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Abstract. Chernobyl radioactivity in precipitation was measured at Tsukuba, Japan, as were both sur- 
face-air concentrations and particle-size distributions of Chernobyl-released radionuclides. To under- 
stand the wet removal processes of the Chernobyl radionuclides, i.e. ~37Cs, I°3Ru, and 9°Sr, wet deposi- 
tion velocities were calculated. The wet deposition velocities of the Chernobyl radioactivity for indi- 
vidual rainfall events varied largely. The wet deposition velocity is given as the product of washout 
ratio and rainfall rate. Typically, it was found that the washout ratios of 9°Sr are systematically larger 
than those of ~37Cs. In order to explain this fact, we examined the relationship between the washout 
ratios and particle sizes of radionnclide-bearing aerosols. A positive correlation between corrected 
washout ratios and particle size was found with a particle diameter range from 0.35 to 1.2 ~m. The 
result strongly suggests that the factors controffing the wet removal of the Chernobyl radioactivity for 
individual rainfall events are surface air concentration, particle size, and rainfall rate, rather than pre- 
cipitation amount, which is in agreement with previous understandings. This suggests that high conta- 
mination areas of radioactivity are formed during heavy rainfall events with high rainfall rates in the 
case of tropospheric injection such as the Chernobyl accident, 
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1. Introduction 

Wet deposition is the most important pathway for the removal of radioactivity from 
the atmosphere. The theoretical and experimental studies of wet removal processes 
for particles and gases have been carried out and reviewed by many researchers 
(Junge, 1963; Pruppacher and Klett, 1978). However, despite these studies, many 
uncertainties remain in understanding the wet removal processes because wet 
removal is a highly complex process, which depends upon meteorological condi- 
tions such as temperature, the microphysical structure of clouds, the dynamic 
structure of clouds, both determining the rainfall rate, and so on, and the character- 
istics of the cloud chemistry involving the physical and chemical properties of air- 
borne particles. 
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The theoretical models which contain microphysics cloud processes were con- 
structed for the wet removal (Flossmann et al., 1985; 1987; Flossmann and Prup- 
pacher, 1988; Flossman, 1991). Considerable uncertainty exists in current theoreti- 
cal predictions and experimental determinations of wet deposition in the natural 
environment. There is also a lack of field measurements to make reliable model 
prediction tests. Especially, field verification of the major factors controlling the 
wet removal processes during an individual rainfall in the natural environment is 
required. 

To provide model field observations, we studied the Chernobyl accident of 26 
April 1986 when real accident radionuclides were released into the lower atmos- 
phere. This release presented a unique opportunity to study the behavior of radio- 
nuclides in the environment. In fact, pronounced high-level radioactivity has been 
observed in the surface air and in rain waters in Japan since 3 May 1986 (Aoyama 
et al., 1986). As a result of systematic studies of the environmental effect of the 
Chernobyl fallout, we obtained information on the transport of the radioactivity to 
the stratosphere (Aoyama, 1988; Aoyama et al., 1991) and the dry deposition pro- 
cess (Aoyama et al., 1992). The Chernobyl radioactivity also provided a good 
chance for environmental experiments of the wet removal processes. 

In this paper, we describe the Chernobyl-derived long-lived radionuclides in 
precipitation as well as observations on the surface-air concentrations and the par- 
ticle-size distributions of the Chernobyl radioactivity, and discuss the factors which 
control the wet deposition in individual rainfalls. 

2. Sampling and Measurements 

A high volume sampler that was installed into a precipitation shelter, was used to 
collect samples of airborne particulate materials on glass fiber filters (GB-100R, 
with a nominal collection efficiency of 99.9% for larger than 0.3 ~tm particles) at 
a flow rate of 1000 1 min -1. The sampling site was the observation field of the 
Meteorological Research Institute at Tsukuba, Japan. To separate the coarse and 
fine fractions from each other, a 10 ~m cut-off filter was used on the sampler. The 
filter was changed every morning and the backup filter (less than 10 ~m of particle 
sizes) was usually analyzed daily. 

To determine the particle-size distribution of the Chernobyl radioactivity in the 
surface air, we used a high-volume cascade impactor (Five stages: I > 7 ~tm, I I3 .3-  
7.0 ~tm, III 2.0-3.3 ~tm, IV 1.1-2.0 ~m, V < 1.1 ~xm) and an Andersen sampler 
(Seven stages: I > 7 ~tm, II 3.3-7.0 ~tm, III 2.0-3.3 ~m, 1V 1.1-2.0 ~tm, V 0.65-1.1 
~m, VI 0.43-0.65 ~tm, VII < 0.43 ~im), of which the flow rates were 600 and 16 1 
rain -~, respectively. Airborne particles in each size were collected on a glass fiber 
filter. The air samples were collected during a period of between 4 to 7 days. 

Daily precipitation samples of the Chernobyl radioactivity were collected in a 
plastic sampler with a surface area of 1 m a, which was installed at 1 m height above 
ground level and had a smooth surface. The effect of dry deposition is negtigiNe for 
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daily precipitation samples. Precipitation samples were concentrated to about 30 
mt on a hot plate and transferred in a package with a volume of 50 ml. 

The radioactivity of %-spectrometer. The 9°Sr counting was carried out by using 
a low background /3 counter after the separation and purification of strontium 
using the radiochemical method as described in detail elsewhere (Aoyama et al., 
1991). 

3. Results 

3.1. Surface Air Concentrations of the Chernobyl Radioactivity 

llae nuclear reactor accident occurred at Chernobyl on 26 April t986 (Devell et 
al., 1986). The Chernobyl radioactivity contaminated most of the Northern Hemi- 
sphere (Larsen et aL, 1986; Juzdan et al., 1986). Figure 1 shows temporal varia- 
tions of surface air concentrations of 1BTCs observed at Tsukuba in Japan. On 3 
May, abrupt high concentrations of volatile radionuclides, containing ~3~I, m3Ru, 
106Ru, 134Cs, 137Cs, 136Cs, and so on, were initially detected in the surface air at 
'I~ukuba, of which 131I, l°3Ru, and ~TCs are remarkable (Aoyama et aL, 1986). The 
~31I, which is a main nuclide of the Chernobyl radioactivity, showed a maximum 
concentration in airborne particles (494 mBq m -3) on 5 May 1986. A maximum 
m3Ru concentration in the surface air occurred on 9 May (161 mBq m-3). The 
t~TCs concentration in the surface air increased by about four orders of magnitude 
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Fig. 1. The surface air concentration of ~37Cs observed at Tsukuba, Japan, in May-June 1986. 
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higher than the previous month and reached a maximum of 61.2 mBq m -3 on 9 
May. 

The monthly mean 9°St concentration in the surface air at Tsukuba in April 
1986 was 0.41 ~Bq m -3. On 3-6 May, as shown in Figure 2, the 9°Sr concentration 
increased to 32 gBq m -3, which is about two orders of magnitude higher than the 
previous month. A typical feature of the Chernobyl 9°Sr observed in Japan is that 
its increase was lower than that expected from total released amounts. After the 
Chernobyl fallout, therefore, 9°Sr/137Cs activity ratios changed from 0.7 of 
nuclear-bomb derived radionuclides to 0.005. 

3.2. Particle-Size Distributions of  the Chernobyl Radioactivity 

A typical example for the particle size distributions of t3tI, m3Ru, and 137Cs in the 
airborne particles collected on 6-10 May 1986, which corresponds to the period 
observed maximum concentrations of the Chernobyl radioactivity, is shown in 
Figure 3. A marked feature is that the Chernobyl radioactivity, such as 131I, l°3Ru 
and ~37Cs, was mostly sub-micrometer in size, which is consistent with the results 
observed by Bondietti and Brantley (1986), Jost et al. (1986), Knuth and Sander- 
son (1986) and Ooe et al. (1987). On the other hand, 9°Sr and plutonium isotopes 
released from Chernobyl, were found in larger particle size (Aoyama et al., 1992). 
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Fig. 2. The surface air concentration of 9°Sr observed at Tsukuba, Japan, in May-June 1986. 
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Fig. 3. Particle size distributions of :3:I (-----), lo3RI1 ( - -  - )  and 137Cs ( - - )  observed at Tsukuba, 
Japan, during the period of 6-10 May 1986. 

Another feature is that the size distribution pattern of :31I differed significantly 
from others and showed no log, nominal distribution. 

The activity median aerodynamic diameters (AMAD) of the radionuclides, 
which are determined from the size distributions of four sampling periods of 6-10,  
13-17, 17-24, and 24-31 May 1986, are summarized in Table I. The AMAD 
values of the Chernobyl radionuclides varied in each sampling period, whose ten- 
dency is consistent with the results of Bondietti and Brantley (1986) and Ooe et aL 
(1987). The temporal variation of the AMAD for the Chernobyl radioactivity may 
be due to a difference in the release process at Chernobyl and/or the fractionation 
in the transport process of the Chernobyl radioactivity. 
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~Ihble I. The activity median aerodynamic diameters 
(AIvIAD) of the Chernobyl radioactivity 

Sampling period A M A D  (~tm) 

137Cs 103Ru 90Sr 

6-10  May 1986 0.38 0.35 - 
13-17 May 0.51 0.54 1.2 
17-24 May 0.71 0.65 - 
24-31 May 0.45 0.38 1.0 

3.3. Wet Deposition of the Chernobyl Radioactivi O, 

In May 1986, marked high radioactive deposition occurred in Japan as well as high 
air concentrations (Aoyama et aL, 1987; 1991). The monthly 137Cs deposition, 
which is the sum of wet and dry deposition, increased to 131 Bq m -2, which was the 
same level as that of the highest deposition period in 1963 after the 1961-62 large- 
scale atmospheric nuclear tests. This pronounced peak of deposition was clearly 
attributable to the Chernobyl accident because of the observation of short-lived 
radionuclides and 134Cs (Cambray et al., 1987; Aoyama et al., 1987). In the same 
period, the monthly 9°S t  deposition increased to 1.37 Bq m -2, which is about 60 
times larger than for the previous month. 

Wet deposition of 13VCs, l°3Ru, and 9°St  due to individual rainfall events, ob- 
served at Tsukuba in May 1986, are summarized in Table II. 

Maximum wet deposition of the Chernobyl radioactivity occurred with a relative 
heavy rainfall on 14-15 May, which was not consistent with the period of maxi- 
mum surface air concentrations of the Chemobyl radioactivity. Another typical 
feature is that higher deposition, whose *°3Ru was a maximum within the sampling 
period, was observed in a thunderstorm on 16-17 May, although the precipitation 
amount of the storm was lower than that on 14-15 May. 

Ib  evaluate the percentage of the radioactive deposition due to precipitation 

Table II. Wet deposition of long-lived radionuclides observed at Tsukuba 

Sampling Precipitation ~37Cs J°3Ru 9°Sr 
period (ram) (Bq m 2) (Bq m -2) (Bq m 2) 

5-6  May 2.2 11.6 + 1.5 29.6 _+ 3.5 0.045 _+ 0.006 
6 -7  May 23.5 16.8 + 2.5 25.5 + 3.3 0.045 +_ 0.006 
14-15 May 68.0 30.3 + 7.9 22.9 _+ 6.6 0.62 + 0.07 
16-17 May 16.0 29.2 _ 6.6 68.5 +_ 11.5 0.43 _+ 0.05 
t 9 - 2 0  May 2.6 3.8 _+ 0.7 6.0 +_ 0.9 0.060 +_ 0.010 
20-21 May 11.7 2.7 _+ 0.6 5.6 + 0.9 0.038 + 0.008 
29-30 May 70.0 7.2 + 1.1 27.7 _+ 3.3 0.092 + 0.016 
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scavenging, we calculated the total wet deposition in May 1986, which is a sum of 
radioactive deposits from individual rainfalls. The percentages of the total wet 
deposition to the monthly deposition in May 1986 were 88% for 137Cs, 87% for 
l°3Ru, and 96% for 9°Sr. The result implies that the precipitation scavenging is the 
major pathway to transport the Chernobyl radioactivity from the atmosphere to the 
ground. In this connection, Ballestra et al. (1987) indicated that the major part of 
the radioactive deposits observed at Monaco was through rain, rather than dry 
deposition. The dominance of wet deposition for the Chernobyl radioactivity is 
also evident from the fallout date of Milan (Queeirazza et aL, 1987) and Saluggia 
(Spezzano and Giacomelli, 1990). 

4. Discussion 

The major pathway to the deposition of the Chernobyl radioactivity is by precipita- 
tion scavenging. This finding suggests that the distribution of the Chemobyl fallout 
on the land area depends on the presence of rainfall events when the radioactive 
cloud passes through it. 

To understand the wet removal process of the Chernobyl radioactivity, we intro- 
duce wet deposition velocities of the radionuclides. The wet deposition velocity 
(Vwet, R) is written as follows: 

Vwet, R = DR/Ca, R (1) 

where D R and Co, R are the wet deposition flux (Bq m -2 s -1) and surface-air con- 
centration (Bq m -3) of the Chernobyl radioactivity, respectively. The wet deposi- 
tion velocities of 137Cs, l°3Ru, and 9°Sr are summarized in Table III, together with 
the rainfall rates. The wet deposition velocities varied considerably. This apparent- 
ly depends on the radionuclides and sampling periods. The wet deposition velocity 
is represented as 

Vwet, R = W I R  (2) 

where I R is rainfall rate (ram h 1) and W the washout ratio (scavenging ratio). The 
washout ratios are usually used to describe the wet removal processes of atmos- 
pheric pollutants (Junge, 196 3; Engelmann, 19 71; Barrie, 19 8 5). We calculated the 
washout ratios of the Chernobyl radioactivity for individual rain fall events (Table 
III). The washout ratios of 137Cs, m3Ru and 9°Sr derived from the Chernobyl acci- 
dent, which ranged from 0.19 x 106 to 0.53 x 10 6, from 0.16 x 106 to 0.37 x 10 6, 
and from 0.50 x 106 to 1.4 x 106, respectively, are the same order of magnitude as 
those of 7Be (9.2 x 105) and artificial radionuclides (1 x 106) derived from atmos- 
pheric nuclear tests (Slinn, 1978; Harvey and Matthews, 1989). 

The washout ratio depends on meteorological, physical, and chemical factors. 
According to the theoretical consideration (Mason, 1971; Slinn, 1978; Harvey and 
Matthews, 1989), the following weak dependence of washout ratio on the rainfall 
rate is predicted: 
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Washout ratios and wet deposition velocities of long-lived radionuclides observed at 

Sampling Rainfall Wet deposition velocity Washout ratio (x 10 6) 
period rate (ram s 1-2) 

(mill h -1) 137Cs l°3Ru 9°St 
137Cs 103Ru 90Sr 

5-6 May 0.49 2.6 3.8 16 0.19 0.23 1.2 
6-7 May 1.7 10 7.6 27 0.22 0.16 1.4 
14-15 May 7.6 70 35 230 0.32 0.19 1.1 
16-17 May 16 110 220 180 0.25 0.41 0.50 
19-20 May 0.8 7.4 6.3 31 0.34 0.28 1.4 
20-21 May 1.5 12 8.2 28 0.29 0.20 1.4 
29-30 May 3.6 53 15 39 0.53 0.37 1.4 

w= aU , (3) 

where a and/3 are constant. For 137Cs and l°3Ru in the Chernobyl radioactivity, the 
washout ratio was nearly independent on the rainfall rate. The constancy of the 
washout ratio is in agreement with the result observed to 7Be (Harvey and 
Matthews, 1989). On the other hand, the washout ratio for 9°Sr s e e m s  to be de- 
pendent on the rainfall rate with/3 = 0.22. In this connection,/3 is expected to be in 
the range of 1/4 (for frontal storms) to 1/2 (for convective storms). 

Gatz et al. (1975) indicated that the washout ratio is a function of the mass 
median diameter (MMD) for a number of trace metals. For the Chernobyl radio- 
activity, the AMADs of radionuclide-bearing particles varied through the sampling 
period as shown in Table I. To confirm the dependence of the washout ratios to the 
particle diameters, we examined the relationship between the washout ratios and 
AMADs for 137Cs, l°3Ru and 9°Sr. Figure 4 shows the logarithmic plot of the cor- 
rected washout ratio to the diameter of Chernobyl radionuclide-bearing particles 
for individual rainfall events. The result reveals that the scavenging behavior of 9°Sr 

for the Chernobyl fallout differs from that of 137Cs and a°3Ru. Its causes may be 
attributable to the chemical and physical properties of radionuclide-bearing par- 
ticles. Unfortunately, we have no information on the chemical properties of aero- 
sols containing each Chernobyl radionuclide. On the other hand, it is known that 
the scavenging coefficient, which is defined as the reduction in the aerosol particles 
during a rain event and the parameters related with the washout ratio, is a function 
of the particle diameter of aerosols (Davenport and Peters, 1978; Schumann et  al., 

1988; Flossmann, 1990). Then we examined the correlation between the washout 
ratio and AMADs of the Chernobyl radioactivity. The result indicates a positive 
correlation (correlation factor: 0.82) within the particle diameter from 0.35 to 1.2 
~m. The result regarding the dependence of the corrected washout ratio on the par- 
ticle diameter qualitatively reflects a 'Greenfield gap' behavior (large decrease of 
the scavenging coefficient in the diameter in the diameter range 0.1-1.0 ~tm), which 
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Fig. 4. Relationship between corrected washout ratios and AMAD of the Chernobyl radiomlclides. 
137Cs: O, l°3Ru: (5), 9°Sr: 0. To eliminate the effect of the rainfall rate to the washout ratio for 9°Sr, the a 
values, which mean the washout ratio corrected by the rainfall type, were calculated from Equation (3). 
The correlation factor between the corrected washout ratio and A M A D  was 0,82. The washout ratio 
was represented as a function of the particle diameter (unit: gin): ct = t05~99 r ~.ev 

have been observed by the scavenging coefficients of aerosols (Schumann et aL, 
1988). These findings suggest that the particle diameter is one of the essential 
factors for controlling the precipitation scavenging of the Chernobyt radioactivit>: 

The result indicates that the factors for controlling the wet deposition flux of the 
Chernobyl radioactivity for individual rainfall events are air concentration, particle 
diameter, and rainfall rate rather than precipitation amount. This suggests that the 
radioactivity contaminated areas, so-called hot spots, following large-scale nuclear 
accidents are formed by not only the presence of a rainfall event itself but also in 
particular a high rainfall rate during this event. 

5. Conclusions 

For the Chernobyl fallout, precpitation scavenging is the most significant process to 
remove pollutants from the atmosphere; 88, 87, and 96% of the total deposition 
being scavenged by rainwater for lSTCs, t°SRu and 9°St  derived from the Chernobyl 
accident, respectively. 

The wet removal of the Chernobyl radioactivity for individual rainfall events is 
controlled by three factors; (1) air concentrations, (2) particle size of the radio- 
nuclide-bearing aerosols, and (3) rainfall rate rather than precipitation amount. 
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This suggests that high contamination areas of the Chernobyl radioactivity are 
formed at the heavy rainfall events with the high rainfall rate and that radionuclides 
resident on larger airborne particles are preferentially scavenged by rain. 
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