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The resuspension of contaminants deposited on land 
surfaces is an important process that must be con- 
sidered in the estimation o f  human exposures. Several 
different revieivs have been devoted to the description 
of the general concepts. mechanisms. and models for 
obtaining quantitative assessments of resuspension 
(Linsley, 1975: Sehmel. 1954: Smith et d.. 1982; 
Nicholson. 1985: Makhonko. 1992). The resuspension 
process is very complicated. and acquisition of experi- 
mental data and improvements in their theoretical 
understanding are continuing. One of the general re- 
sults of these efforts is that the resuspension factor is 
used most frequently for environmental assessments 
of exposure to humans: the resuspension factor is 
defined as . 

4 mean airborne concentration (quantity m-’) 
L; mean surface contamination (quantitym-’)’ 

K = - =  

This factor is’useful in localized situations for charac- 
terization of the relationship between surface and 
airborne contamination. and its use implies an equi- 
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librium between the resuspended and deposited aero- 
sol (Linsley. 1978). 

In practice, however. there are no homogeneously 
contaminated surfaces, and the -airborne concentra- 
tion is a sum of the local resuspended contamination 
and contamination advected from upwind resuspen- 
sion (Smith et d.. 1982). One deficiency in the concept 
.of a resuspension factor is that the airborne concen- 
tration is assumed to be “related to the surface con- 
centration on the soil at a person’s feet rather than 
upwind. Another deficiency is that resuspension fac- 
tors are applicable only for the conditions for which 
they were determined (Sehmel, 1984). Nevertheless, 
several different models for K have been derived from 
different bases of information (Linsley, 1978; 
Anspaugh et ai., 1975; Garland, 1979; Makhonko, 
1992). and although the resuspension factor has a lim- 
ited physical definition, it is used as the universal 
parameter of the resuspension process. The first at- 
tempt to estimate the temporal dependence of the 
resuspension factor K (  t )  was described by Garland 
(1979); this work was continued by Garland et a[. 
(1991) for empirical models of K ( t )  on the basis of 
experimental material obtained in different western 
countries after the Chernobyl accident. 

The uncertainty of K has been reported to  have 
a range of 2-3 orders of magnitude even in a single 
field experiment (Sehmel, 1984). The object of the 
present work is to estimate the uncertainty of the 
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resuspension factor. K on the basis of common phys- 
ical reasoning and experimental data obtained inside 
and outside the 30 km zone surrounding the damaged 
Chernobyl reactor. This work was initiated in 1991. 
and preliminary results have been reported by Garger 
(1995). 

DESCRIPTION OF THE RESUSPENSION FACTOR 

A stricter definition of K for spatial-temporal ana- 
Iyses'is 

I/Tly(s.y.::r. c)dt 
l/S~c(.u,y,d:r.r)ds 

K =  

where T is the averaging period of the air concentra- 
tion; S is the averaging area of soil samples: s. y. and 
T are coordinate axes; t i  is the soil depth: and r is the 
radius of aerosol particles. The functions (1 and c de- 
scribe the airborne concentration and surface con- 
tamination. respectively; c(x, y, d r. C )  represents the 
contarninant inventory in the soil layer a t  depth d .  For 
experimental measuring, the time T is either the "in- 
ternal" averaging period of a sampler ( T  = T ' )  or 
a selected averaging period for a specific task (for this, 
T '  < T: for example. this estimate may be for one day. 
a week or ten days. or several hours, depending on the 
needs of the health physicists). 

Essentially. T '  represents the averaging time of the 
raw data. as dictated by the sampler or the operators 
of the sampler: T represents the averaging time of 
interest for the analysis of K .  which might not be 
equal to T ' .  

Ideally. the values of time averaging and spatial 
averaging should be compatible. In practice. the peri- 
od for measuring radioactivity is protracted over 
many hours or several days. The surface concentra- 
tion is usually averaged over the space in the vicinity 
of the air sampler. The air path (trajectory) for typical 
values of T (1-3 d)  may be hundreds of kilometers. 
Therefore. the magnitude of the uncertainty of an 
empirical resuspension fac[or will be dependent on  
the spatial heterogeneity of surface contamination. 
Garger er a / .  (1990) have shown that the advection 
effect from a highly contaminated upwind area may 
increase K values by two to three orders of magnitude 
for distances up to  about I4 km from the epicenter of 
the contaminated area. 

The function 4.u. y, z: r,  r )  for the airborne concen- 
tration is highly variable in time due to the great 
mobility of the atmosphere and the high variability of 
the vertical turbulent flux of radioactivity. In addi- 
tion. the function is influenced by the change of syn- 
optic processes over this area and the change of me- 
teorological processes with seasons. Knowledge 
about the aerosol characteristics of the airborne sam- 
plers is also important, as the value of K depends 
directly on the integrated airborne concentrations 
both over time and over the distribution of particle 
sizes. Strictly speaking, only a portion of the full 
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distribution of aerosol particles will be sampled by 
typical sampling equipment. In practice, the upper 
bound on the size of particles is not well known, and 
absence of this information may lead to different re- 
sults of q(.u,y,z;r.c) measured in the same time and 
place by a factor of two to three (Garger, 1995). 

The time dependence of the contaminant inventory 
in soil c(x,,v,d; r.c) is weaker than that of the airborne 
concentration. However, this function has several 
characteristic temporal periods connected with the 
interaction of the surface deposit with soil and sub- 
sequent processes affecting the migration of this 
material. These processes are important for long-term 
estimation of K (Sehmel, 1984; Makhonko, 1992). 

In practice. the radioactivity in the soil is usually 
measured in terms of the total inventory. In the first 
period (0-1 month) after an accident, this practice 
does not cause problems for the estimation of the 
resuspension factor. as the majority of the deposited 
material is on the soil surface. After this initial period, 
it  is necessary to determine c(x, y , d ;  r, f )  for the upper- 
most layer of soil. because an estimate of K based on 
the total inventory may be biased low. This bias will 
be most pronounced for light or dusty soil, for which 
determination of the total inventory may require 
measurement to a greater soil depth (e.g. 30-40 cm). 

From examination of the various experimental 
measurements, and noting conditions for which there 
are a lack of measurements, the uncertainty in K is 
expected to vary from a factor of 2-3 up to 2-3 orders 
of magnitude. 

PHYSICAL B.4SIS FOR EVALUATION OF THE 
RESLSPENSION FACTOR 

To examine the physical basis for evaluation of the 
resuspension factor. it is sufficient to consider two 
idealized conditions: that is. ( I )  a homogeneous and 
stable turbulent How over an infinite plane source of 
the deposited material, and (2) a constant point sur- 
face source for the stationary surface layer of the 
atmosphere. 

The first case includes conditions corresponding to 
a very large spot of contamination or to global depos- 
ition; this can be written using the Monin-Obuchov 
theory (Monin and Yaglom, 1970; Byzova er al., 1991): 

where J is the' nongravitational vertical flux of the 
deposited material. u* is the friction velocity, x is the 
von Karman constant ( z0.4), i 2  and z1 refer to  differ- 
ent measurement heights, LMO is the Monin-Obuchov 
length, and F is the universal function of similarity in 
the theory of Monin and Obuchov. For simplicity, the 
character of the turbulent transport of matter is con- 
sidered to be no different from the character of the 
turbulent transport of the momentum. 
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and use of the usual data about the inventory of the 
contamination in soil-is,appropriate. Later on, consid- 
eration of migration:pPocESes is necessary. Apparent- 
ly, the first analytical iactempt for takins migration 
into consideration .f&t:he Fstimation'of K was done 
by Makhonko (1984a):~using 

:, *..... . .  ? .  , , 1 . . ,  

. -  
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where 4,,, is the mass.concentration of dust. p is the 
density of the superficial.layer of soil. c +  = cicD is the 
ratio of the convection velocity of the radionuclide to 
its diffusion velocity, i..is the .radioactive decay con- 
stant, r ( l - +  [ ? + )  is a gamma function. .and L is the 
effective thickness of the superficial dust layer of the 
soil. A linear-dependence of the diffusion factor with 
depth in the superficial layer of soil was proposed. For 
light soil (Makhonko, 1984b). L' is set equal to L. and 
the resuspension factor takes the form 

. 

For heavy soil or in the absence of precipitation, c = 0 
and K is expressed as 

( 1 1 )  

This approach is attractive. since it gives definite 
possibilities for the connection of the resuspension 
process with the migration processes in soil. The ap- 
proach assumes the same form of the distribution of 
radioactivity with particle size in both the soil and air. 
The validity of this assumption is difficult to estimate 
at present. Our preliminary experimental estimation 
shows that the distribution of radioactivity with par- 
ticle size in air is weighted toward small particles as 
compared to the distribution in soil (European Com- 
mission. 1996). This difference is not large. and its 
weight can be estimated only with detailed experi- 
mental data. 

A second source of uncertainty is the value of the 
effective thickness of the superficial dust layer of soil. 

A more complicated case exists for the determina- 
tion of the emission rate from surface sources for small 
aerosol particles, as there is not a generally accepted 
theory about the mechanisms of lift-up of small par- 
ticles from the soil surface into the atmospheric sur- 
face layer. The first and classic studies explain the 
process for the removal of soil particles as flows whose 
velocity exceeds some threshold value when the salta- 
tion process is beginning (Sehmel, 1984). The process 
is continued over time; however, the process may be 
episodic in places with lightly eroded soil. The resus- 
pension process goes on continually, even in places 
with a damp climate, as is the ,case in the Ukrainian 
Polessie. 

A new alternative approach recognizes the influ- 
ence of turbulent energy transferred to a particle from 
the resuspending flow (Reeks et ai., 1988; Hall and 
Reed. 1989). This energy maintains the particle in 
motion on the surface within a surface adhesive po- 
tential well. The particle is detached from the surface 
when it has accumulated enough vibrational energy 
to escape from the well. The analogy is seen with 
a vibrating spring where the resonant frequency can 
have an effect on the amplitude of vibration, as par- 
ticles can be resuspended at  much lower threshold 
flow velocities than those velocities calculated only on 
the basis of a balance of aerodynamic and adhesive 
forces. The very important result for application of 
this theory is that for long-term resuspension. the 
resuspension rate varies almost inversely with the 
time of exposure. This theory is an excellent addition 
to the. older theories for the explanation of real geo- 
physical processes in different places of the world. 

PRACTICAL APPROACHES TO ESTIMATION OF THE 
RESUSPENSION FACTOR 

I t  is important to  examine various practical ap- 
proaches for the empirical estimation of the resuspen- 
sion factor. One of the first empirical models describes 
the time dependency of K as a simple expression 

K ( t )  = K(0)  e-". (12) 
Makhonko does not give a description Of the where 1 is the effective half-life and K(0)  is a constant definition of L as a function of time. It is clear that the 
thickness of the dust layer is a complicated function of 
many factors, and this complexity is especially appar- 
ent under damp climatic conditions. Values of L can 
be determined with an accuracy of about one order of 
magnitude when the surface deposit is located within 
the top centimeter of the soil. 

representing the initial value of the resuspension fac- 
tor (Langham. 1971). Anspaugh ef a/.  (1975) noted 
that such a formulation appears to  simulate the avail- 
able observations reasonably well for time periods up 
to several weeks after the deposition. This simple 
model is an approximation for the following: 

K ( t )  = K(O)e'-") + (13) A third source of possible uncertainty is the choice 
of the mass concentration of dust. It is desirable that 
this dust concentration be averaged not only over the where the second term of equation (13) is based on 17 
first observation period (0-1 month) but also over the years of data for observations of plutonium in air, and 
area of the surface deposition. Presently there are no where the initial value of K(0)  is equal to m -  '. 
direct estimates of the dependency of K on different Linsley (1978) gives formulas for K that were used 
characteristics of soil. but it is clear.that the magni- for the U.S. Liquid Metal Fast Breeder Reactor 
tude of this dependency should be large. ' ' and the Reactor Safety Study. In addition, Linsley .. 
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From equation (3), the difference between concen- 
trations is seen to be,a function of two groups of 
integrated parameters: (a) pure micro-mefeorological 
parameters (id* and L )  and (b) the vertical turbulent 
flux of the surface deposit Q; the latter is the result of 
the interaction of the surface adhesive forces and the 
different lift forces induced by turbulent flow. It is 
clear that the assumption of constancy of these sour- 
ces is correct only within the limits of a time period 
comparable to  the integral of the scale of small-scale 
turbulence in the atmospheric surface layer. The 

' values of the friction velocity and the Monin- 
Obuchov length have clear diurnal variations: the 
value of the friction velocity depends on the seasonal 
(one-half year period) variations of the roughness 
length of the ground surface. Obviously. the short 
temporal scale of the variations for the first period 
(ten days to two weeks) after an accident should be 
considered. A short temporal scale must also be con- 
sidered in the case of very high contamination, when it  
is necessary to obtain high temporal resolution to 
determine the fluctuation in the air concentration: the 
fluctuation may have large amplitudes and periods. 

Quantification of the vertical flux of deposited mat- 
ter J is complicated, as J is a function of several 
parameters of the soil which must be examined separ- 
ately. Dividing equation (3) by the value of the surface 
contamination. we obtain 

. 

where x = J,'c IS the resuspension rate (Sehmel. 1984) 
and the terms on the left-hand side of the equation 
formally represent the resuspension factors at dif- 
ferent heights. In other words. the difference 
[K(:?) - K(:,)]  may be a universal function only in 
the case of an idealized situation of a uniformly con- 
taminated plane surface. From equation (4 it follows 
that for a constant friction velocity and Monin- 
Obuchov length. the resuspension factor will be dir- 
ectly connected only with the temporal function of the 
resuspension rate. From equation (4) it is easy to 
determine the ratio between ct and K (for this idealized 
situation) 

where K = q(:l)/? and [I  - Q(z2)/?(z1)]  < 1 for 
wind-driven resuspension. For  neutral conditions 
when Lblo = k30 m. and for selection of or z2 equal 
to the roughness length zo, the ratio a , K  will have 
a magnitude near 0.1 u* ms- ' .  The expression %u,{ln 
: l / z ~  + F [ ( z i  - ro)/LMo)]}- '  for that case is the tur- 
bulent vertical resuspension velocity of the deposited 
material for this idealized situation. 

This analysis shows that the dispersion part of the 
resuspension process will have only one factor of 
long-term variation, namely seasonal variability, 
which controls the long-term time dependence of the 
resuspension rate. 

The second case. a contaminated point source (or 
a small spot), will be relevant for neutral thermal 
stratification and a receptor that is far removed from 
the source. The simple asymptotic expression for the 
air contamination at ground level is 

where Q is the emission rate of radioactivity from the 
point source, T is the diffusion time, and cI  is an 
empirical universal thermal constant equal to 0.2 
(Garger, 1982). In this equation, r must be determined 
through x for x = .f, where I is the abscissa of-the 
center of gravity of the particle cloud . 

(7) 

For further thermal stratification, a more complicated 
function is used based on the dimensionless argument 
2/LM0. where Z is the height of the center of gravity of 
the particle cloud. 

As distinguished from the first case, the air concen- 
tration is dependent on the diffusion time, or the dis- 
tance from the center of gravity of the particle cloud to 
the point source. The ratio J/c(.u, ?; d )  will be a function 
of distance or diffusion time for this simple case. 

Thus. if the conditions differ from the idealized case 
of a uniformly contaminated plane surface, an uncer- 
tainty for K of several orders of magnitude may be 
expected (Garger, 1994). Large uncertainties also exist 
for cases with contaminated spots, where the ratio of 
the horizontal scale of a spot X to the characteristic 
height of the atmospheric surface layer h (where there 
is equilibrium between concentrations in the atmo- 
sphere and the underlying surface) will be small. That 
is. the necessary condition (Vouhennikov and Nes-, 
terov, 1988) 

" 
(8) 

will not be met. T ,  is the characteristic time of the 
horizontal transport of the surface deposited material. 
us is the dry deposition velocity, h/us is the character- 
istic time of the establishment of equilibrium between 
the atmosphere and the underlying surface, and h/u,  
is the characteristic time of the vertical intermixing. 

SOURCES OF UNCERTAINTY IN THE SURFACE 
CONTAMINATION 

For short times after an accident, changes of the 
surface contamination c(x, y ,  d; r,  t )  will be negligible, 
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where the initial value of K was selected for the 
relatively damp climate of England. The background 
value of K is reached after two years with this for- 
mula. Thus, these expressions are empirical interpola- 
tion formulas.describing the transit-ion process from 
an initial high level of K to a background level. 

In contrast to  equations (12)-( 14). the expression 
given by Garland er a / .  (1991) does not have a low 
background level for K and is obtained empirically 
from experiments conducted over grass-covered soil 
in a wind tunnel: 

. .  

-- K(t)  ~= (1.2 ~ . l O - ~ ) t - ' .  (15) 

Empiiical'equations have been published by Hoetzl 
et a/. (1989; 1992) for the concentration of I3'Cs in air 
.over time at  Neuherberg (near Munich, Germany) 
from mid-May 1986 to the end of 1988 and from June 
1986 to the end of 1990. Normalizing these equations 
for the density of contamination of 137Cs in the 0-1 
cm soil layer (Hoetzl rr d.. 1992). we have 

.. 
. K ( t )  = (2.67 x 10-'))r-i.07. (16) 

SOL RCES OF LhCERT \I\T\ I\ EQC \TIO\S FOR THE 
RESLSPE\SIO\ F \CTOR 

From equations ( 13)-( 16). the first general source of 
uncertainty in K is seen to be the selection of, the 
initial value of the resuspension factor K(0) .  which 
may vary from IO-' to 10-'m-'. The second source 
of uncertainty is connected with the rate of decrease of 
K wvith time. which is determined by the value of i in 
equations ( 13) and ( 14); this source of uncertainty may 
produce changes of 2-3 orders of magnitude. The 
background term may cause errors in the estimates of 
K using equation (14) at a very long time after the 
initial starting point. as this equation is designed to 
describe the relaxation of the primary disturbance and 
a constant situation after its attenuation. The com- 
mon defect of these models is that they d o  not account 
for the fact that the real processes have both adeter-  
ministic and a stochastic component. and it is there- 
fore not possible to  use the models to  obtain recom- 
mendations for the selection of averaging time in 
practice. 

METHOD AND CONDITIONS OF hlEASL'REMENTS 

Following the accident a t  Unit 4 of the Chernobyl 
Nuclear Power Plant (NPP), stationary air samplers 
were operated a t  towns of Chernobyl and 
Baryshevka, 16 and 150 km, respectively, from the site 
of the accident (UKRUGMS 1987: 1991). Other air 
samplers were operated simultaneously, but intermit- 
tently, a t  points within the 30 km zone, a t  distances of 

4-25 km from the Chernobyl N P P  (Garger, 1994). 
The samplers. designed by SPA "Typhoon", Russia, 
were operated at a flow rate of 100,000- 
120.000m3d-' at sampling heights of about 1.5 m. 
The filter used was of the Russian type (Petryanov 
cloth FPP-15-1.5), with an area of 1.05 m'. The ex- 
posed filters were pressed into tablets, ashed at  
300-400 C, and then analyzed by gamma-ray spec- 
trometry. The exposure time for each filter was nor- 
mally about 24 h. Data from the stationary samplers 
were averaged for either one day or one month; data 
from the intermittent samplers were averaged for 
three days in 1986 and for 4 h in 1991, using the same 
procedures for sample preparation and measurement 
by gamma-ray spectrometry. 

.4NALYSIS OF EXPERIMENTAL DATA 

Temporal inorion of the airborne concentrations 
The change in monthly air concentration with time 

was examined for the period 20 May 1986 through 
August 1994 (Fig. 1). The relative behaviors of the air 
concentration in Chernobyl (within the '30 km zone) 
and in Baryshevka (150 km southeast of the Cher- 
nobyl NPP)  are the same for the first 4 yr and some- 
what different after about 4 1/2 yr. The general tend- 
ency is a sharp decrease in the concentrations during 
the first two months and a slower decrease after that. 
The presence of long-period fluctuations of a different 
nature is easily seen between the two sites. The ampli- 
tude of the monthly oscillations can reach one order 
of magnitude as shown in Fig. 2 (in effect. the resus- 
pension factor shown in the graph is the air concen- 
tration normalized for the ground contamination). 
This gives us the first estimate of uncertainty for the 
fluctuation of the air concentration after the period of 
initial deposition. Data supporting the observed mag- 
nitude of variation have also been obtained for 
Budapest and Paks for resuspension occurring during 

1 0' 

IOJ 

ld 

IO' 

1980 1988 1990 1992 1994 

Fig. I .  Monthly mean concentrations of 137Cs in air for 
Chernobyl and Baryshevka. Data have been smoothed by 
averaging over overlapping 7-month segments to show the 

seasonal variability. 
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Fig. 2.  Observed resuspension factors over time for '"Cs at 
Chrrnobyl and Baryshevka. The data can also be viewed as 
the air concentrations normalized for the ground contamina- 

tion. For the equation. t = time in months. 

the 365 days following the Chernobyl accident (Feher. 
1988). 

The data were smoothed by averaging over over- 
lapping 7-month segments to  permit the seasonal 
variability the resuspension process to be distin- 
guished from possible long-period tendencies (Fig. 1). 
Two general phases of the decrease of the airborne 
concentrations can be more clearly seen (a sharp, 
short decrease followed by a slow decrease). and this 
trend can be compared to the seasonal variation of 
resuspension. An increase in the annual concentration 
was observed in 1991 and 1993 in Chernobyl and 
Baryshevka. followed by a fairly sharp decrease (Fig. 
1); this decrease is especially evident in Chernobyl (see 
also Table I) .  The decrease in air concentrations is 
explained by the decrease in anthropogenic activity at 
that time, connected with economic difficulties. In 
1992. an increase in the concentrations is explained by 
a very hot and dry summer accompanied by forest 
fires that occurred in the 30 km zone and its vicinity. 

The results presented in Table I demonstrate the 
difference between the estimates of the standard devi- 
ations and coefficients of variation from daily as op- 
posed to monthly data. The coefficient of variation for 
daily concentration averaging is more than 2.5 to 3.0 
times that for monthly data, that is, the uncertainty of 
the daily averaged air concentrations is high. Further- 
more, the uncertainty in daily averaged concentra- 
tions can be approximated using monthly averaged 
observations and the formula quoted in Table I. 
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Normalization of the data presented above makes 
it possible to trace the temporal variability of the 
monthly values of the resuspension factors in Cher- 
nobyl and Baryshevka (Fig. 2). In spite of the different 
positions of these places relative to  the epicenter of the 
accident and the different levels of contamination 
surrounding these points. a similar behavior of K is 
seen for these places. The largest discrepancies are 
with the change in observed air concentrations when 
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Table 2. Annual mean resuspension factors t K )  for '37Cs measured at Chernobyl city in 1986(after May 20) and 1987-1991, 
compared with model calculations" 

Lower limit Mean value - UoDer limit 

1986 0.053 0.330 0.830 0.270 0.510 3.90 0.82 1.54 11.8 
1987 0.013 0.082. 0.170 0.030 0.042 0.27 0.36 0.51 3.30 
-1 988 0.004 0.032 0.070 0.0 I4 0.02 I 0.016 0.44 0.66 0.50 
1989 0.002 0.0 I4 0.034 0.010 0.0 14 0.010 0.71 1.00 0.71 
I990 0.0008 0.006 0.0 I5 0.008 0.0 I O  0.010 1.33 1.66 1.66 
1991 0.00 I 0.008 0.01 8 0.006 0.008 0.010 0.75 1.00 1.25 

"KG,,-calculated according to Garland er a/. (1991). 
KH,,,-CdCUkIted according to Hoetzl er a/. (1992). 
KLi,-calculated according to Linsley (1978). 
K,,,-derived from experimental measurements. 

.. . 

anthropogenic activities ceased in the city of Cher- 
nobyl. 

The data-presented show that for short times after 
'the accident. up to about ten days, the resuspension 
factor exceeds, the value IO-' m - ' ;  for the following 
days the value of K was on the order of I O - 6  m - '  in 
Chernobyl. and after three months. near I O - *  m - ' .  
An exception during this later time period was for 
locations of high anthropogenic activity near the 
Chernobyl N P P  and in the vicinity of major roads 
frequented by vehicular traffic. where values of K were 
IO-" - IO- '  m - ' .  These major roads were frequently 
washed by special equipment (Garger et d., 1994; 
Bondarenko c'r 01.. 1993). The estimation of I< for the 
same time period (after three months) in the vicinity of 
roads in the town of Chernobyl was equal to IO-'- 
IO-'m-' in July-August 1986 (Bondarenko er d.. 
1993). I t  is important to note that stabilization (level- 
ing off) of the values of K did not happen in the town 
of Chernobyl over the time period considered (Fig. 2).  
as human activity has not st,ayed constant: there has 
been a significant decrease in activity recently as com- 
pared to 3-4 yr after the accident. After 8 yr the values 
of K are approximately 1 0 - i o m - i .  

Cornporison i f  inode/ predictions with empirical data 
For comparison of model predictions with empiri- 

cal data. the correspondence of the time or space 
averiging of the calculated and measured values of 
K must be considered. Because the model values of 
K assume homogeneity of external conditions (soil 
contamination, character of the underlying surface) 
and stable average meteorological conditions for the 
measuring period, the empirical data  averaged for the 
whole year were used. The annual means of the resus- 
pension factor, determined experimentally and cal- 
culated by models. are shown in Table 2. This table 
presents the lower and upper limit of K from 1986 to 
1991 and the ratio of the calculated values of K to  the 
experimental values. 

The Hoetzl K C  a / .  model (1992) agrees best with the 
data. This model was derived from empirical data 

measured in Munich, Germany, after the Chernobyl 
accident. The Garland er al. model (1991) agrees well 
also, but systematically gave results lower than ex- 
perimental values. The calculated values of K from 
the Linsley model (1978) are very conservative for the 
first two years and much closer to  the observations for 
later years. If the calculated values are compared with' 
the upper limits of observed values. the predictions of 
the models by Garland and Hoetzl are seen to be 
lower by a factor of two to three. Note that the lower 
and upper limits are obtained on the monthly mean 
resuspension factors. The ratio of the predicted to 
observed values for K for the daily data will be larger. 

Air concentrations and surface deposition of eight 
radionuclides were measured at 10 points during the 
same time period on 14-17 September 1986 (Garger. 
1994: Table 3). The calculated resuspension factors 
ranged from 6 x IO-" to 3 x 1 0 - h m - i .  Data on the 
spatial means of K are presented in Table 3 for time 
periods in 1986 and 1991; also shown are the cal- 
culated values according to the models of Linsley 
(1978), Garland (1991). and Hoetzl K C  al. (1992). The 
experimental data and the calculated results differ by 
as much as one order of magnitude or more. The high 
range of the resuspension factors reflects the different 
underlying surface soil and the effects of anthropo- 
genic actions in the 30 km zone. Anthropogenic activ- 
ities were especially important for places which were 
situated near the nuclear power plant or to  general 
roads. The advection effect from upwind sources was 
illustrated by Garland (1991) and Garger (1994). For  
specific locations. however. the K values may be high- 
er than estimated by the models of Garland and 
Hoetzl by two to three orders of magnitude. 

The models for K were compared with the experi- 
mental monthly data and with each other as the 
normalized resuspension factor K(t)/K(O) with respect 
to time (Fig. 3). The Chernobyl and Baryshevka data 
are shown, along with five model equations and a new 
equation derived from the experimental data: 
K(t)/K(O) = [-I.'.  This equation was selected after 
study of the value of the power function for the entire 
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Table 3.  Comparison of calculated resuspension factors ( K )  with those experimentally determined 
following the Chernobyl accident 

K ( m - ' )  K ( m - l )  

I =  117d t = 1957 d 
Model:data (14-17 September 1986) (25 September 1991) 

Linsley (1978) 31 x IO-M IO x 10- I o  
Garland er a/. (1991) 1.1 x 10-8 6.1 x IO-" 
Hoetzl et al. ( 1992) 1.6 x 8.0 x I O - "  
Experimental 137C~a:  ( I 7  & 19) x IO-* First Point: 

Io6Ru: (23 i 16) x 
'.''Ce: (19 f 2 I ) x  IO-' 

"'Cs: (4.3 & 2 .2 )  x 10- l o  

Second Point: 
'5zZr: (20 f 23)  10-8 13'Csb: (2.4 * 1.0)x 

"Mean over 10 points and three days. 
Mean of six values o l  6 measured during one day. 

January January January JMUSry January January ~ a n ~ a r y  U 1 : 
1988 1989 1990 1991 1992 lsg3 January 1994 1987 

* A .  ' I J - *  ' . J c  ' * 4. I ,  + ,  , I L . .  4, , , $ ,  I 

0 500 1000 1500 2000 2500 3000 

Time (days) 

Fig. 3. Comparison of observed and predicted resuspension factors over time. normalized for the initial 
resuspension factor K(0). K I .  model olGarland: KL model of Anspauph: K 3 .  model of Hoetzl: K4. model of 
Linsley; K5. model of Makhonko: K6. empirical dependence described in this paper. For all equations. 

f = time in days. 

time series of measurements a t  Chernobyl (Fig. 4): it 
provides the best fit to the experimental data and 
shows that the process of stabilization is going more 
rapidly, with stabilization of the experiment occurring 
near lZOOd. The processes of migration in soil are 
probably appreciable by this time. Presentation of the 
model predictions as K ( t )  normalized for K(0)  permits 
comparison of the form of the dependence of K on 
time without the effect of differences in the initial 
value of K. The value of K(0)  is dependent on a sub- 
stantial amount of subjective estimation. 

The similar character of the inverse curves with 
powers from 1.0 to  1.4 is easily seen (Fig. 3). The 
models of Linsley (1978) and Anspaugh et a/. (1975) 
exceed the experimental data in the first IO00 days by 
two to three orders of magnitude. The curve by Mak- 
honko (1992), developed for long-term resuspension 
after the deposition of radionuclides from the strato- 
sphere, describes the resuspension factor controlled 
by the process of soil migration [equations (10) and 
(1  I)]  for the stationary atmospheric conditions of the 
middle strip of Russia; it differs sharply in value from 
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Fig. 4 Observed degree ( a )  over time for the power function 
K ( r ) / K ( O )  = r -', based on measurements of K made at Cher- 

nobyl. 

the other  .curves in Fig. 3. In spite of the inverse 
dependence with a predicted power near 1.1 (Hall  and 
Reed, 1989). the decrease of the resuspension ("the 
decrease in the power of the spring and  the capacity of 
the well") is more rapid than predicted. This is ex- 
plained by the downward migration processes of 
radiocesium .initially deposited on the soil surface. 

CONCLL'SIOYS 

T h e  resuspension factor is one of the key para- 
meters necessary for calculation of the inhalation dose 
to humans; therefore accurate estimation is necessary 
in order  to perform reliable post-accident evaluations 
of health risk. Uncertainty in K may reach 2-3 orders 
of magnitude if the definition of,K as a function of.its 
controlling variables is disregarded. The  value of 
K averaged over large regions may differ from cal- 
culated values by more than one  order of magnitude; 
however, uncertainties in the estimates of K are de- 
creased to within one order  of magnitude if annual 
averaging of the experimental da t a  is used and K is 
determined as a function of time and predominant 
regional conditions of vegetative cover and  climate. 

Comparison of empirical da t a  for long-term K -  
factors with model estimates shows that models based 
on the inverse power function best reflect reality. 
These models have a clearer physical basis for tern- 
tories with damp climates and  moderate conditions of 
wind. Cont inued progress in this area is expected, 
based on new experimental and  theoretical data.  
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