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A simple Monte Carlo computational technique was developed to simulate gemeral circula-
tion of ***Rn in the troposphere between 30° and 60° North. Fitting the calculated results to
previously published observed profiles, averaged vertical eddy diffusion coefficients were derived,
along with exhalation rate values of 1.5 and 1.0 atoms/cm?+s for summer (June-August) and

winter (December-February), respectively.

To assess the validity of the method provided by the present report, the calculated results
were compared with a number of experimental measurements of other researchers.
Contribution of ***Rn originated in the Eurasian continent to the Japan Islands was cal-

culated as an example of applications.
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1. Introduction

Global air pollution is becoming more and
more a matter of public concern recently. It
must be of significance under such circum-
stances to develop a simple and convenient
computational technique capable of making
rough estimation speedily even using a per-
sonal computer so that many persons con-
cerned can apply it easily.

The pollutant concentration may be governed
by vertical mixing and horizontal transport
or ‘advection’. In other words, the profiles of
eddy diffusion coefficient (K) and wind speed
(U) would be needed in the calculations. While
global U profiles have been reported here and
there, there are still very few accurate data
of K profile available at present for comput-
ing global pollutant transport. Radon-222 (Rn)
and its short-lived daughters have frequently
been used as tracers for studying local and/or
regional vertical mixing in the atmosphere.
In addition, the lifetime and source character-
istics (7.e., emitted at the surface) of Rn are
similar in several ways to many air pollutants
such as NOy, SOy and other moderately reac-
tive hydrocarbons.
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In this study, we try to make a Monte
Carlo model based on the general circulation
of Rn at middle latitude in the troposphere.
The longitudinally averaged vertical distribu-
tion of eddy diffusion coefficient will be deter-
mined by comparing observed profiles with the
results calculated by the present model for
various K profiles. Although Liu et al.¥ have
estimated the K profiles for the North Amer-
ican continent under relatively simplified
assumptions, we will evaluate the profile using
a more realistic model. Some authors?-® have
proposed a global one-dimensional model or
the transport of Rn and its long-lived daugh-
ters. Those were a one- or two-layer model
using vertically averaged wind speed, since
their purpose was to obtain a mean residence
time of aerosols in the troposphere. This
paper deals with the altitude distribution of
Rn as a function of longitude taking into
account globally averaged U and K profiles.

2. Method of Computation

We treat a one-dimensional flow along the
horizontal axis. The transport equation can
be expressed as
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%—f+U%%=%<K%%>—XC, (1)
where, C, Rn concentration, ¢, time, U, wind
speed, x and z, horizontal and vertical direc-
tions, respectively, K, eddy diffusion coeffi-
cient, and A, decay constant of Rn. Here,
diffusion along the x axis, compared to the
transport by advection (the second term of
the left-hand side of the equation), is assumed
to be negligible; the vertical wind speed is
taken to be zero.

The boundary condition is represented by
ffo”,wdxdF E (2)

where, E is the exhalation rate.
Equation (1) can be rewritten as

oc oC 9°C |, 9K oC
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A segment model is used in this calcula-
tion. A Rn trajectory is represented in this
model as a set of straight-line segments for
a small time interval, and the directions are
allowed to take place only at the end of each
segment. Although these approximations in-
troduce a systematic error, it can often be
reduced by making the segments sufficiently
small.

Several points in altitude distributions of
U and K are stored as input data in advance.
The values at an altitude of interest are cal-
culated from linear interpolation in case of
need.

We get one Rn atom to exhale from the
ground at t=0; 2=0; 2=0. A life of each Rn
is randomly sampled just before tracing every
trajectory from an exponential distribution
according to the last term of the right-hand
side of equation (3), i.e.,

r=——Ing, (4)
where, £ is a uniform random number be-
tween zero and one.

A vertical displacement after a time inter-
val 4t can be derived from the first (diffusion)
and the second (quasi-advection) terms of the
right-hand side of the equation as follows.
One component (due to the quasi-advection
term) is expressed by
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Aza= ‘”gﬁm. (5)
2z

Namely, for the i-th position z;, the tentative
coordinate is approximately derived as

z =z

I AIj(zi)At. (6)
z

Another one (the diffusion term) is determined
by random sampling from a Gaussian distri-
bution, i.e.,
A2a=V2 K(zm)dtV =210 & sin 27&s, (7)
where, & and £ are the random number and

!

r= 1L (8)
The new coordinate is then given by

zis1=2' +dzq. (9)

A small displacement in the x direction
can be calculated from the second (advection)
term of the left-side hand of equation (3) by

dxz=Udt. (10)
To put it in the concrete, it is approximated
as

U (2i)+2U(Zi+1) ™

Zivt=xzi+

1

Thus, the new position (ziy;, 2i+1) can be
successively computed through equations (4 )-
(11) until the Rn decays at z=v.

When the Rn atom gets to ground- or sea-
level due to diffusion, we make it reflect at
2=0, since it is an inert gas. The steady state
Rn concentrations can be obtained from the
density of segments normalized by equation
(2) as a function of z and .

To test our computational method, we at-
tempt to make a sample calculation for a
more simplified condition and compare it with
other data. Jacobi and Andre® have approx-
imately solved the steady state diffusion equa-
tion

d dC
E(K P >—1C=0. (12)

Figure 1 is the two profiles among five
idealized K profiles presented by Jacobi and
Andre. Figure 2 shows the comparison be-
tween their numerical calculations and our
results. The Monte Carlo calculations were
performed for 4¢t=1 hour and the sample size
were 10000 histories. The same time interval
and sample size will be chosen for all the
calculations in this paper. The agreement

(4)
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Fig. 1 Eddy diffusion coefficient profiles adapted
by Jacobi and Andre.
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Fig. 2 Comparison of the Monte Carlo
calculated vertical distributions of
Rn with numerically obtained results
by Jacobi and Andre for K profiles
shown in Fig. 1.

between them is fairly well. Jacobi and Andre
neglected the quasi-advection term (corre-
sponding to the second term of the right-hand
sideJof equation (3)) implicitly included in
equation (12). Differences at very low and
very high altitudes seen in Fig. 2 may be
attributable to the above neglect.
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3. Basic Data

According to equations (1) and (2), U and K
profiles and the distribution of E are required
in the calculations. We use longitudinally
averaged profiles in this study.

Figure 3 is the profiles of wind speed par-
allel to longitude averaged over latitudes be-
tween 30° and 60° N deduced from ref. 5),
where positive component means the westerly.

Figure 4 is the K profiles used in the cal-
culations. How to estimate the profiles will
be stated later.

Figure 5 is the contour maps of Rn con-
centration calculated for winter (December-
February) and summer (June-August) seasons
for a point source on the x axis. We notice
in the figure that there are depressed parts
at an altitude of about 2 to 3 km, especially
in winter. We consider as one of the reasons
that this is caused by reflection of Rn from
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Fig. 3 Wind speed profiles used in the

calculations.
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Fig.4 Eddy diffusion coefficient profiles used
in the calculations.
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Fig.5 Monte Carlo calculated results for point
Rn sources for U and K profiles shown

in Figs. 3 and 4.
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Fig. 6 The model of global exhalation rates
of Rn used for the calculations.

the ocean and the existence of a peak at this
altitude in K profile. This might also be
affected materially by the time interval of 1
hour, since the variation in K is too large
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there.

We will be able to obtain the global {Rn
profiles by integrating point source data (Fig.
5) over the exhalation rate distribution on
the lands. We assume a simple relative
distribution of exhalation rate at middle lati-
tude as is seen in Fig. 6. The rate in Europe
is assumed to be half the rate in other places,
since around one second in area is occupied
by the Mediterranean Sea, the Bay of Biscay,
the North Sea, the Baltic Sea and the Black
Sea at latitudes between 30° and 60° in
Europe.

Actually, the K profile was determined as
follows. First, for a given trial K profile,
the calculation is carried out for E=1 by the
method described above. Next, the calculated
result is compared with the observed altitude
distribution of Rn (Fig. 8) compiled by Liu
et al.P. If the shape of them is quite different
from each other, the procedure just mentioned
is repeated. If the shape of calculated altitude
distribution is judged to be acceptable, the
exhalation rate is evaluated by fitting that to
the observed curve. The exhalation rates were
found through the above procedure to be 1.0
and 1.5 atoms/cm?-s for winter and summer
seasons, respectively. Liu, et al. have already
estimated the K profiles based on the observed
data. However, as they neglected the transport
of Rn above the ocean to the continent at
that time, the estimated values are somewhat
different from our profiles as shown in Fig.
4.

4. Results and Comparison with
Observations

The global distribution of Rn at middle
latitude calculated by the present method are
shown in Fig. 7 as a parameter of altitude.

Figure 8 gives the altitude distribution of
Rn. The observed data were taken from the
work of Liu et al.’. They have compiled 38
previously published data measured at the
Eurasian and North American continents and
illustrated the average values with one stan-
dard deviation. The Monte Carlo calculation
was performed so that the observed data
may coincide with the calculations for a cen-
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Fig. 7 Monte Carlo calculated distributions of Rn at various altitudes for (a) winter
(December-February) and (b) summer (June-August).
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Fig. 8 Comparison of the Monte Carlo calculated
Rn profiles with observed data compiled
by Liu et al.

tral position of North America by trial and
error method as was stated in the preceding
section.

7))

To assess the validity of the technique and
results described here, we compare with sev-
eral other observations.

The calculated Rn concentrations at heights
between 0 and 100 m are compared to many
observations®-?» in Fig. 9. The calculated
results agree, in general, with observed ones
within a factor of 2 except for some measure-
ments at eastern sites of North America
in summer. If we need a much better agree-
ment between them near the ground, a more
detailed model may be required in exhalation
rate and K profile there. Furthermore, if we
adopt a shorter time interval for calculating
small displacements, a more or less complete
picture must be given.

Figure 10 shows a comparison with the
average vertical profile obtained by Moore et
al.2», They took five sets of observed data
offshore near San Francisco in every season.
The mean of the Monte Carlo calculated re-
sults for winter and summer is presented in
the figure. While the calculated values are to
some extent small compared to the measure-
ments, those coincide, as a whole, with each
other within one standard deviation. Giving
a more adequate wind speed profile might
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Fig. 9 Comparison of the Monte Carlo calculated concentrations
with measured values averaged over the periods December-

February and June-August.
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Fig. 10 Comparison of the Monte Carlo calculated
concentrations with observed average one
for Rn offshore near California.

result in a much better agreement, taking into
account the horizontal diffusion effect from
North America.

Figure 11 shows a comparison with mea-
surements made on the sea* and at Nagoya'¥
and islands in the Pacific Ocean®:2®, An
error bar of Nagoya data represents one stan-
dard deviation and the others maximum and
minimum values. The horizontal axis in the
figure gives the distance from the nearest
neighbour land parallel to longitude. The
trend that the Rn concentration decreases
with distance from lands is well illustrated.

(8)
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5. Concluding Remarks
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We have described how to eval-

uate global Rn concentrations
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using quite a simple and easy
Monte Carlo technique and model
in the present report. From the
viewpoint of rough estimation,
the results provided in this study
is sufficiently acceptable.

The method described here
would be applicable to several pro-
blems by modifying or extending
it in some ways. We would, for
instance, be able to calculate sea-

10
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Fig. 13 Monte Carlo calculated relative contribution to the
total Rn concentration in Japan from sources as a

function of distance.

Vertical distributions of Rn for Japan
Islands is shown in Fig. 12 along with the
two sets of averaged values of 7 data for
two seasons observed by Kubozoe et al.?”.
The agreement between them is fairly well.

We have derived average exhalation rates
at middle latitude to be 1.0 and 1.5 atoms/
cm?.s for winter and summer, respectively.
Wilkening et al.?® have obtained a world-
wide mean value to be 0.75 atom/cm?-s
from 994 measurements. Turekian et al. have
found it from a one-layer model to be 1.2
atoms/cm?-s. These values are not so different
from ours. In particular, the value given
by Turekian et al.? is almost equal to a
mean of our values for two seasons. It may
be all right to consider that our values are
somewhat useful for speculating seasonal va-
riations of Rn concentration.

Finally, we present the calculations of con-
tribution of Rn exhaled from the Eurasian
continent to Japan Islands as an application.
Figure 13 shows integral Rn concentrations
due to sources at various distances, which are
normalized to the calculated profile given in
Fig. 12. We find from the figure that Rn
originated in the continent plays an important
part in the concentration in Japan, especially

C9)

sonal variations in Rn concentra-
tion for regional and/or local scale.
Moreover, replacing the decay
constant of Rn with the removal
rate due to sink and washout,
we would also be able to deal with global
pollutants transport.
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