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ABSTRACT

A mathematical model is developed for the calculation of air con-
centrations of material suspended by the wind from areas of surface
contamination and the model is applied specifically to the BC Controlled
Area. Example computer solutions are given to show the dependence of
the suspended air concentration on suspension rate, deposition velocity,

wind speed, wind direction and atmospheric stability.

This model is subsequently simplified to produce an analytical
method for the economical estimation of air concentrations and horizontal
fluxes of suspended surface contamination. The predictions of the ana-
lytical method are demonstrated to agree quite well with those of the

more complex, computerized model.
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INTRODUCTION

Radioactive contamination of environmental surfaces, such as exists
in the BC Controlled Area, presents the potential for airborne contami-
nation through the mechanism of suspension by the wind of the surface
contamination. The amount of this derivative airborne contamination
must be known in order to properly evaluate the consequences of vari-
ous management and control policies which may be applied to the sur-
face contamination. It is the intent of this report to provide a basis
for predicting the air concentrations consequent to the suspension of
surface contamination. This will be done by describing both complex and
simple models which have been developed for this purpose and by presenting
sample predictions of suspended air concentrations within the BC Controlled

Area.

This report presents the results of research supported both by the
Atlantic Richfield Hanford Company, under contract to the U.S. Energy
Research and Development Administration, and by the Department of
Biomedical and Environmental Research of the U.S. Energy Research and

Development Administration.

SUMMARY AND CONCLUSIONS

A surface flux model is developed which can predict the air concentra-
tions consequent to suspension by the wind of radioactive surface con-
tamination. This model treats the suspension of the contamination and
its redeposition on the surface as opposing processes whose net sum is
the source term for subsequent atmospheric diffusion. Since the diffusion
process is linear, existing point source diffusion models are used to
describe the atmospheric transport from all points of the surface source,
and the resultant air concentration is found by summing over the entire

surface upwind of the receptor of interest.



This model is applied to the prediction of suspended air concentra-
tions within the BC Controlled Area for a limited number of cases. It
is shown that these air concentrations are directly proportional to the
suspension rate and inversely proportional to the mean wind speed and
that the pattern of the air concentration isopleths is strongly dependent
on wind direction. As also might be expected, the air concentrations
decrease with increasing instability of the atmosphere and with increasing
deposition. Similarly, the downwind elongation of the air concentration

isopleths is reduced with increasing instability and deposition.

Some immediate applications of the model would be the estimation of
the expected annual exposure within the BC Controlled Area and the annual
flux of contamination out of the area. Predictions of the model should
be compared to existing measurements of the airborne concentrations within
the area, both to test and improve the model and also to estimate the
rate of suspension and the fraction of the surface contamination available

for suspension.

The exact computation of the suspended air concentration as described
above is a tedious procedure because it requires the convolution of the
areal source strength distribution with a point source function describ-
ing the atmospheric dilution of the suspended contamination. Therefore,

a simplified procedure has also been developed from this basic model.

It requires knowing only the total upwind surface contamination and the
suspended air concentration predicted under similar meteorological con-
ditions for the equivalent uniform contamination source without deposi-
tion. This method is shown to be quite accurate, both for a hypothetical
regular distribution of surface contamination and for the BC Controlled
Area. It has the potential of being very useful for the rapid, economical
estimation of both the air concentration and the horizontal flux due to

the suspension of surface contamination.

Finally the usefulness of the resuspension factor (defined as the
ratio of the suspended air concentration to the local ground contamination)
for predicting suspended air concentrations is discussed. It is found

that the resuspension factor has limited applicability downwind of a



contaminated area. For practical estimates the resuspension factor may
be treated as a constant with respect to receptor location within area

sources which vary with a length scale exceeding several hundred meters.
This assumption has the least error for unstable atmospheric conditions

and high deposition.

The Surface Flux Model

Model Derivation

The differential equation describing the diffusion of atmospheric
contaminants is linear in the calculated air concentration, allowing
the superposition of solutions to account for a number of different
pollutant sources at different locations. Thus the air concentration
due to an areal source of contamination mayvbe determined by integrating
a point-source solution of the diffusion equation over the upwind extent
of the area source distribution. To this end a diffusion function

u C
2 _ 22/2522 (1)

exp —y2/2cy

may be defined which describes the air concentration C s (quantity of

p-s.

; 3 . ) .
material per m~) due to a point source of nondepositing material located

at ground level and emitting at a rate Q (quantity per sec). Cp.s. is
evaluated at a height z and at horizontal distances x downwind and y
crosswind of the source; u is the mean wind speed (m/sec), blowing in
the positive x direction. D is described here by the Gaussian plume

ey

model parameterized by o and o> the horizontal and vertical standard
deviations (m) of the concentration distribution. Given then the hori-
zontal distribution of the net upward flux Fz (quantity per mL/sec) of

contaminant at the surface, the air concentration is

Cle,y2) = [* [ 8 (6,0) emEiyon,2) dnde 2)

0 -0

where the origin of the x coordinate is located at the upwind edge of

the surface contamination.



Two processes are assumed to contribute to the net interchange of
material between the ground and the air: suspension and deposition.
In the absence of detailed microphysical models of these processes, they
will be described as being proportional to the ground contamination G
(quantity of material per mz) and the air concentration C, respectively.

Thus the vertical flux of material at the surface due to deposition is
Fd = —de(z=zd) 3)

where C is evaluated at some reference height z The constant of pro-

T
portionality vy has the dimensions of a velocity and has been appropriately

named the deposition velocity. For common aerosols v, can vary from about

d
lO_4 to 10 cm/sec, depending on the specific properties of the particles,
of the atmospheric structure, and of the deposition surface.(z) The

results presented here, however, are parameterized only by the ratio of
the deposition velocity to the mean wind speed, vd/u. Since u in the
lowest 100 m of the atmosphere is commonly in the range of 1-10 m/s,

- -1
vd/u can vary from about 10 / to 10 ~.
Similarly the resuspension flux Fr is

Fr = AG 4)

. . -1 . . .
where A is a suspension rate (sec ) and G is the concentration of material
on the ground that is available for suspension. Less is known about A

than about v, but typical values for Hanford soils appear to be in the

range of 10 0 to 10—7 sec—l.(B)

Thus the net vertical flux at the surface is

Fz(x,y) = AG(x,y) - de(X,y,zd) , (5)

and substitution of (5) into (2) gives

X -]
C(x,y,z) =ff [AG(«E,n) - de(é,n,zd)] %(x—&;,y—n,Z)dndE s (6)
O -0

the basic equation of the surface flux model.




Predicted Air Concentrations for the BC Controlled Area

Since the calculation of suspended air concentrations requires in
almost every case a numerical integration of (6), a FORTRAN program has
been written to perform the necessary operations. This program currently

(4)

uses the rural diffusion coefficients amalgamated by Briggs from
several series of diffusion experiments. These are a function of the
downwind distance x separating source and receptor and of the turbulence
intensity or stability of the atmosphere. Briggs' formulas are shown

in Table 1 where the atmospheric stability is divided into six classes
ranging from very unstable, Pasquill Class A, to neutral, Class D, to
very stable, Class F. Class A is characteristically a clear day with
low wind speed and strong insolation, Class D occurs with an overcast

sky and/or strong winds, and Class F is typically a clear nighttime

situation with low winds.

By multiplying both sides of (6) by u/A, it can easily be seen that
uC/A is a function only of G, vd/u and D and thus that C depends linearly
on A/u. Given the horizontal distribution of the surface contamination G,
a value for vd/u and a stability class, the FORTRAN program then calcu-
lates the horizontal distribution of the normalized air concentration

uC/A. The calculations are currently made on a 40 x 40 horizontal grid.

Table 1.
Formulas for the Determination of ¢ and o (4)
(x, 0 , 0 1in meters)
2 y
Stability 5 5
Class z v

A 0.20x 0.22x(1 + 107 x)'l/2
-4 -1/2

B 0.12x 0.16x(1 + 10 x)
C 0.08x(1 + 2%10°% x)"1/2 0.11x(1 + 1074 %7172
D 0.06x(1 + 1.5%1073 x)~1/2 0.08x(1 + 107 x)71/2
-4 -1 -4 ~1/2

E 0.03x(1 + 3*%¥10  x) 0.06x(1 + 10 ~ x)
-4 -1 -4 -1/2

F 0.02x(1 + 3*10 x) 0.04x(1 + 10 x)



- These dimensions were chosen as a compromise between the conflicting
requirements of spatial resolution and economy, recognizing that the

evaluation of (6) is a tedious and hence expensive numerical process.

An aerial survey of the BC Controlled Area was performed(s) by

EG&G on May 30 and June 1, 1973, producing isopleths of Cs137 surface
contamination within an area of roughly 15 km2. In order to provide the
required input to the computational program, this distribution has been
digitized at intervals of 100 m, each data point equalling the surface
contamination within an area of 104 mz. Thus the following results
assume that all of the surveyed contamination is available for suspension
by the wind, while it is likely that only some fraction is truly avail-

able. However, if this fraction is constant over the distribution, the

calculated air concentrations can simply be proportionally reduced.

Figure 1 shows the surface contamination distribution as recon-
structed from the digitized data. The values of the labeled contours
are listed in Table 2. The outlined central portion of the distribution,
an area 2 km square, was selected as the source for the following sample
calculations of suspended air concentrations. This choice allowed the
use of a computational grid interval of 50 m and hence each digitized
value of surface contamination was allotted to four grid points.
Calculations were also made on an 80 x 80, 25 m grid to test the accuracy
of the 40 x 40, 50 m computation and, except at the edges of the distribu-

tion, the results were found to agree within better than 5%.

Figures 2-10, then, show the results of sample calculations of the

suspended air concentrations at a height of 1 m, for a variety of

Z ’
atmospheric stability conditions, deposition velocities and wind direc-
tions. The quantity contoured is the normalized air concentration uC/A
and the values of the labeled contours are again listed in Table 2.
(Note that the order of labeling is reversed from that of Figure 1.)
Figure 3 for neutral stability, vd/u = 0 and a west wind (indicated by
the U arrow) may be considered the norm against which to compare the

results for varying stability (Figures 2 and 4), vd/u (Figures 5-7) and

wind direction (Figures 8-10). The air concentrations also vary linearly



SURFACE CONTAMINATION CS-137  BC CRIB AREA

500M

Figure 1. Contours of Cs-137 Surface Contamination in the
BC Controlled Area



Table 2.

Surface and Air Contamination Levels for Figures 1-10

Surface Contamination Levels, Figure 1

A 0.12 uCi/m? F 0.88 uCi/m’
B 0.18 uCi/m2 G 1.33 uCi/m2
C  0.26 uCi/m’ H 2.0 uCi/m’
D C.40 uCi/m2 I 3.0 ‘,.:Ci/m2
E  0.59 uCi/m> I 4.5 uCi/m?

Normalized Air Concentration Levels, Figures 2-10

A 1000 uCi/m2 F 100 uCi/m2 K 10 uCi/m2
B 630 uCi/m° G 63 uCi/m L 6.3 uCi/m>
C 400 uCi/m2 H 40 uCi/m2 M 4.0 uCi/m2
D 250 uCi/m? I 25 uCi/m? N 2.5 uCi/m?
E 160 uCi/m2 J 16 uCi/m2 0 1.6 uCi/m2

with wind speed and suspension rate, but this may be reproduced simply by
multiplying the contour levels by the appropriate value of A/u. Recently
measured(3) resuspension rates fall in the range lO_lo to 10—6 sec_l for

surface wind speeds varying from 1-20 m/sec. An annual average value for

A/u might be 1077 w7 L,

Figures 2-4 display the changes in suspended air concentration with
atmospheric stability. The air concentrations are greatest for stable
Pasquill F conditions and decrease with decreasing stability due to the
enhanced effectiveness of the atmospheric eddies in mixing the suspended
material with uncontaminated air. The peak concentration for Pasquili A
is approximately 20% of that for Pasquill F. Further, the downwind
elongation of the air concentration contours is greatest for Pasquill F
for the same reason. At the east border of the computational area the

air concentration for Pasquill A has dropped to 10% of that for Pasquill F.

Figures 3 and 5-7 display the effectiveness of deposition in reducing

the air concentrations. The parameter controlling deposition is the ratio



UC/A, RESUSPENSION FROM BC CRIB AREA. PASGUILL A, VD/U=0.0
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Figure 2. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill A,
vd/u = 0, and a West Wind



UC/A, RESUSPENSION FROM BC CRIB AREA. PASQUILL D, VvD/U=0.0

Figure 3. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 0, and a West Wind



UC/A, RESUSPENSION FROM BC CRIB AREAR. PASOUILL F, vD/U=0.0

Figure 4. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill F,
vd/u = 0, and a West Wind
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UC/A, RESUSPENSION FROM BC CRIB AREA. PASOUILL D, VvD/U=.001

Figure 5. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 1073, and a West Wind
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UC/A, RESUSPENSION FROM BC CRIB AREA. PASQUILL D, vDB/U=.01

2

Figure 6. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 10-2, and a West Wind
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UC/A, RESUSPENSION FROM BC CRIB AREA. PASOUILL 0, vD/U=0.1

Figure 7. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 10-1, and a West Wind

14



UC/A, RESUSPENSION FROM BC CRIB AREA. PASQUILL 0, VD/U=0.0

[ \ r’\\//—J ‘

Figure 8. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 0, and a North Wind



UC/A, RESUSPENSION FROM BC CRIB AREA. PASQUILL D, vD/U=0.0

Figure 9. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 0, and an East Wind
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UC/A, RESUSPENSION FROM BC CRIB AREA. PASOUILL D, VD/U=0.0

Figure 10. Contours of Normalized Suspended Air Concentration
uC/A in the BC Controlled Area for Pasquill D,
vd/u = 0, and a South Wind

17



of deposition velocity Vi to mean wind speed u and results are shown for
vd/u = 0, 10—3, 10—2, and lO_l. Actually this largest value of vd/u is
near the limit of applicability of the model since it implies deposition
velocities of 10 cm/sec or greater. If this large V4 is due to gravita-
tional settling, the particles are larger than 10 ym diameter and are
approaching the size at which they will no longer follow exactly the

eddy motion of the atmosphere. This is contrary to one of the assumptions

upon which the Gaussian plume model and Table 1 are based. Figure 7 is

included, however, tc emphasize the effects of deposition.

Increasing deposition affects the suspended air concentrations in
a manner qualitatively similar to decreasing the atmospheric stability:
uC/A is decreased and the downwind elongation of the air concentration
contours is reduced. There is little change between vd/u = 0 and
vd/u = 10_3, but for vd/u = lO-2 the air concentration is reduced by
about 35% at the peak and by about 60% at the east edge. For v /u = 1071

the downwind elongation of the contours is reduced enough that Figure 7

duplicates quite closely the surface contamination pattern of Figure 1.

Figures 3 and 8-10 display the effect of a changing wind direction
on the suspended air concentration. Pasquill D is used for this, and
the preceding comparison, for two reasons. First, representing the
neutral stability condition, it is the "average" stability. Second,
since high winds produce neutral stability the highest resuspension will
occur under Pasquill D. A deposition velocity of zero is chosen to

maximize the suspended air concentration.

Little of a general nature can be noted in Figures 3, 8-10 besides
the obvious. The peak air concentration is little changed with wind
direction but the contour pattern is highly altered, being elongated
in the direction of the wind and producing air concentrations downwind
of the peak an order of magnitude or more greater than those computed

at the same location for other wind directions.

These sample concentrations demonstrate the dependence of the sus-

pended air concentration on the relevant meteorological variables.

18




This mocdel can now be applied to the evaluation of the airborne hazards
associated with the BC Controlled Area and to the further investigation
of resuspension. Calculations should be made of the expected annual
exposure within the BC Controlled Area and of the annual flux of con-
taminant out of the area, using the climatological distributions of
stability, wind speed and wind direction. Isopleths of the maximum
expected air concentration could also be calculated. Further, predic-
tions of the model should be compared to existing measurements of air-
borne contamination within the area, both to test and improve the model
and also to estimate the rate of suspension and the fraction of the sur-

face contamination available for suspension.

A Simplified Prediction Method

Model Derivation

The exact evaluation of (6) to predict the suspended air concentra-
tion is a tedious procedure because it requires the convolution of the
areal source strength distribution with the point source function (1)
describing the atmospheric dilution of the suspended contamination.
Therefore, a simplified procedure has been developed which gives highly
accurate results in the immediate vicinity of the area source, where the
air concentrations are greatest. This method is derived in this section
and its predictions are compared with those of (6) in the following

sections.

The first step in simplifying (6) is to temporarily limit considera-

tion to the crosswind-integrated air concentration
x D
C(X,Z) =[ [AG(&) - Vdc(g,zd) E(X—E’Z) g n
o}

which was obtained by first integrating both sides of (6) over all y and
then also performing the indicated integration over n. Thus, G and D are
also now the crosswind-integrated values. Equivalently, (7) describes
the air concentration resulting from a source which is uniform in the

crosswind direction. Defining now a normalized air concentration

19



= uC/AG (8)

(7) becomes

]

X v
‘“X’z)=f e [1 - u—%(a,zd)}wx—a,z) at . (9)
[o]

It is convenient to consider initially the situation G = constant,

in which case the first term on the right-hand side of (9) is

X X
f D(x-£,z)dg =f D(g,z)dg
O Q

the normalized air concentration from a uniform area source of nondeposit-

I3

v (x,2) (10)

ing material extending a distance x upwind of the receptor. wo has been
calculated at a height of 1 m using the rural diffusion parameters of
Briggs. The results for Pasquill stability categories A, D and F are
shown by the solid curves of Figure 1ll. As would be expected, the air
concentrations increase with distance from the upwind edge of the source.
They increase least rapidly in the case of an unstable thermal stratifica-
tion (Pasquill A) due to the enhanced effectiveness of the vertical mix-
ing in transporting the material away from the surface; most rapidly in
the case of a stable atmosphere (Pasquill F) due to the suppression of

the vertical mixing. This is similar to the effects of stability noted

in the examples of the previous section.

Looking next at the second term on the right-hand side of (9), still
for the case of a uniform surface contamination, it can be concluded that
its. contribution to the integrand is maximized near £ = x. This is based
on two observations. First, wo (and also ¢ as will be seen presently)
increases monotonically with downwind distance. Secondly, D(x-£,z) has
a maxXimum in the vicinity of £ = x which becomes narrower and closer to
£ = x as z approaches zero. Thus it is a good approximation (best for
small z and when ¥ changes slowly with X) to replace w(&,zd) in the

integrand with w(x,zd), giving

v
v(x,z) ~ [l - u—dw(x,zd)] wo(x,Z) . (11)

20
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Solving for ¢(x,z)

v
b(x,2) & wo(x,z)/[l + l—liwo(x,zd)] . (12)

The predictions of (12) for the normalized air concentration due to
a uniform area source of depositing contaminant are shown as discrete
data points in Figure 11 for Vd/u = 10_2, a case of moderately strong
deposition, and for zy = 1 m. Also shown as dashed lines are the exact
solutions calculated with (9). Equation (12) is quite adequate for all
these conditions and is actually in error by less than 10% over most of
the range shown. As would be predicted from the slope of the y curves,
the agreement is best for Pasquill A and large x and worst for Pasquill F
and small x. The small slope of the Y curves at large x, particularly
for Pasquill D and F, is due to their approach to the asymptotic limit
u/vd. This limit can be predicted either from (12) or directly from (9)

and reflects an exact balance between resuspension and deposition.

The approximation (11) is still valid if G(x) is allowed to be a

monotonically increasing function of x. Thus

\' X
VGx,2) = [1 - ;%(x,zd>] /; L pg,2) ar (13)

The remaining integral can be further reduced by changing the variable

of integration to

* —4
dg G(x) dg s (14)
whence it becomes
x*
f D(x-£,z) d&* . (15)
o
Here x* is a scaled distance
X
G(&)
* =
x /;G(X) dg . (16)

22



Now, it is apparent that (15) is closely related to
x*
Y, (x*,2) =f D(x*-g*,z) dg*x 17)
)

and to investigate this relationship we can examine

X
ok~ =f G) 4. (18)
£

G(x)

In the vicinity of £ = x, G(Z) =~ G(x) and hence x* - £¢* .~ x - &. But it
is in just this region where D(x-£,z) makes its greatest contribution to
the integral in (15) or (17). Thus to a good approximation (again best

for small z and slowly increasing G) (13) becomes

v
UJ(X’Z) ~ []- - a—(l w(X,Zd)] wo(x*’z) ’ (19)
and, after solving for y(x,z),
Yd
LU(X,Z) A wo(x*’z)/[l + u_ wo(X*’zd)] . (20)

Finally, it is necessary to lift the restrictions on G altogether.
This is easily accomplished by again utilizing the principle of linear
superposition of solutions and dividing the surface contamination into
a number of segments, each of which is monotonically increasing in the
downwind direction. If G(x) has a peak at x = X, we can define

Gl(x) _ {G(x) » X< X (21)

G(xo) , X > xo

and

_ 0 , X< X »
GZ(X) - {G(xo) -6(x) , x> xg (22)

both of which are monotonically increasing functions of x and the
difference of which is equal to G(x). Applying (20),

Gl(X)wo(XT,Z) Gz(x)wo(xg,Z)

Cx,2) = & - - . (23)

v
d d
* %
1+ E—wo(xl,zd) 1+ E—wo(xz,zd)

23



Using (23) the crosswind-integrated air concentration of resuspended
material may be predicted for any area source by evaluating wo at the
scaled distance x*. Deposition is accounted for in the simple manner
derived for a uniform area source. Note especially that the tedious
convolution integral (9) has been replaced by the simpler integrals (10)
and (16). wo of course need only be calculated once for each choice of
the diffusion function D. Finally, it will be shown later that the
application of (23) is not limited to the crosswind-integrated value

of C.

Comparison with the Exact Solution

The accuracy of the air concentrations estimated by (23) may be
tested by comparison with the direct predictions of the basic equation
(6). Two distributions of surface contamination were used for this test:

a Gaussian

(X—xo) 2

G=C exp| - —= - ~ , (24)
o) 2 2
201 202

selected as a general representation of surface contamination, and the
BC Controlled Area. Distributions of the air concentrations of suspended
material were calculated by numerically solving the basic equation (6),
as was done previously, and also by applying the analytical approximation

(23) with the b, curves of Figure 11.

Figure 12 shows the predicted crosswind-integrated air concentrations,
normalized by V@FBZAGO/u, for the Gaussian source with Ol = 103 m and
Pasquill D. The solution of (6) is given by the solid curve for no
deposition and by the broken curve for vd/u = 10_2. The dotted line
simply shows the shape of the crosswind-integrated surface contamination
distribution. The predictions of (23) are plotted as discrete data points
and can be seen to agree with the exact solution within 107 to 20Z. The
agreement between the two solutions changes little with atmospheric
stability, being slightly better for Pasquill A and slightly worse for
Pasquill F as could be predicted from the derivation of (20). The

agreement is degraded by about an additional 5% when 9 is reduced to
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the peak and at distances of one, two and three standard deviations cross-
wind of the peak. Also shown as discrete points are the predictions of
(23), based on the surface contamination distribution directly upwind of
the receptor. This is equivalent to assuming that the crosswind distribu-
tion is uniform at that value. From the results it can be seen that for

0, also equal to 103 m this is a good approximation, especially upwind of

2

and directly downwind of the peak. As o, increases above 103 m, the air

2
concentrations at crosswind distances of two and three times o, approach
the close match with the predictions of (23) displayed in Figure 14 at

vy = 0. On the other hand as o, decreases, producing a narrow surface

2
distribution in the crosswind direction, the agreement deteriorates.
2
This is exemplified by the dashed curves for 0y = 10" m. The approxima-

tion is still good upwind of the peak, but deteriorates rapidly down-
wind of the peak. In the latter case a point source solution would more

closely approximate the observed distribution.

Since the predictions of (23) in Figure 14 are based on the surface
contamination distribution directly upwind of the receptor, the agreement
with the air concentration as calculated from the basic equation (6)
depends on the effectiveness of the crosswind diffusion. The least
lateral diffusion occurs for Pasquill F, Figure 15, and hence for
o, = 0, = lO3 m the air concentrations at crosswind distances of two

1 2

and three times Ty match the predictions almost as well as for y = O,

There is also a modest improvement from Pasquill D in the match for

2
= 10 m, especially for y = Oand y = ¢

Oy 5t On the other hand the match
for Pasquill A, Figure 16, and 0 =0, = lO3 m is considerably poorer at
y = 202 and y = 302 than tha; for Pasquill D. Calculations were also
made for 0, = 10" m, 0, = 10" m and 0, = 10 m and the predictions of (23)

1 2 2
matched those of (6) in the same manner as the results for o) = lO3 m,

3 2
0y = 10T m and 02 = 10" m.

In summary, the Gaussian distributions of surface contamination
demonstrate that (23) is adequate to predict the resuspended air con-
centrations, based only on the contamination directly upwind of the

receptor, to within several tens of percent if the distribution has
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roughly the same extent in all directions. The peak air concentration
is predicted with an error of less than 10%, and the percent errors
increase with increasing distance from the peak of the surface distribu-
tion. However, the air concentration is at the same time decreasing
with distance from the peak, The error may be greater than a factor of
two beyond a distance of about three standard deviations from the peak,
especially for unstable atmospheric conditions, but where this occurs
the air concentration is usually less than 10% of the peak concentration.
The effect of deposition was not included in the calculations for the
Gaussian sources, but the result would have been an enhancement of the

predictive capability of (23).

Finally, Figure 17 shows the crosswind distribution of suspended
air concentration for the BC Controlled Area, similarly calculated from
both equations, at two downwind distances: x = 900 m, the peak of the
crosswind-integrated distribution, and x = 2000 m, the downwind edge of
the calculational area. The meteorological conditions are identical to
those of Figures 6 and 13. At 900 m the predictions of (23), involving
essentially only the first term of that equation, agree excellently with
the numerical solution of (6). At 2000 m the agreement is poorer,
within about 50% at worst, but in most cases within 15%. Equation (23)
underpredicts worst north of the peak because here x = 2000 m is far
dovnwind of all the directly upwind surface contamination but is on the

north edge of the central contamination pattern (see Figures 1 and 14).

Calculation of the Horizontal Flux

The total horizontal flux of contaminant (quantity per sec) in the

Fy Ef / uC(x,y,z)dydz (25)
(o] - OO

may be found by substitution of (6) into (25) to be

downwind direction,

X
Fo= jz [AG(&) - de(g,zd)] dg . (26)
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This is in fact simply a statement of conservation of material: the
horizontal flux (25) is equal to the net vertical flux at the surface
(26). An approximate value for F
(20) into (25),

g may be obtained by substitution of

® v
F, = AG(x) fo wo(x*,z)dz/ 1+ Li‘po(x*,zd) ) (27)

Recalling the definition (10) of wo and (1) for D, it is easily seen

that .
f wo(x*,z)dz = x* (28)
o
and hence
X // vd
FH f,w-/; AG(£E)dE 1+ u—\bo(x*,zd) . (29)

Thus the horizontal flux is equal to the upwind suspension, appropriately

reduced to account for deposition. The extension of (29) to the general

source as evaluated with (21) - (23) is obviously
% %
AGl(x)xl AGZ(x)x2
F,6 = - (30)
H v v

d d
% *
1+ G—wo(xl,zd) 1+ G—wo(xz,zd)

In deriving (29), (20) was assumed to be applicable at all heights
whereas in fact it is best for small z. As z increases, (20) increasingly
overestimates the reduction of wo due to deposition and thus (29) under-
estimates the horizontal flux. However, due to the vertical distribution

of 2 the major contribution to F_ is near z = 0, i.e., the bulk of the

flux is carried near the surface,Hand (29) is still a fairly good approxi-
mation. This may be seen in Figure 18 for a uniform area source and

Vd/u = 10_2, where for Pasquill F (29) is at worst in error by 30%. Note
also that (29) retains the property of (12) that the approximation
deteriorates with increasing stability.

To illustrate the general case, (30) was applied to the BC Controlled

Area for Pasquill D and vd/u = 10—2. As seen in Figure 19, (30)
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underestimates the horizontal flux by about 15% at the eastern edge

of the calculational area.

Usefulness of the Resuspension Factor

Faced with the need to estimate the hazard due to the suspension of
surface contamination and lacking models such as that developed here, the
nuclear industry has summarized its experience in terms of a resuspension

(6)

factor
K= c/6 . (31)

The limited data from incidents of radioactive surface contamination

(7) 6 5

appear to indicate a value of 10 ~ to 10 m_l for freshly deposited

material resuspended by natural processes. Recent controlled experi-
3 . . , e s -10
ments( ) with a nonradioactive tracer indicate a lower value of 10

to 10—9 m_l.

The resuspension factor, however, does not account for the variations
in C due to source configuration nor for the dependence of diffusion
on source-receptor separation. Hence, measured values of K can be used
with confidence to estimate C in new situations only when K is known to
vary little with location relative to the contamination distribution.
The results developed in previous sections of this report can be used

to delineate those situations.

In Figure 12 the resuspension factor is proportional to the ratio
of the air concentration curves to the surface contamination curve,
and hence also to their vertical separation. K may be seen to increase
slowly with x upwind of the peak and then more rapidly downwind of the
peak. In general the resuspension factor has little usefulness down-
wind of a contaminated area because C is controlled by the upwind con-
tamination rather than the rapidly decreasing local contamination.
This may be one reason why the earlier values for K exceed those recently
measured within a uniformly contaminated area. Note also that the
inclusion of deposition in Figure 12 increases the linkage of C with
the local value of G, decreasing the variation of K with location. A

large deposition velocity decreases the downwind influence of the
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surface contamination on the air concentration. Recall from the earlier
discussion of suspension from the BC Controlled Area that decreasing

the atmospheric stability has the same effect.

Equation (20) directly predicts the value of K upwind of the con-
tamination peak. Figure 11 shows K, in units of A/u, at the deposition
reference height of 1 m. For x* 2 100 m, K increases rapidly with x¥*;
between 100 m and 10 km, KO (without deposition) increases least rapidly;
and beyond 10 km KO begins to increase more rapidly again as the vertical
mixing reaches a limiting value, especially for the stable Pasquill F.
Once more it is apparent that the resuspension factor varies least with
location for unstable atmospheric conditions and strong deposition.

From (20) it can be seen that at large x* K with deposition approaches

the limiting value A/vd.
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