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Abstract 

A TEST OF RESUSPENSION FACTOR MODELS AGAINST CHERNOBYL DATA. 
After the accident at Unit 4 of the Chernobyl nuclear power plant (NPP), stationary air 

samplers were operated at Chernobyl and Baryshevka, cities which are 16 km and 150 km, 
respectively, from the NPP. Other air samplers were operated simultaneously. but intermit- 
tently, at locations within the 30 km zone at distances of 4-25 km from the NPP. These data 
were used to check the validity of time dependent models of the resuspension factor K (m-I). 
Seven different models were examined, three of which are discussed in the paper. Data from 
the stationary air samplers were averaged over one day or one month; data from the intermit- 
tent air samplers were averaged over three days in 1986 and over four hours in 1991. The 
concentrations of eight radionuclides were measured at ten points during the same time period 
(14-17 September 1986). The calculated resuspension factors range from 6 x m-' to 
3 x 10" m-'. Data for the spatial means of K are given for certain time periods in 1986 and 
1991; also presented are the calculated values according to the models. The experimental data 
and the calculated values differ by up to more than one order of ma-gnitude. Also analysed 
was the temporal change in experimental values of K and these values were compared with 
model predictions. The annual means of the resuspension factor as determined experimentally 
and as calculated with the models are presented. The model derived from empirical data 
measured in Neuherberg after the Chernobyl accident agrees best with the data. The Garland 
model systematically gives results lower than the experimental values, and the calculated 
values of K from the Linsley model are consistently conservative. Also considered were the 
uncertainty of K due to fluctuations in air concentrations and possible biological effects of 
episodic exposures. 
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Several approaches are available for estimating secondary contamination of the 
surface boundary layer by resuspension of radioactive aerosols. In the present study, 
we use new data from Ukrainian scientists in an approach that is based on the 
resuspension factor as a function of time. 

After the accident at Unit 4 of the Chernobyl nuclear power plant (NPP), 
stationary air samplers were operated at Chernobyl and Baryshevka, cities which are 
16 km and 150 km, respectively, from the NPP [l]. Other air samplers were 
operated simultaneously, but intermittently, at locations within the 30 km zone, at 
distances of 4-25 km from the NPP [2]. The samplers, designed by the Scientific 
Production Association "Typhoon" (Institute of Experimental Meteorology, 
Obninsk, Russia), operated at a flow rate of 100 OOO to 120 OOO m3/d, with a 
sampling height of about 1.5 m. The filter was of the Russian Penynov type cloth 
FPP-15-1.5, with an area of 1.05 m2. The exposed filters were pressed into tablets, 
ashed at 300400°C and then analysed by gamma spectrometry. Data from the sta- 
tionary samplers were averaged over a day or a month; data from the intermittent 
samplers were averaged over three days in 1986 and four hours in 1991. The data 
were used to check the validity of time dependent models of the resuspension factor 
K (m-'), defined as follows: 

' 

* 

.where q is the airborne concentration and c is the surface concentration of deposited 
material. 

The resuspension factor is useful for local contamination for characterizing the 
relationship between surface contamination and airborne contamination; however, its 
use implies an equilibrium between the resuspended aerosol and the deposited 
aerosol [3]. In practice, the contamination on the surface is not homogeneous and 
the airborne concentration of radioactivity is a sum of local resuspended contamina- 
tion and contamination that is advected from upwind sources of resuspension [3]. 
The airborne concentration and the surface deposition of radioactivity are inter- 
related functions of the co-ordmates, time and soil propenies. Therefore, K is an 
integral function with many variables. The dependence of this function on the 
different variables is not addressed here. However, we do want to examine various 
sources of uncertainty of the applied models of resuspension, with the resuspension 
factor as the characteristic parameter of resuspension, as well as to estimate the limits 
of the model applications. In the light of the recent review work on modelling of 
resuspension [4], the present work focuses particularly on testing the widely applied 
simple models for K on the basis of data obtained in the vicinity of the 
Chernobyl NPP. 

One empirical predictive resuspension. model describes the time dependence as 



K(t) = K(0) exp(-At) 

where X is the half-time [5]. Such a formulation appears to simulate reasonably well 
the available observations for time periods of up to several weeks after deposition. 

Another simple model is used to approximate the time dependence in the 
following manner: 

K(t) = K(0) exp(-Xfi) + 
The second term of Eq. (2) was developed on the basis of data obtained during 
17 years from the observations of plutonium in air, and the initial value of K(0) was 
equal to 10"' m-'. 

The liquid metal fast breeder reactor study and the reactor safety study [6] used 
the following formulas for K: 

K(t) = lo-' exp(-O.O139t) + 
K(t) = lo-' exp(-0.00185t) + 
A similar formula is: 

K(t) = lod exp(-0.0lt) + 

(3) 

(4) 

where t is the time in days [6] and the initial value of K was selected by discounting 
the relatively damp climate in the United Kingdom. With this formula, the back- 
ground value of K can be obtained after two years. Thus, all of these expressions 
are empirical interpolation formulas describing the process of transition from an 

* initial high level of K to the background level. 
In contrast to Eqs (2)-(5), the following expression does not have the low 

background level for K [4]: 

K(t) = 1.2 X IOd t-' 

where t is the time in days. Empirical equations accounting for changes of 137Cs 
activity in air with time have been given for Neuherberg from mid-May 1986 to the 
end of 1988 [7l and from June 1986 to the end of 1990 [8]. Sormaliing these equa- 
tions for the density of 137Cs contamination in the 0-1 cm soil layer [8] gives the 
following formulas: 

K(t) = 3.4 X lod exp(-O.l52t) + 18.4 x 

K(t) = 2.67 X lod t-'.07 

exp(-0.003t) 

where t is the time in days. 

(7) 



TABLE 1. ANNUAL MEAN RESUSPENSION FACTORS K FOR 137Cs MEASURED AT CHERNOBYL CITY IN 1986 
(AFTER 20 MAY 1986) AND IN 1987-1991, COMPARED WITH MODEL CALCULATIONSa 

~ 

1986 0.053 0.330 0.830 0.270 0.5 10 3.90 0.82 1.54 11.8 
1987 0.013 0.082 0.170 0.030 0.042 0.27 0.36 0.5 I 3.30 
1988 0.004 0.032 0.070 0.014 0.021 0.0 I6 0.44 0.66 0.50 
1989 0.002 0.014 0.034 0.010 0.014 0.010 0.71 I .oo 0.71 
1990 0.0008 0.006 0.015 0.008 0.010 0.010 1.33 1.66 1.66 
1991 0.001 0.008 0.018 0.006 0.008 0.010 0.75 I .00 I .25 

!2 

" Kc", - calculated according to the Gurland et al. model 141; 
Kll,,c, - culculaced according to the kloetzl et ul. model 181; 
Klein - calculated according to the Linsley model [6]; 
Kexp - derived from experimental measurements. 



In Eqs (2)-(6) the first general uncertainty is the selection of the initial value 
of the resuspension factor, which can change from lod to lo-' m-' during the first 
ten days, producing a difference among model estimates of K of two orders of magni- 
tude. The second general source of uncertainty is connected with the rate of decrease 
of K with time; the time-scale X in Eqs (2)-(6) may change by two to three orders 
of magnitude. The background term causes errors in the estimates of K from 
Eqs (2)-(5) for a very long time after the initial starting point. 

When comparing model predictions with empirical data, a question arises 
about the correspondence of time or space averaging of calculated and measured 
values of K. Since for model values of K, homogeneity of external conditior- .*ail, 
contamination, character of the underlying surface) and stationary meteorological 
conditions for the measuring period are assumed, we opted to use empirical data 
averaged over the whole year. 

The annual averages of the resuspension factor, as determined experimentally 
and as calculated by models [4, 6, 81, are shown in Table I. This table also shows 
lower and upper limits of K from 1986 to 1991, and the ratio of calculated values 
of K to experimental ones. The model of Hoeel et al. [8], derived from empirical 
data measured in Neuherberg after the Chernobyl accident, agrees best with the data. 
The model of Garland et al. [4] agrees well with the data, but it systematically under- 
predicts the experimental values. The calculated values of K from the Linsley 
model [6] are conservative, especially for the first two years. If the calculated values 
are compared with the upper limits of the measured values, as is important in prac- 
tice, the data of the Garland model [4] and the HoeGI model [8] are lower than the 
upper limits of K by a factor of two to three. It is important to note that lower and 
upper limits are placed on the monthly mean resuspension factors. The actual ratio 
of K for the daily data will be even larger. 

It is also interesting to compare modelled values of concentrations with 
measured ones. For this purpose, we selected concentration data for two months 
(Fig. 1). The concentrations calculated with two models [4, 61 are presented as the 
upper and lower models, respectively, with the daily concentrations of I3'Cs 
obtained in September 1987 and in September 1990. For 1987, these model estimates 
yielded insufficient values for many days, especially in the case of the Garland 
model [4]. The data for 1990 are in accordance with the data of Table I. There is 
a certain amount of overestimation in both the annual and the daily concentrations. 

Finally, we have compared the model K values with the experimental data 
obtained at different points in the 30 km zone. Air concentrations and surface deposi- 
tion of eight radionuclides were measured at ten pdints during the same period 
(14-17 September 1986) [2]. The calculated resuspension factors range from 
6 x lo-' m-' to 3 X 10" m-'. Data on the spatial means of K are presented in 
Table II for time periods in 1986 'and 1991. Also showxr are the calculated values 
according to the three models [4, 6, 81. The experimental data and the calculated 
results differ by up to more than one order of magnitude. The large range of the 
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FIG. I .  Comparison of the modelled concernations of l3?CS in air 
with the erperimenral &a (Chembyl city). 
(a) September 1987 and (b) September 1990. 

resuspension factor reflects the differences in the underlying surface soil and the 
effects of anthropogenic actions in the 30 km zone. The large range of values is espe- 
cially important for locations near the NPP and for general roads. The advection 
effects from upwind sources have been described in the literature [1, 91 and the K 
values for concrete may increase by two to three orders of magnitude. AU of these 



TABLE II. COMPARISON OF CALCULATED RESUSPENSION 
FACTORS K WITH THOSE EXPERIMENTALLY DETERMINED 
AFTER THE CHERNOBYL ACCIDENT 

Modelldata 
K (m-') 

t = 117 days 
(14-17 Sep. 1986) 

K (m-') 
t = 1957 days 
(25 Sep. 1991) 

Linsley [6] 31 X lo-' 10 x lo-'' 

Garland et al. [4] 1.1 x 1G'" 6.1 x lo-'' 

Hoetzl et al. [8] 1.6 X lo-' 8.0 x lo-'' 

Experimental data 137C~a: (17 f 19) x lo-' First point: 

'06Ru: (23 f 16) X lo4  137Cs: (4.3 f 2.2) x lo-'' 

luCe: (19 f 24) X lo-' Second point: 

"Zr: (20 f 23) x lo-' '"Csb: (2.4 f 1.0) X lo-'' 

Mean over ten points and three days. 
Mean of six values of K measured during one day. 

factors put severe l i t a t i o n s  on the practical application of K and require new 
elaboration on a more physical base. 

In conclusion, we note that it is necessary to take into account the fluctuations 
of the air concentration of radioactivity in order to obtain more correct estimates of 
the uncertainty of K. An empirical expression has been given [lo] for the standard 
deviation of the air concentration with different observation times: 

where the exponent m is 0.33 k 0.08. This formula permits estimation of more 
realistic limits of the variation of the experimental values of K. For example, the 
standard deviation of the daily air concentrations will be three times higher than the 
standard deviation of the monthly air concentrations. 
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