

Junge (1963) Calculated 56

from 22Th

Crozier & Biles (1966) Indirect 21
Israél et al. (1968)  Direct 7.4
Crozier (1969) Direct 42114
Styra et al. (1970)

dry soil area Direct 331456
Guedalia et al. (1970)

dry grass area Direct 50+20

Present author (1970) Indirect

Lawn area (Sept., 1968) 9.2
Indirect

Soil area (Nov., 1968)
0.3 m/sec 13
0.8 m/sec 21
2.0 m/sec 31
6.4 m/sec 37
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Fig. 5. Vertical thoron profiles for a constant ex-
halation rate (E,=1 x10~!% Cifem?® sec) estimated
from Fig. 4 by using E, values shown in Table 1.

300

speed. Fig. 5 shows Tn profiles above the soil
area drawn from Fig. 4 by assuming a constant
exhalation rate, E, =1 x 10-1% Ci/cm?ec. Each
measuring point shown in Fig. 4 is multiplied
by E,./E,, and is plotted in Fig. 5 where B,
is 1 x10-15 Cifem®sec and E,, denotes the ex-
halation rate shown in Table 1. The profiles
shown in Fig. 5 are rather similar to those above
the lawn area. It should be noted that the Tn
profiles shown in Figs. 3 and 4 are neither
average profiles nor typiecal profiles. They are
only some examples obtained on some particu-
lar days.

The vertical profiles of Tn at a constant ex-
halation rate can be obtained from the follow-
ing differential equation:

am 0 on
—=—(K—)—}.n (6)
ot oz oz

where

n concentration of Tn at altitude z (Cifem?)

K vertical turbulent diffusion coefficient (cm?/
sec)

A radioactive decay constant of Tn (sec—!)

In the case of **?Rn, in general, the steady-state
condition does not exist (Phillip, 1959), whereas

in the case of 22°Rn, the steady-state condition
usually does exist. The equation may then be
expressed as

2 (g9 _in-o ;
dz\ dz "= . @

The diffusion coefficient K is quite variable
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 (8)

where a is molecular diffusion coefficient (cm?/
sec), and b is turbulent diffusion coefficient at
a unit altitude (cm/sec). If we assume K =a +
bz, the analytical solution of eq. (7) can be ob-
tained (H. Israél et al., 1967; Ikebe, 1970):

2 — (2Via
n=E,K, (5 VA(a+bz))/l/7LaK1 (%}) 9)

where K, is the modified Bessel function of the
second kind of order zero, K, is that of first
order, and E, is a constant exhalation rate of
Tn.

The curves drawn in Fig. 6 among the plot-
ted observed points are theoretical ones cal-
culated from equation (9) for a constant exha-
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Fig. 6. Comparison of the observed points of thoron
obtained on the lawn area with calculated thoron
profiles by assuming K =a+ bz.
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lation rate. Although observed points for @ =0.3
m/sec rather seem to agree with calculated pro-
file for K =a + 0.4z, those for @ =2.6 m/sec and
4.0 m/sec do not agree with calculated profiles.
In the case of soil area, the discrepancies be-
tween observed points and calculated profiles
by assuming K =a +bz are more apparent.
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.

4. 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
(H. Israsl et al., 1968; Crozier, 1969; Styra et
al., 1970; Guedalia et al., 1970). 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, in-
directly as described by Ikebe (1970).

Fig. 7 shows the correlations between Tn
concentrations at 4 cm above the lawn and soil
areas of the campus and the wind speed at 1
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Fig. 7. Correlation between the thoron concentra-
tion (z=4 em) and wind speed (z=1 m) obtained
on the lawn and soil areas of the campus. (O,
Mean value; I—I, width of dispersion.) The solid and
dotted lines represent the theoretical relationships
for z, =0.2 and 0.04 cm, respectively.
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Fig. 8. Dependence of the exhalation rate on the

soil area upon the wind speed. Data obtained by
Israél et al. (1968) are also shown.

m above the ground. The relationship was
found theoretically as follows: Under neutral
conditions, the vertical distribution of mean
wind speed near the ground surface is given
by the logarithmic profile;

e s 10
u(z) kno (10)

where

u(z) wind speed at altitude z (cm/sec)
k  von Karman constant

uy frictional velocity (cm/sec)

z, roughness length (cm)

Assuming the vertical turbulent diffusion coef-
ficient of Tn, denoted by K(z), to be equal to
momentum eddy diffusion coefficient, we can
express K(z) as

K(z) = kuyz (11)
If u(z,) is given, we can estimate u, from eq.
(10). Comparing eqs. (8) and (11), we can put
b ~ku,. Then we can estimate corresponding
n(zy) from eq. (9). Thus the theoretical rela-
tionships between u(z,) and n(z,) were obtained
for 2z, =100 cm, 2z,=4 cm, and E,=1 atom/
cm®sec (Ikebe, 1970). 2, values were assumed
to be 2, =0.2 em (lawn area) and z,=0.04 cm
(soil area) (Deacon, 1949).

In Fig. 7, theoretical relationships are drawn
by a solid line and four dotted lines. In each
line, E, is taken as to fit observed points. The
value of E, is summarized in Table 1.

The rather low exhalation rate of thoron
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(9.2 x 101 Ci/cm?sec) on the lawn area seems
to be due to the condition of the ground sur-
face: i.e. Tn exhalation may be prevented by
roots and leaves of the lawn. Above the naked
ground, four different exhalation rates cor-
responding to four different wind speeds are
evaluated, and exhalation rate increases with
increasing wind speed. The relation between
the exhalation rate and wind speed is shown
in Fig. 8 together with the results obtained by
H. Israél et al. (1968). The correlation obtained
by the present work seems to agree fairly well
with that by Israél et al.

5. Estimation of K profiles from Tn
profiles

In the present work, K profiles are evaluated
from observed Tn profiles as follows: Integrat-
ing the diffusion eq. (7) for steady state condi-
tion, we obtain

dn 2 2
[K —] = f indz
dz |, 2

Then K(z) may be given by

dn 2 dn
K(z)= {K(za) (E) + }.f ndz}/(d—z) (13)

Now Tn flux E at altitude z may be given by

(12)

E- _K—

dz
Then

{-zea [} /)
K(z)=4—E(z,)+4 | ndz — (15)
2 dz /.

From observed Tn profiles, we can evaluate

(14)

-4

(dnjdz),, (dn/dz),, and fndz.

23

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

E(3)~E(0)

3 = —an(1.5)

(16)

Then we can evaluate K(z) from the formula
(15).
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Fig. 9. Vertical K profiles on the lawn area esti-
mated from thoron profiles shown in Fig. 3.

Fig. 9 shows the K profiles on the lawn area
estimated from Tn profiles shown in Fig. 3
using eqgs. (15) and (16). Fig. 10 shows those
on the soil area from Fig. 5. As is shown in the
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Fig. 10. Vertical K profiles on the soil area estimated
from thoron profiles shown in Fig. 5.

Tellus XXIV (1972), 1



ESTIMATION OF VERTICAL TURBULENT DIFFUSIVITY FROM TN PROFILES 35

figure, estimated K profiles somewhat differ
from K =~bz. The estimated K profiles may be
expressed well by an experimental formula

K(z) = azf (17)
The values of « and 8 are shown in Table 2.
takes the values from 1.2 to 1.5.

6. Discussions

Fig. 11 shows the relation between K(70)
and u(100) obtained from Figs. 9 and 10. The
dotted and solid line shows the relation cal-
culated from the formula (11) for z,=0.2 and
0.04 cm, respectively (Rossby relation). In
general, estimated diffusivity from Tn profiles,
denoted by Ki,(z), take about 50 % larger
value than those calculated from wind speed,
denoted by K,(z). Although the interpretation
of this discrepancy is rather difficult, the main
causes for this discrepancy may be (1) depar-
ture of the atmospheric stability from neutral
condition and (2) the error for evaluating Tn
exhalation rates. As for Tn exhalation rates,
“direct’”” and precise measurements are desir-
able in the future works. Concerning the stabil-
ity of the air, the following discussion may be
useful: According to the similarity theory
developed by Monin & Obukov,

d_u,_u* z
dz  w\L

Ky = kuyz
?

(18)

where L is the stability length and ¢ is a func-
tion expressed by the following KEYPS equa-
tion (Yamamoto, 1959);

Pig-1-0 (19)
gz k4
t= -y (20)

where ¢ is an empirical constant, and {, is
dimensionless parameter defined by eq. (20).
The stability parameter {, is positive in un-
stable conditions, negative in stable conditions,
and zero in neutral conditions.

In the present work, we do not know the
stability parameter {,. But we can estimate the
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Table 2. K(z)=azf profiles estimated from thoron
profiles

Profile Date o 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
e Nov. 20 0.23 1.4
f Nov. 19 0.45 1.5
g Nov. 1 1.0 1.5
h Nov. 28 7.0 1.2

value of {, so that the calculated diffusivities
K, from eq. (18) may coincide with the esti-
mated diffusivities K, from Tn profiles. The
procedures are as follows: According to the
theory of Deacon (1949) and Shimanuki (1969),
unstable and neutral stability corresponds to
£ >1 and B =1 respectively, where g is defined
by eq. (17). Therefore considering the gradient
B of K, = azf profiles we can probably assume
that {, = +0.003 for a ~g profiles and , =0 for
h profile. Yamamoto (1959) and Shimanuki
(1969) calculated ku/u, as a function of z/z,
for various values of {,. Then we can evaluate
uy from u (100) and £, for each profile. On the
other hand, Yamamoto (1959) calculated ¢ as
a function of {. Then we can estimate ¢(z)
from assumed ¢, using eq. (20). From u, and
¢(z), we can evaluate K,, by eq. (18). In Fig.
12, calculated value of K,, for each profile is
shown in comparison with the value of K.
As is shown in the figure, the descrepancies

Ky for |
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2r /
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2t !
g s © Ky, lawn area
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i L i1y RS NS L1l
05 | 2 5 10
Wind speed (m/sec)

Fig. 11. Dependence of K(70) upon the wind speed
at 1 m above the ground.
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Fig. 12. Comparison of K., (the diffusivity esti-
mated from thoron profiles) with K,, (the diffu-
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between Kip, and K,, seem to be explained by
considering the stability of the atmosphere.

7. Summary and concluding remarks

Field measurements of the vertical Tn pro-
files were carried out on the campus. Compar-
ing the observed Tn profiles with those cal-
culated by assuming K =a +bz, some discrep-
ancies were found between them.

Comparing the theoretical relationship be-
tween Tn concentration and wind speed with
the observed one, we evaluated exhalation rates
of Tn. Although the exhalation rate on the lawn
area seems to be constant with respect to wind
speed, that on the soil area increases with in-
creasing wind speed.

Y. IKEBE AND M. SHIMO

Estimations of K profiles from observed Tn
profiles were made. It was found that the
estimated K profiles may be expressed well by
an experimental formula; K(z) = «2f. The dis-
crepancies between the diffusivity K, esti-
mated from Tn profiles and that K, calculated
from the Rossby relation (10) were discussed
from the view point of the stability of the at-
mosphere.

In the present paper, an homogeneous surface
source of thoron is assumed and advection term
18 neglected. In the future works, evaluation of
advection term should be made. In this work,
Tn exhalation rates were estimated indirectly
by assuming neutral stability of the atmosphere,
which may cause some errors for evaluating K
profiles from Tn profiles. In the future works,
“direct’”’ and precise measurements of Tn ex-
halation rates are desirable. It is also desirable
that the meteorological variables which con-
cern with the atmospheric stability such as
wind speed profiles, temperature profiles, and
heat flux are also measured simultaneously
with Tn profiles and Tn exhalation rates.

In the present work, K profiles below several
meters were evaluated from Tn profiles. Above
several meters 222Rn (radon) profiles seem to be
useful for evaluating K profiles. In the future
works 222Rn profiles should be discussed in rela-
tion to the diffusivity and stability of the at-
mosphere.
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OIIEHKA KO3®OUIIUEHTA BEPTUKAJDLHON TYPBYJEHTHON
JNOOY3NN IO ITIPOPUIIIO TOPOHA

IToneBne maMepeHHA BepPTHKAJBHHX Npoduieit
KOHIeHTpauuu T'n GHIM IPOBefleHH HA TEppH-
TopuUM yHuMBepcuTera. IIpm cpasHeHum Habiw0-
AaBIIMXCA Mpoduieil ¢ BHYMCISHHEIME B IIpef-
noyioeHnn K =a +bz, ONIM HalTeHH HEKOTO-
pHe pasnuuua Memnay Humu. Ilpoduam koad-
¢nnueHTa BepTHKadbHON audpdysum K Geim
oueHeHH wu3 HalmogaBmxca npopuieir Tn.
Buao naiifieno, 4To HalfleHHHEe TAKUM 0GpasoM

Tellus XXIV (1972), 1

npodpunn K MoryT GHThH XOpOIIO OMHCAHM 3KC-
nepuMeHTaNbHON $opmynolt Kp,(2) =«zf. Buan
HalIeHH HEKOTOpPHE paBiIHYUA MEHIH KOa(-
$unuentoM Ki,, oneHeHHHM no npodunam T'n
U KoodomumentoM anddysmu K, HalZeHHHM
1o npoduiIio BeTpa B NPEAIoJI0HeHHH HeHTPAJIb-
HOl ycroflumBoCTH. OTH pa3auynA 06CYyH-
ZAOTCA B UX CBABM C YCTONYMBOCTHIO aTMO-

cgepH.



