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1. Introduction

A large number of papers have been published
on the seasonal variations or annual mean levels
of atmospheric radon and its daughters in many
parts of the world. However, there have been very
few reports describing how the measured values
deviate from a “normal value”. In meteorology, a
normal value is defined as “the value averaged
over a few decades”, although the usual time
interval may only be from 10 to 30 years". In this
paper, a normal value is defined as a 20-year
mean.

1 have measured the concentration of
atmospheric radon daughters on a regular basis
for the past 20 years. This paper shows how the
central limit theorem can be applied to the analy-
sis of the 20-year data to obtain information on
the deviations of annual means from a normal
value. This is useful as it allows us to evaluate the
statistical accuracy of medium to long term mea-

surements. Conversely, for those planning on start-
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ing new measurements, the information will allow
them to estimate the number of years of observa-

tion needed to obtain truly representative data.

2. Observation

The atmospheric radon daughter concentration
has been measured at our institute in Nagoya
since 1979 using the filter method. Nagoya is
located at the Pacific Ocean side of the island of
Honshu, in the central part of the Japanese Is-
lands.

The air sampling system consists of a blower
drawing air at about 351/min through a 4-cm
diameter millipore filter with a pore size of 1.2
um. The sampling of air was done at a height of 3
m above the ground. The period of filtration was
15 min, at the end of which the a-activity on the
filter was counted for 40 min using a ZnS(Ag)
scintillation counter. This was done on every
working day at 11 : 00 a.m., since the concentra-
tion at this time of the day has been shown to cor-
relate well with the daily mean of the considerably
large diurnal variation?.

The instrument has been previously calibrated

through a series of 480 simultaneous measure-
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Fig. 1 The monthly mean concentrations of atmospheric radon daughters measured at

Nagoya. The vertical bars indicate the respective standard deviations.

ments with a Nagoya University standard
instrument?®.

A total of 4401 measurements were taken
between January 1979 and December 1998, inclu-
sive. This averages to about 18 measurements per
month. Figure 1 shows the distribution of the
monthly means and the standard deviation for
each month. The numerical values are given in
Table 1, where ¢ is the normal monthly mean for
a calendar month, ¢ the standard deviation of the

monthly means, and m the annual mean.

3. Statistical Accuracy and Determina-
tion of the Period of Measuring

Years

Usually, we want to be able to obtain the
annual and monthly mean values quickly by
taking measurements over as short a period as
possible. However, if the period is too short the
data may not be reliable. Therefore, how many
years are needed to obtain a truly representative
set of data? Let us consider this problem in the
light of the central limit theorem in statistics.

Suppose a set X consists of N random samples
taken from a population that has a mean ¢ and a
standard deviation ¢. If many sets are taken, the
distribution of the set-mean <X) will approximate

a normal distribution with a mean z and a stand-
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ard deviation g¢y».
Ow =0 / Nl/z

We can calculate the coefficient of variation
Ox/1t and use it as an indicator of the statistical
accuracy of the observed data. This can be done
by substituting the number of observation years
into NV in the above formula, and use the £ values
given in Table 1.

Conversely, if the coefficient of variation is
specified, then we can use the following formula
to determine the required observation period N.

N=(0/u)*/ (0w /1)*

Tables 2 and 3 give examples of the coefficient
of variation in the annual and monthly means
calculated with the above formulas, using the
values of 0 and 1 given in Table 1. The examples
show that in order to calculate the required obser-
vation period, we must first set a criterion for the
value of the coefficient of variation.

The above calculations are valid for random
sampling. However, if no long-term trend is ob-
served in the data, then we can also apply the
analysis to continuous sampling, which usually is
more timesaving compared to random sampling.
For example, Fig. 2 shows the auto-correlation
coefficients for the column of January in Table 1.
The figure reveals that the January mean value in

a certain year has almost no correlation with the
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Table 1 The observed values of monthly and annual mean concentrations

(Bg/m®)

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. m

1979 7.68 5.29 3.88 3.69 254 2,14 2.77 3.48 358 5.03 8.05 8.34 4.7
1980 5.82 3.67 4.67 3.24 3.22 3.83 3.15 3.41 554 4.20 4.29 510 4.18
1981 4.21 6.08 5.56 3.73 3.07 3.98 2.72 3.02 3.21 553 3.8 7.70 4.39
1982 6.62 4.66 4.29 3.81 3.33 299 3.48 249 4.4 6.69 8.1 8.77 5.01
1983 6.78 5.67 4.87 4.78 2.75 2,92 3.28 3.57 4.47 4.82 593 6.61 4.7
1984 5.35 4.70 5.8 413 2.92 3.20 2.63 2.92 4.91 4.49 869 T7.74 4.719
1985 6.10 6.90 5.48 3.14 3.79 3.64 3.39 1.71 5.09 6.04 6.53 6.11 4.83
1986 6.00 4.88 5.03 4.34 3.71 3.47 3.4 198 5.07 508 8.02 9.41 5.03
1987 8.67 7.24 6.10 3.26 2.75 2.74 3.01 3.02 4.06 5.81 7.83 9.21 5.31
1988 7.77 5.10 4.67 3.65 2.78 2.68 2.47 191 4.16 6.40 6.64 6.14 4.53
1989 6.64 4.95 3.54 3.08 3.31 2.8 2.59 2.68 4.03 7.40 5.32 6.97 4.45
1990 5.90 5.8 4.30 3.25 2.99 3.15 2.78 2.21 3.04 531 6.74 5.58 4.26
1991 5.09 4.00 4.27 3.03 2.48 2.70 2.28 2.38 3.68 4.69 7.19 6.52 4.03
1992 6.77 4.89 3.71 2.80 2.77 2.33 3.74 1.22 2.87 569 852 5.8 4.26
1993 5.39 3.99 3.94 292 3.75 3.51 2.14 251 495 546 7.31 7.33 4.43
1994 7.49 4.09 5.12 3.40 2.18 3.08 2.96 2.32 4.06 4.86 8.44 6.50 4.54
1995 4.66 3.74 4.78 3.25 2.75 294 3.56 2.53 4.29 5.21 5.70 5.73 4.09
1996 5.01 5.67 4.7 3.03 2.8 1.9 3.63 3.30 4.72 522 7.01 5.93 4.42
1997 5.35 4.60 4.30 3.92 258 2.25 2.33 2.83 3.87 6.35 7.33 6.89 4.38
1998 4.59 5.56 3.80 3.51 2.94 265 2.72 2.79 3.57 6.05 8.29 7.84 4.53
© 6.09 5.08 4.64 350 297 295 295 261 4,18 552 7.00 7.01 4.54
o 1.17 0.96 0.70 0.50 0.42 0.54 0.47 0.60 0.71 0.78 1.37 1.21 0.32
olu 0.19 0.19 0.15 0.14 0.14 0.18 0.16 0.23 0.17 0.14 0.20 0.17 0.07

Table 2 Examples of the number of mea-
suring years needed to produce a
given coefficient of variation in
the annual mean

Annual mean

0(@%# No. of years
3 5.5
4 3.1
5 1.9

value in the following year. Further auto-
correlation calculations confirmed that this is true
also for the other calendar months. Therefore,
this shows that it may be all right to apply the
above formulas to data obtained from continuous

sampling.
4. Concluding Remarks

The pattern and level of the seasonal variation

is expected to vary greatly from place to place.

Table 3 Examples of the number of measuring years needed to produce a 10% coefficient of
variation in the monthly mean for all the calendar months

Monthly mean

o /n=10%

Jan. Feb. Mar. Apr.

May

Jun. Jul.  Aug. Sep. Oct. Nov. Dec.

No. of years 3.6 3.6 2.3 2.0

2.0

3.4 2.5 5.3 2.9 2.0 4.0 2.9

(25)
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Fig. 2 The auto-correlation coefficients for the January mean concentrations.

Table 1 may therefore not be applicable to other
places in the world. However, since at present,
such long-term data as that presented in this paper
are rare, we can at least use the data to make
rough estimates for other places.

Recently, the passive-sampling method is gett-
ing more and more popular in the monitoring of
environmental radon concentrations. The passive
monitors are usually exposed for 2, 3 or 6 months.
The method of analysis described in this paper is
applicable also to this type of data. The means for
the relevant exposure periods can be reproduced
from Table 1.
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