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DEVELOPMENT OF THE DIFFUSION CODE FOR RADON RELEASE
—~—STUDY ON DIFFUSION ASSESSMENT OF RADON RELEASE—

Abstract

A new radon transport-diffusion assessment method which is applicable to the complex

_ torrain around uranium mines of the PNC Ningyo Toge Works has been developed and

verified experimentally. The results were analyzed again and some problems of
assessment method were ex{racted.

In regard to the air flow model, it is desirable that the wind field of large area is
calculated by a meso-scale model and the result is taken in by 1-way nesting.

In regard to the transport-diffusion model, the diffusion around the source is excessive
and the contribution concentration of accumulation ground becomes underestimate
generally because the diffusion model is Eulerian, the grid size is large and the diffusion
coefficients are excessive at the entrance of the accumulation ground.

The points to be revised or improved in future are as follows:
a)Wind field of a large area is calculated by a local atmospheric model with GPV of Japan
Meteorological Agency.
b)Air flow of approximately 6 km every direction containing chject territory is calculated
by Algebraic Stress Model or Turbulent Closure Model.
| c)Small area along a valley is calculated by a model incorporating vegetation layer.
d)The distribution of the concentration caused by B.G. release is calculated by a 3-
dimensional Eulerian diffusion model.
¢)The distribution of the concentration caused by accumulation ground is calculated by a
3-dimensional Lagrangian diffusion model.

On the long-term evaluation and the use of meteorological observation data, further
examination is probably necessary.

Work performed by Japan Weather Association under contract with Power Reactor and Nuclear Fuel
Development Corporation.

PNC Liaison : Hiroshi Taniyama, Safety Department
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ABSTRACT

A hybrid Lagrangian-Eulerian atmospheric transport-diffusion model was developed to calculate the
three-dimensional distribution of atmospheric pollutants in transient-region flow fields. This Atmospheric
Diffusion Particle-in-Cell (ADPIC) code was validated against several existing closed-form analytical
solutions including a puff release in steady, unidirectional shear flow, and a puff release with scale-dependent
horizontal and vertical eddy diffusion coefficients. These tests showed that the ADPIC results were within
a 5%, error when compared to the analytic solutions. Regional (100 km) tracer studies at the National
Reactor Test Station Idaho Falls, Idahe, and at the Savannah River Laboratory, Aiken, S. C., were also

used to compare the code against field measurements,

L Introduction -

The Atmospheric Diffusion Particle-in-Cell (ADPIC)
code is a mnumerical, three-dimensional, Cartesian,
particle-diffusion code capable of simulating the time-
dependent distribution of air pollutants under many
conditions. These conditions include space- and time-
varying wind fields, calm conditions, space-variable
surface roughness, wet and dry deposition, radicactive
decay, and space- and time-variable diffusion param-
eters. C '

Basically, the 'code solves the three-dimensional
advection-diffusion equation in its flux conservative
form (pseudo-velocity technique) for a gizer mnon-
.divergent advection field by finite-difference approxi-
mations in Cartesian coordinates. The method is based
on the particle-in-cell technique with the pollutant
concentration represented by Lagrangian-marker par-
ticles inside a fixed Eulerian grid (Welch ef al., 1965;
Amsden, 1966; Sclarew et ol., 1971; Lange, 1973).
Most air pollution scenarios involve time- and space-
varying advection fields {shear) and diffusion param-
eters. They may involve topography, deposition from
various effects for a variety of active or inert source,
and are inherently three-dimensional in nature. ADPIC
was developed to model these aspects of pollutant dis-
persal as a function of time for specified source terms
with the exception, for the present, of photochemistry.

With the development of the three-dimensional
nondivergent (mass-conservative) wind-field model
MATHEW (Sherman, 1978), which is used to provide
the full three-dimensional space- and time-varying
advection field to ADPIC, pollutant dispersion studies

0021-8952/78/0320-0329805.00
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of considerable complexity can be undertaken. ADPIC
has undergone various validation tests against closed
analytic solutions and regional tracer studies. The
computed standard deviations are within 5% of those
of selected analytic solutions (Lange, 1973). Agreement
is remarkably consistent against methyl lodine tracer
studies at NRTS, Idaho Falls, Idaho, and “Az plumes
at Savannah River Laboratory, Aiken, S. C. ADPIC
concentrations are 60% of the time within a factor
of 2 and 95%, of the time within an order of magnitude
of measurements without any funing of the adjustable
parameters of the model to any specific site, tracer
scenario or tracer material. As such, these yet partial
validation results can be viewed 25 an emerging indi-
cator of the degree of accuracy with which the ADPIC-
MATHEW package can compute complex regional
pollutant concentration and deposition distributions.

2. Description of ADPIC

"The pseudo-velocity method consists of the following:
given the nonlinear transport-diffusion equation

ox
?+U_i.vx=v-(Kvx), (1)
¢ .

where X is a scalar concentration, X the diffusion coef-
ficient and U, the (given) nondivergent advection
velocity field, we can, under the assumption of incom-
pressibility, replace the Us- VX term by V-(XUgx).
Upon combining the two divergence terms, we can re-
write Eq. (1) in its flux conservative (pseudo-velocity)
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form

ax K
—tv- l:x(UA ——-vx):|=0,
at X

9Xx
—4+v-(xUp)=0,
ot

(2a)

(25)

where Up=U,— (K/X) VX is defined as pseudo-trans-
port velocity. The advection field Uy is generally sup-
plied by a nondivergent three-dimensional wind field
model like MATHEW (Sherman, 1978). The term
— (K/X) VX is a diffusivity velocity Up.

The grid mesh of the code is represented by an
Eulerian -grid consisting of . three-dimensional rec-
tangular cells of uniform size. The concentrations X
are defined at the centers of the cells and the velocities
U4, Up and Up= —(K/X) VX are defined at the cell
corners. The locations of the particles, which represent
the pollutant cloud, are defined by their individual
coordinates within the fixed grid.

A time cycle of the code is divided into an Eulerian
step and a Lagrangian step and proceeds as follows:

@ Eulerian step: The concentrations X, given for each
. cell at the beginning of the: cycle, are used to
calculate the diffusivity velocities Up = — (K/X) VX
which are then added to the wind advection ve-
locities Uy to yield a pseudo-velocity Up for each
cell corner.
® Lagrangian step: Each marker particle contained
in a given cel! is transported for one time step AT
with a velocity Up, which is computed from the
pseudo-velocities Up at the corners of the cell by
a linear interpolation scheme. The new particle
coordinate Rpyar is obtained from the old co-
ordinate Ry by forward differencing, ie.,

R%+AT=RT_+UP~VT. 3

Finally, a new concentration distribution X is
calculated from the new particle positions, thus
ending the cycle. -

The Eulerian-Lagrangian particle-in-cell method has
three desirable features of great importance. First, the
fictitious Eulerian numerical diffusion is eliminated
because the particles representing the pollutant con-
centration are transported and diffused along the
pseudo-velocity streamlines defined for each particle
by Up(x,f). Second, each marker particle can be tagged
with its coordinates, age since generation, mass, ac-
tivity, species and size, which greatly facilitates the
parameterized computation of wet and dry deposition,
radioactive decay, particle size distributions and reac-
tion rates of a pollutant. Third, three-dimensional
particle-in-cell codes are relatively fast running in
part because computations are only made for those
cells that contain particles. Although there are other
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schemes available to combat fictitious Eulerian nu-
merical diffusion by higher order  advection schemes
{Molenkamp, 1968} or spectral methods (Christensen
and Prahm, 1976), estimates on computer time -
quoted are generally based on the two-dimensional
models. If extended to three dimensions on the basis
of additional grid cells required, both computer time
.and memory core size quickly become additional
determining factors in which numerical scheme is to be
chosen.

“While it is difficult to give a generally valid estimate
of computational time for a complex three-dimensional
transport and diffusion model like ADPIC, the fol-
lowing description may be helpful: Tor a regional
(100 km 100 km) atmospheric boundary layer study
with topography and three individually different con-
tinuous pollutant sources, ADPIC uses 24 000 cells
(4040 in the horizontal, 15 in the vertical) and
30000 particles (simultaneously present in grid). In
this mode, ADPIC requires about 90% of large-core
memory, and runs about 50 times faster than real time,
on a CDC 7600 computer. '

Interpolation and truncation errors inherent in the
finite-difference algorithms remain, of course, and must
be dealt with by the cheice of the time step and cell
size. .

ADPIC uses staggered grids in which the velocities
U and diffusivities X are defined at the cell corners
while the concentrations X are defined at cell centers.
This has the following two important advantages over
non-staggered grids.

The finite-difference algorithm for the diffusion
velocity in ADPIC, reduced to one dimension, is

Koy (Xi—X3)
AX Xy X))

()

Dign=

where Up,,,, and K are the diffusion velocity
and the diffusivity at the cell corners i+1/2, Xia
and X; are the concentrations at the 71 and ¢ cell
centers, and AX is the cell size. For nonstaggered grids
this expression takes the form

K; (xi-q_-l—xi_ﬁ

UD,‘=
280X

(%)

X;

The advantages of (4) over (3) are that the diffusion
velocity Up does not become infinite when the con-
centrations in the denominator go to zero, and that
only one layer of cells around the outside of the grid is
required to specify the boundary conditions. -

" When the expression for the diffusivity velocity
Up[Eq. (4)] is expanded in a Taylor series and a
Gaussian concentration distribution is chosen and sub-
stituted for X into this series expansion, one obtains an
expression for the truncation error of Up in form of 2
ratio of the ADPIC diffusivity velocity Up divided
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TaBLE 1. ADPIC verification against
closed Gaussian solutions.

Case Description

1 Instantaneous source, constant K diffusion

Instantanecus source, scale-dependent K (¢} diffusion

Instantaneous source, constant X diffusion in simple
vertical speed shear U=U(z), V=W=0

Coninuous source, constant X diffusion {calm cond.ltlon)

Continuous source, constant K diffusion, advection =2
m 5™

Continuous source, constant K chﬁualqn, advection U=10
ms™ .

Ly b

[

by the exact differential expressioh for the diffusivity
velocity Up=— (K/X)(8%/0x). In one dimension and
retaining only the highest error term, this ratio is

UD(ADPIC)= "~ (ﬁ{)z.

U plexact)

(6)

20,

where AX is the grid cell size and o, is the standard
deviation of the assumed Gaussian concentration dis-
tribution. Eq. (6) indicates that by choosing enough
cells to resolve a pollutant distribution, i.e., ¢.2 24X,
the truncation error can be made as small as desired.

‘Due to the part-Eulerian, part-Lagrangian nature
of ADPIC, the boundary conditions break up into one
set of conditions imposed on the Eulerian- velocity
field and one set imposed on the Lagrangian particles.
Both sets must be consistent with each other.

The two basic boundary conditions imposed on the
pseudo-velocity field in ADPIC Up=Uy+Up are
constant mass flux, (XUp)=constant, corresponding
to inflow -and outflow of particles and zero mass flux
(xUp)=0, corresponding to reflection of particles from
the boundary. There are intermediate cases as, for
example, deposition of particles on the topography,
in which case a deposition velocity is specified. In the
kind of studies that ADPIC has so far been used for,
the ‘concentration field is smooth encugh by the time
it reaches the outflow boundary that the outflow
boundary condition can be specified by postulating a
constant flux of particles through the boundary grid
cell layer.

The particle boundary conditions are very simple.
If a particle has been found to have left the grid during
a cycle, it is either annihilated or counted as deposited
or is reflected, according to the type of boundary
specified.

3. Verification of ADPIC against analytical
solutions

Selected analytic solutions to the diffusion-advection
Eq. (1) were chosen in order to verify the ADPIC code.
Because of the intractability of this equation analytic
solutions exist for only rather simple, linearized cases
with Gaussian pollutant distributions. Table 1 sum-
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marizes the cases chosen for the basic verification of
ADPIC. Overall, ADPIC results agreed with the closed
Gaussian solutions to within a 5% error (Lange, 1973).
The time and spacial scales and other parameters,
like source configuration and diffusion parameters,
were chosen in such a way as to make the verification
cases compatible with scale relations in the real at-
mosphere. On this basis the 5% maximum error be-
tween ADPIC and analytic solutions holds over regional
scales of many hours and hundreds of kilometers, There
is no indication that this error will increase if the cases
described in Table 1 were run for even much longer
periods or larger distances.

An example, pufi-diffusion in s1mple vertical shear
flow (case 3 of Table 1), is discussed in the following.
The analytical solution for comparison has been worked
out (Quesada and MacLeod, 1971). A version of ADPIC
is used in which the Eulerian grid mesh automatically
expands with the growth of the puif.

A 20X20X20 cell three-dimensional grid mesh is
constructed so that the initiaily spherica.lly symmetrical
puff with Gaussian distribution is generated by =a
random number generator. Fig. 1 displays the dis-
tribution of Lagrangian marker cells at approximately
5 s in the x, z plane in unbounded shear flow. A strong
shear dU/32=0.125 57! was chosen. -

Fig. 2a compares the analytical solution with the
ADPIC solution of the number of particles per cell

as a function of distance in the #, 2 plane at approxi- -

mately 6300 s. Fig. 2b shows the distribution of the
pollutant after deformation transport and diffusion
in the unbounded shear flow. Fig. 3 shows relative
cloud-center concentration as a function of time for
the shear flow case.

While these simple test cases in no way represent a
full verification of the model, the results indicate that
on the basis of the gradient theory of turbulence the

120~

s

2 ROCROTHATE {m)
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T
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SHEAR DIRECTION

1 TR : PR A L | i

: -1|zu s [ &0 20
x COCRUTHATE (=}
Fic. 1. Diffusion in shear flow: particle distribution at eycle 20,
at T =53 s, in the x,z plane. )
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Fic. 2. Diffusion in shear flow: particle distribution at cycle
120, at T=6328 5, in the x,z plane: (2) comparison of the analytical
solution with the ADPIC solution, and (b) distribution of the
pollutant after deformation transport and diffusion in the un-
bounded shear fow.

ADPIC code represents a reasonably accurate caicula-

_tional framework for attacking transport-diffusion
problems for simple flow fields in multi-dimensional
space. If a flow field in the real atmosphere by suitable
Reynold’s averaging is separated into a mean wind
field Uy and a turbulent diffusive component Up,
and is identified as the pseudo-velocity field, Up
=Us+Up [Egs. (2} and (3)], then the quality of the
ADPIC solutions for the real atmosphere is governed
by our knowledge of the temporai-spatial regional
flow fields and the spatial distribution and time-
dependency of the eddy-diffusion processes and source
terms.

TasLE 2. Description of ADPIC simulation of field
tracer study at NRTS, Idaho Faﬂs.

Problem setup:

Number of gnd cells: 16X24><24 9216

Vertical cell size=50 S

Horizontal cell 51ze—-4300 m e

Stability category: Pasquill C. Details of diffusion parameters
discussed in Section 4. -

Source relesse rate=0.37¢ mCi s for 3 h. At 0.26 mCiper
particle, this corresponds to 14 720 particles total.

Deposition velocity=0.1 cm s

Comparison between ADPIC and field-sampler results:
Agreement within factor of: | 2 5 10

ADPIC semplers
F " Field samplers samplers

Fraction of

total samples I 044 031 094
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Frc. 3. Diffusion in shear fiow: relative cloud center
concentration versus time.

4. Validation of ADPIC against a regional tracer
study at the Idaho Falls NRTS site

For the past several years, the National Oceanic and
Atmospheric Administration has performed regional
tracer tests at the Idaho Falls National Reactor Test
Station (NRTS). The NRTS staff provided both the
meteorological and source-term information for one
of their methyl iodine releases. That test consisted of a
3h injection of methyl iodine with I into a transient
regional flow field. Meteorological properties were
documented by 17 meteorological towers as well as by
upper level wind measurements and indicated a Pasquill
C category. Thirty-six volume samplers were arranged
in the field in four arcs at vanous distances dowmwmd
from the source.

The regional flow field was ca.lculated by the LLL.

three-dimensional mass-conserving wind field code

MATHEW (Sherman, 1977). ADPIC simulated the-

time history of the passage of the cloud over each of
the samplers while also calculating the total spatial-
temporal distribution of the polutant. The details
of the ADPIC problem setup and a summary of the
results are included in Table 2. The horizontal eddy
diffusion coefficient K, (m? s™!) was obtained directly
from the Pasquill category C standard deviation ay
(m) through the relationship (Slade, 1968, pp. 100-103;

Walton, 1973) -

1d(e () _ do
A= e T, (72)

dt dx
with .
7y =0.17295, (7b)

where U7 is the local mean wind (m s™!) and « the dis-
tance (m) along the plume axis, The vertical eddy dif-

" fusion coefficient used was

0.1z, 0£2€100m

K,= { (8)
10, 2>100 m.
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ADPIC GRID SIZE
68,8 % 103.2 km

IHTERPOLATED
WINDFIELD
GRID SHIE
103,2 X 129 km

F1c. 4. Idaho Falls topography and pfume outline.

As an aid to interpreting the results, Fig. 4 shows an
illustration of the complex topography of the Idaho
Falls region and the general outline of the plume as it
was transported downwind from its source. (The
vertical scale is approximately 50 times horizontal
scale.)

Fig. 5 shows the projection of the Lagrangian marker
particles representing the cloud onto the horizontal
plane and the sampler arcs at 3 h. The jagged left edge
of the polluant cloud is caused by topographical and
grid resolution effects.

ADPIC samples concentration by counting those
Lagrangian particles that pass through a sampler
volume. Such a simulated ADPIC surface-air concen-
tration history at sampler A-3 is shown in Fig. 6 and is
compared in terms of its breadth with the actual passage
time of the plume as documented by field measure-
ments. Unfortunately, the field measurements gave

only total, time-integrated concentrations and time of -

passage. Therefore, comparison with ADPIC was only
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Flc. 5. ADPIC particles representing the Idaho Falls plume .

after 3 h (end of release time). Circles represent sampler locations.
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o TYPICAL ADPIC
SAHPLIRG CURVE

ACTUAL RyUME PASSAGE TIME -
(FIELD MEASUREMENT)

1 ; 2
TiME (10* 5}

Fi16. 6. Activity versus time for simulated ADPIC sampler A-3.
Idaho Fails. ‘ _

possible on the basis of the total area under the ADPIC
sampler curves like the one in Fig. 6.

Fig. 7 shows the time-integrated concentration of the
samplers along arc C as a function of eross-wind dis-
tance for both ADPIC and field measurements. These
integrated concentrations are also compared with the
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Fre. 7. Time-integrated activity for samplers on arc C, Idaho Falls.
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results obtained by solutions using a Gaussian plume
equation for the stability category C. The Gaussian
plume result in Fig. 7 was overlayed on what was con-
sidered to be the main branch of the '*I plume and was
not based on the wind speed and direction at the
source. If the Gaussian plume had been based on the
wind at the source, it would have partially missed the
sampler arc C in Fig. 7. Although the Gaussian solution
matches the peak concentration at what might be con-
strued as the plume centerline, it is too narrow and the
second. peak cannot be accounted for. The second peak
is a result of temporal changes in the regional flow field
and an effect of the topography. :

Fig. 8 is a scatter diagram comparing the ADPIC
time-integrated ¥ surface air concentrations with
measured values for all 36 samplers. The sources of error
result from the prescription of the regional flow field,
the prescription of eddy diffusion coefficients as derived
from bulk meteorological parameters, and the sensi-
tivity of the surface-air concentration to the representa-
tion of topography in the MATHEW and ADPIC
codes.

5. Comparison of ADPIC against three “!Ar plumes
at Savannah River Laboratory

During Spring 1974, three daily 6 h exercises were
initiated to compare ADPIC against data from three
2Ar plumes at the Du Pont Savannah River Plant
{SRP) in Aiken, S. C. Because of their typical difference
in synoptic condition, the second and third test scenarios
were chosen as detailed validation experiments for
ADPIC. Test 2 had mostly light 1-3 m s~ winds vary-
ing over more than 180° during the 6 h test while Test
3 had rather steady 1-4 m™ winds varying over less
than 90° during the test. Both tests started at 0800
EDT with approximately an F Pasquill stability and a

T T T T T T VeI

0
W E 36 saveLers

107!

LI RRLY
TSR

e
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ADPIC COMPUTED « T/
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T = ADPIC VALUES/MEASURED VALUES

TR Y AW A TIT B R S R EYIT

wt 1073 102 107! 10 10

Sl L1t11

HEASURED iCi+s/m®

F1c. 8. Measured and computed time integrated I surface air
concentrations for 36 samplers at Idaho Falls,
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Lo
]

SCALE (km)
Frc. 9. The Savannah River Plant site (SRP).

temperature inversion at a height of about 140 m
breaking up an hour or so later. Both tests ended at
1400 EDT with approximately a C Pasquill stability.

Fig. 9 shows the SRP site with the C, K and P
reactors, which are the sources for the three #Ar plumes,
each having a stack height of 60 m. The topography
of the site and its surroundings varies over about 75 m,
mostly because of the Savannah River bed; it is al-
ternately open grass land, crops and young pine forest.
In the models topography protrudes in rectangular
building block fashion into the grid from below.

The meteorological data for wind speed, direction
and their turbulent intensities (sigmas) were taken at
5 s intervals at a height of 60 m from two site towers
in the P and H area, and at several heights up to 360 m
from the WJBF-TV tower located 30 km northwest
from the site center. In addition to providing the ver-
tical variation of the wind field, the TV tower also
provided the vertical temperature profile.

The measurements of #Ar concentrations from the
three reactor plumes were obtained by looking at the
peak v window of the radicactive #Ar with sodium
iodide crystals. For Test 2, measurements were taken
by two detector—equxpped cars at a 2 m height at 20
different 10 min sampling stops. To track the plumes
the sampling stops were made anywhere within about a
25 km radius from the sources as permitted by the
road network. For Test 3, in addition to 22 measure-
ments from the two cars, a detector-equipped heli-
copter from EG&G, Inc., Las Vegas, Nev., tracked
the plumes at helghts of 150 and 300 m above topogra-
phy. The ‘helicopter flew a total of 19 more or less
straight-line sampling passes (at speeds of about 50
m s1) each of which lasted approximately 3-7 min and
collected data at 6 s intervals.
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Tarre 3. Description of ADPIC simulation of three
“Ar plumes at SRP, South Carolina.

Problem setup:

Number of grid cells: 4040 14=22 400

Vertical cell size: 25 m ]

Horizontal cell size; day 2, 500 m; day 3, 1000 m

Atmosphenc stability: Pasquill F through B. Details of diffu-
sion parameters are discussed in Section 5.

Source particles: three continuous sources with total release
rate of three particles per second, corresponding to approxi-
mately 65 000 ADPIC particles over a 6 h release period.

" Comparison betwéen ADPIC and measured results for both

experiments;
Agreement within factor of: 2 5510
Fraction of ' ADPIC ADPIC samplers

661 092 0.98

total samplers \ Field samplers samplers

The ADPIC validation problem setup for the
Savannah River plumes and comparison of results
with measured data are shown in Table 3. The three-
dimensional mass-consistent advection field U, was
provided by the MATHEW (Sherman, 1978) code in
- 15 min averaged data sets using interpolated” data
from the three meteorological towers. The three plumes
were modeled by continucus generation of ADPIC
particles, each representing a fised amount of activity
and possessing an “age” label to allow for radicactive
decay calculation according to the #Ar decay constant
of 1.04X10- s~% Typically, at any given time about
12 000 particles were present in the grid to represent
the plumes.

The horizontal diffusion coefficients Ky were ob-
tained directly from the rms wind direction fluctuations
os as measured on the TV tower at heights of 10, 36,
91, 137, 243 and 335 m. The relationships used are
(Walton, 1973; Tennekes and Lumley, 1972, p. 229;
Slade, 1968, pp. 151-153)

=3d/dt{c,*) with o,=a41|"®, (92)

where gy, is the standard deviation of the plume width,
[r] the distance from the source along the plume axis,
and d/d! the time derivative. If |r| is replaced by U
! assuming Taylor’s hypothesis (Tennekes and Lumley
1972), where U is the local mean wind speed (m s}
and ! is the time (s) since a pollutant parcel has left
the source, Eq. (9). be&omes

Ky—o-y(do‘y/df) w1th oy=as(T".  (9b)

Since ADPIC. models a continuous source by a time
sequence of instantaneous puffs released one per time
step and since oy is measured as a Function of height, U
is known from the wind field, and { is the age of the puff
since generation at the source, Eq. (9b) permits the
computation of Ky for each puff as a function of posi-
tion and time.

Because reliable vertical wind ﬂuctuatmn data were
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not available, the vertical diffusion coefﬁctents K. were
given the form

(Ku 0<s< B
z, z
(Kz)};, H(Z,

where (K.}u is K, at some height H, generally the top
of the constant fux layer, and z is the height above the
surface. Typical values for (K.)» for the stable to
unstable conditions encountered were picked -from
SRP data (Crawford, 1974) which are based on the
time-lag with height analysis of temperature maxima
and minima (Sutton, 1953), and varied from 1 to 25
m? s, H varied from 10 to 100 m. Elevated inversions
were modeled in ADPIC by setting K.=0 at and above
the inversion height.

Sampling is done in ADPIC by counting particles,
each representing a certain amount of activity. For
comparison with field data, ADPIC simulated the
sampling at the fived car locations and also simulated
a moving detector to model five of the helicopter flights.
Fig. 10 shows the ADPIC particle simulation of the
C,Pand K plumes together with one of the helicopter
runs. Fig. 11 is a typical example of data obtamed by
real and ADPIC helicopters. -

Fig. 12 shows the results of the ADPIC comparison
with measurements for cars (Test 2 and Test 3) and
also for helicopters (Test 3). Shown are the relative air
concentrations for 40 surface samplers and nine heli-
copter flights. As already indicated in Table 3, about
609, of the time the #1Ar plume concentrations com-
puted were within a factor of 2 of ‘measured, while
989%, of the time they agreed within an order of magni-
tude. In more detail, ADPIC agreed better with the

Z.9|'|i<io|‘;t||;|||lr
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1.2

6.8
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=2.0 1 H ! i ! — | !
E+4 -1.2 -0.8 -0.4 G 0.4 9.8 l.z 1.6 2.0 24 28

{m)
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TOTAL x - ¥ PLANES 1.3888+04 s #338

Frc. 10. Simulated helicopter flight path no. 838 and C, Pand K
plumes as represented by ADPIC particles.
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1.8 T T T " N T T T
- N I -
. 0.8 . P —] l AOPIC -
v
g SAL, HELICOPTER hs TOTAL x - y PLANES .C‘fCLE23O TIME  12:00 &oT
= . Fic. 13. C, K and P plumes for Test 2 at 1200 EDT as modeled
= - by ADPIC. -
] Figs. 13 and 14 show the ADPIC plwmes for the C,
_ P and K reactors for Test 2 at 1200 and 1300 EDT.
In 1 hr the winds have swung from easterly to southerly
to westerly, resultmg in the breakup of the plumes of
T Fig. 13. This shift literally paints a 180° sector before
1 new steadier winds begin to establish new plumes as

100 200 T 300 460 500
’ TIME (s}

Fic. 11. Helicopter flight no. 838, ADPIC and measured
concentrations versus time.

car data of Test 3 than of Test 2. This is a result of the
major difference between the two tests in the most
sensitive parameter, namely the variability of wind

direction which was high during Test 2 in contrast .

to the much steadier Test 3 conditions. The enormous
sensitivity of the regional air concentrations to wind
direction for the case of point sources is illustrated by
Figs. 13-16.
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F1c.12. Measured and computed relative concentrations for three
#Ar plumes at 49 samplers at SRP.

shown in Fig. 14. Figs. 15 and 16 represent the cor-
responding ADPIC isopleths at a height of 2 m together
with the detector car locations at those times. The
choppiness of the contours is caused by topography and
grid resolution. Keeping in mind the scale of the figures
an appreciation can be gained for the difficuity of plume
air concentration data collection (plume chasing) on
the regional scale. In addition to the previously dis-
cussed gross effects of wind direction variability, Figs.
13-16 ,also show the local difference in the advection
field as depicted by the difference i in dxrectlon of the
three simultaneous plumes,

On the regional scale, data collected by one moving
detector (moving fast compared with wind speeds,
such as the helicopter used in Test-3) are more con-

TOTAL x - y PLANES  CYCLE258 TiME 13:00 EOT

Fic. 14. C, K and P plumes for Test 2 at 1300 EDT as modeled
by ADPIC.
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RELATIVE CONCENFRATION AT 2. METERS TIME IS 5.0 HOURS
tsorLemhs s x 167 Sx 10 sx10? omd

Fie. 15. C, X and P plume activity isopleths from
ADPIC for Test 2, 1200 EDT.

clusive than even a large number of fixed surface
detectors at least for variable winds. Fig. 11, showing
concentration versus time for a single helicopter pass,
illustrates the point: one pass of the helicopter sampler
yields 2 snapshot of the plume cross sections showing
centerline location, maximum concentration and plume
width. . . ‘

Comparison of the field helicopter trace with the
ADPIC model helicopter allows separation of model
errors caused by the advection field (offset peaks)
from errors caused by diffusion parameters (plume
width and peak concentrations). Fig. 11 shows that the
advection field used in ADPIC was in error for the K
plume while it was correct for the P plume. The reason
is that the mass-consistent advection field had meteoro-
logical input data at the P reactor, while it had to rely
on an interpolated value at the K reactor. In addition,
the diffusion parameters used in ADPIC appear to
diffuse the plume somewhat too slowly.

Fig. 12 shows that 899 of the time (eight out of nine
peaks) the ADPIC helicopter results were within a
factor of 4 of the measured EG&G helicopter data.
This is in better agreement than for the cars for the

same Test 3 because peak concentrations were com-

pared for the helicopters, thus bypassing the errors

RELATIVE CONCENTRATION AT 2, METERS  TIME 1S 6.0 HOURS
1S0PLETHS 8 x 1077 5 x 108 531070 s/’

Fr. 16. C, X and P plume activity isopleths from ADPIC for
Test 2, 1300 EDT.
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caused by advection. The reason for the very low
results of ADPIC for the ninth helicopter run is that
one of the EG&G helicopter passes was nearly parallel
to the K plume. Because the direction of the modeled
K plume was off by a few degrees the ADPIC model
helicopter missed it, thus reintroducing the importance
of advection errors for passes at small angles to the
plume dxis.

6. Conclusions

ADPIC was developed to study the pollutant dis-
persal and deposition on the regional (100 km) scale
from a variety of sources and for given wind fields. Of
special interest are those cases for which source and ter-
rain conditions are complex and the behavior of the at-
mosphere is nonuniform and nonsteady. For such cases
the advection field can be provided in mass-conservative
form from interpolated meteorological data by a mass-
consistent wind-field code such as MATHEW
(Sherman, 1978). ADPIC computes the time-varying
three-dimensional concentration field of inert as well as
radioactive pollutants and can treat topography, dry
deposition and inversion layers. The chief advantages
of the particle-in-cell method are the lack of numerical
diffusion errors present in other methods, the capability
to label the Lagrangian particles with various proper-
ties like mass, activity, size, time, etc., and reasonable
computer time requirements. _

The code was validated against a number of closed
Gaussian solutions to the diffusion-advection equation
including simple wind shear and scale-dependent dif-
fusion, and was found to be accurate to within 5%
of such solutions. )

Regional tracer studies using ¥'I at Idaho Falls and
9Ar plumes at Savannah River Laboratory were used to
validate ADPIC against regional field data using fixed
high-volume samplers, y-detector-equipped cars, and
helicopters. Without ‘uming the model parameters to
any given regional site, type of source or sampling
method there appeared to emerge a uniformity in the
accuracy in which ADPIC could medel regional scen-
arios of pollutant dispersal as indicated by Figs. 8 and
12. Typically, 60% of the time ADPIC was within a
factor of 2 of field data while 96%, of the time it agreed
to within an order of magnitude.

Without a doubt, it would be desirable to conduct 2
comprehensive parameter sensitivity study with ADPIC
in order to put the results given in Figs. 8 and 12 into
perspective. Unfortunately, such a task for a three-
dimensional time-dependent code requires enormous
amounts of computer time, and may have to wait for
the next generation of computers.

Nevertheless, from runs for different atmospheric
stabilities, varying topographical complexities and
comparison with experimental results such as those in
Figs. 7, 10, 11, 15 and 16, a qualitative statement about
the types of errors most important in ADPIC can be
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made with some confidence: For modeling plumes
in the atmospheric boundary layer on the regional
(100 km) scale the chief sources of error in the ADPIC
model results appear to be, in decreasing order of
magnitude, wind direction, topography, diffusion
parameters, source strength and wind speed.
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A simple Monte Carlo computational technique was developed to simulate general circula-
tion of ™Rn in the troposphere between 30° and 60° North. Fitting the calculated resulis to
previously published observed profiles, averaged wvertical eddy diffusion coefficients were derived,
along with exhalation rate values of 1.5 and 1.0 atoms/em®+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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eddy diffusion coefficient, exhalation rate

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
compuiational 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
(U7) 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 (f.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.

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 X 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-dimensiomal model or
the tramsport of Rn and its long-lived daugh-
ters. Those were a one- or two-layer model
using vertically averaged wind speed, since
iheir purpose was to obtain a mean residence
time of aerosols in the troposphere, This
paper deals with the altitude distribution of
Rn as a funciion of longitude takipg into
account globally averaged [V 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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where, €, R concentration, ¢z, time, [/, wind
speed, x and 2, horizontal and vertical direc-
tions, respectively, X, eddy diffusion coeffi-
cient, and 1, 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

fj;"zcuxdz: E (2)

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

ac a8c 620 9K aC
Y +Uax—~ +—“E —2C. (3}

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 X are stored as inputdata in advance.
The values at an altitude of interest are cal-
culated from linear interpolation in case of
need.

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

c=———Ing, (4)

A
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-band side of the equation as follows.
One component (due to the quasi-advection
term) is expressed by

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

=zt 2B (6)

Another one (the diffusion term) is determined
by random sampling from a Gaussian distri-
bution, i.e.,

d2a=v2 K(zm)dtV =210 & sin 27w, (7)

where, £; and £; are the random number and

. r
e (8)

The new coordinate is then given by
2=z’ +dz,. (9)
A small displacement in the 2 direction
can be calculated from the second (advection}
term of the left-side hand of equation (3) by
dz=Udt. - (10}
To put it in the concrete, it is approximated
as

Zisr= it —-——-——U(""')+2U(‘"““) 4. (1)

Thus, the new position (ziy1, zia) can be
successively computed through equations (4 )-
(11) until the Rn decays at z=r.

When the Rn atom gets to ground- or sea-
level due to diffusion, we make it reflect at
#=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
: (Ld—c) 26=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¢=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
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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, L

between them is fairly well. Jacobi and Andre
neglected the quasi-advection term (corre-
sponding to the second term of the right-hand
side of 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.

Minato: Monte Carlo calculation of global ***Rn transport

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. 35),
where positive component means the westerly.

Figure 4 is the X 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 =~ 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

30
SumnA T Winter

204 =
g
2

1012

30_ - 60°N
1 1 1
—20 —10 0 10 20 30

Wind speed (m/{s)

Fig. 3 Wind speed profiles used in the

calculations.
30
[ PN Present study
3 3 o7 Liu et al. (1984)
= 201 Y
:_M/ - A
=4}
=
B -
"'é 10__ ............ Summer
I Winter 5
i It
0 B I B 32 S S B O S L A S B 02 U e
10 10t 108 s

Diffusion coefficient (cm®/s)

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 UV and X profiles shown

in Figs. 3 and 4.
The concentrations for curves without
numerals drawn near the original point
increase with the same rate as that for

lower ones.
30-60"N
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" Fig. 6 The model of giobal 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 KX is too large

Vol. 40, No.1

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.t, 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 X 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 wvalues 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).
12 To assess the validity of the technique and
d _'(—El\lolnti ca/l'k’g | results described here, we compare with sey-
L« =1 atom/cm°*s .
1 [~ } ' eral other observations.
8 N Liu et al. (1984) The calculated Rn concentrations at heights
g Winter between 0 and 100 m are compared to many
4 observations®-22) in Fig. 9. The calculated
Central par results agree, in geperal, with observed ones
ol entral part T
= of North America within a factor of 2 except for some measure-
& ol lint 1 L3I el ments at eastern sites of North America
&
=] in summer. If we need a much better agree-
5 12 — ment between them near the ground, a more
10+ L« (E=1‘5/at°f‘5) detailed model may be required in exhalation
' : s rate and K profile there. Furthermore, if we
sr T adopt a shorter time interval for calculating
g Summer small displacements, a more or less complete
al P—— picture must be given.
Figure 10 shows a comparison with the
2 . .
average vertical profile obtained by Moore et
[ 1111
ot l””(l}fvl - I““{ : [“10 al 2, They took five sets of observed data
Activity (Bg/m?) offshore near San Francisco in every season.
Fig. 8 Comparison of the Monte Carlo calculated The mean c')f the Monte Carlo' calculated rf3~
Rn profiles with observed data compiled sults for winter and summer is presented in
by Liu et al. the figure. While the calculated values are to
some extent small compared to the measure-
tral position of North America by trial and ments, those coincide, as a whole, with each
error method as was stated in the preceding other within one standard deviation. Giving
section. a more adequate wind speed profile might
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account the horizontal diffusion effect from ETL L. -
North America. 2 r !
Figure 11 shows a comparison with mea- £ r ; .
) and at N “w = by Observation
surements made on the sea® and at Nagoya 51 ; (Kubozoe et al. 1989)
and islands in the Pacific Ocean®:?®, Anp ~ ;
error bar of Nagoya data represents one stan- : f;‘
dard deviation and the others maximum and - Lo
minimum values. The horizontal axis in the 0 ""6'1 - "’”i et "‘"iOL !
ﬁg}n'e gives the distance from the nearest Activity (Bq/m?)
neighbour land parallel to longitude. The Fig. 12 Monte Carlo calculated and - observed
trend that the Rn concentration decreases altitude distributions of Rn over Japan
with distance from lands is well illustrated. Islands,
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4 A‘g 5 2 E %n 5 ,g __.,g E g £ tgn J . Comncluding Remarks
a2 5 '5 g 23 SE2355 . A A We have described how to eval-
100 (Winter) (Summer) vate global Rn concentrations
g 0-0.1km using quite a simple and easy
'_§ E Monte Carlo technique and model
B R in the present report. From the
g\é 01-1 viewpoint of rough estimation,
_?-': E the results provided in this study
kS :ﬁ 50 is sufficiently acceptable.
& = -3 The method described here
E § would be applicable to several pro-
§ g blems by modifying or extending
~ o 3-6 it in some ways. We would, for
oluer i1t Y instance, be able to calculate sea-
10* 10° sonal variations in Rn concentra-

z (km) from Japan

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 075 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

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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