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ABSTRACT

Processes of contaminant washout and rainout from the atmosphere by precipitation
are considered. Formulas of decreasing contaminant concentration in precipitation and
in the air as a function of duration of precipitation are deduced. Coefficients of conta-
minant washout (below the cloud) and rainout (in the cloud layer of the atmosphere)
for gases and aerosols are determined from comparison of theoretical curves with experi-
mental data. Rainout of almost all the gases of the atmosphere is, at least, a factor of

10 less than that of aerosols.

In nature there are some constantly acting
factors leading to continuous flow of gaseous
and aerosol contaminants into the atmosphere.
Hence the special importance of processes
resulting in self-scavenging of the atmosphere
from these contaminants. The main mechanism
of removing contaminants from the atmosphere
is their washout and rainout. Greenfield (1957)
proposed the theory of washout and rainout of
aerosol contaminants from the atmosphere. He
suggested that the capture of dust particles by
drops takes place under the influence of inertia
forces in the subcloud layer of the atmosphere
and under the influence of diffusion forces in the
cloud. Greenfield gave calculated curves of
dependence of dust particle capture by drops on
the size of particles and drops. But lack of
knowledge of particle capture mechanisms led
to imperfection of caleculations. As an example
can be noted the fact of neglecting the effect of
drop and particle electrical charges and the
role of convective diffusion mechanism. Re-
search carried out at the present time, for
example, experiments on washout of ambrosia
pollen (Gatz, Dingle, 1963) showed that Green-
field’s theoretical scheme of washout needs to be
corrected. The method of calculation of gas
rainout from the atmosphere suggested by
Chamberlain (1960) which was based upon
Ranz & Marshall’s work (1952) has also some
essential simplifications. But the main draw-
back of the existing methods of calculation is
the following. When using them, it is necessary
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not only to have a clear idea of capture mecha-
nisms but also to know some parameters which
are difficult to measure: size and charge distri-
bution of drops and particles, their velocities,
turbulent regime of the atmosphere, etc. In this
connection it can be noted that in practice the
size spectrum of particles removed by precipita-
tion (washed andjor rained out) is nearly
always unknown. Therefore, at present for the
purposes of predicting self-scavenging effects
more adequate is the method of integral estima-
tions of contaminant washout or rainout para-
meters from the atmosphere in which the mecha-
nism of particle capture by drops is not con-
cretized. The process of particle capture by
drops can be described by Smolukhovsky’s coa-
gulation equation in the extended form -see
below, equation (2). Parameters characterizing
washout or rainout of a given contaminant are
determined experimentally from the dependence
of contaminant concentration in precipitation
on duration of precipitation. They can be used
in the future to predict washout and rainout
effects. Let us consider in general the process of
contaminant washout and rainout from the
atmosphere.

As it is known, the capture of contaminant by
precipitation elements takes place in the cloud
mass and in the subecloud (below-cloud) layer
of the atmosphere. In the process of rainfall
the contaminant concentration in the rain
water evidently will not remain constant. Two
main reasons which lead to gradual decrease of
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contaminant concentration in precipitation can
be given here. The first reason is continuous
dilution of contaminated water supply contained
in the cloud with pure water entering the cloud
in the form of condensed vapour. It is known
that the supply of water both in stratonimbus
and cumulonimbus is not large in comparison
to the amount of precipitation falling from
them (Mamina, Fedorov, 1957; Muchnick, 1961).
Water falling out of the cloud is replenished by
continuous influx of water vapour and its
econdensation in the cloud. As a eertain time is
required for capture of contaminants by fresh
water droplets, continuous dilution of conta-
minated water with pure water will occur during
precipitation, and the concentration of contami-
nants in precipitation will decrease with time.
The second eause of decreasing the contaminant
concentration in precipitation is gradual ex-
haustion of contaminated matter in cloud be-
cause of its continuous capture by cloud drops.
It is possible to say the same about the subcloud
layer of the atmosphere where exhaustion of
contaminant supply occurs due to the capture
by falling rain drops. The process of continuous
replenishment with masses of contaminated
matter which are introduced by air flows super-
imposes the process of contaminant exhaustion
in the cloud and subcloud air. Therefore we
observe the resulting effect caused by super-
imposing simultaneous processes of exhaustion
and replenishment of contaminants.
Considering upflow velocities and the life
time of drops in various types of clouds it is
not difficult to show that in cumulonimbus in
middle latitudes updrafts are so powerful and
precipitation is so fast that decrease of conta-
minant concentration in precipitation is prac-
tically due only to dilution effect, and con-
centration in the air when it is raining remains
on about one and the same level (Makhon’ko,
1964a). To understand the essence of the pro-
cess let us suppose for simplicity that the con-
sidered cloud is homogeneous, the drops and
washed particles are monodispersed (uniformly
dispersed) and the water balance during preci-
pitation is not upset which is, to all appearan-
ces, true for rather a long time until destruction
of the cloud. If I is the intensity of precipitation
and ¢ is the time, then It is the amount of
moisture which will be continuously removed
from the cloud during rain, and just the same
quantity must continuously go into the cloud
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in the form of condensed vapour. Let us denote
the contaminant concentration in the cloud
water by C, and the concentration of cloud
drops by N, and the average volume by V,.
During precipitation lasting dt the amount of
contaminant N,V,dC, will be removed from
a unit cloud volume. On the other hand, this
value can be presented as a product of the
amount of water removed from this volume
Idt/H, (H,=thickness of cloud) and the in-
stantaneous value of contaminant concentration
C,. Equating these expressions and integrating
we obtain:

o It

=0, exp ( H, VoNo) (N
where C,-contaminant concentration in the
cloud water directly before the beginning of
precipitation. Thus, the dilution effect leads to
the exponential decrease with time of contami-
nant concentration in the water of cumulonim-
bus.

In nimbostratus forming as a result of slow
uplift of air mass over large areas the effect of
exhaustion of contaminant supply in the air
at the initial stage of precipitation will play the
main role. But at later stages of the process one
cannot neglect air mass flux into the cloud.
Thus, contaminant concentration in the cloud
air ¢ changes with time under the influence of
two processes: capture of contaminant by
cloud drops and the divergence of contaminant
flow (Makhon’ko, 1964b).

Describing the process of particle capture by
cloud drops wiht the help of a coagulation
constant K, and taking into account divergence
of contaminant flux gv, it is possible to write the
following expression for change of contaminant
concentration in the air with time:

0 —
a—? ~ - KN,q+div (go) 2)

During rain, contaminant is continuously
being removed out of the cloud by falling drops.
Partial replenishment of this loss occurs due to
continuous capture of contaminant particles by
cloud drops. For simplicity let us assume that
immediately after the capture contaminant is
directly removed out of the cloud with a rain
drop. Now, contaminant flux out of the cloud
can be presented as a product of contaminant
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concentration in cloud water C, and the inten-
sity of precipitation I. On the other hand, this
flux of contaminant appears as a result of the
decrease of contaminant concentration in the
cloud air with time. This occurs because of the
process of contaminant capture by cloud drops;
that is, for a cloud thickness H, the flux will be
H,KN,q. Equating these expressions and solv-
ing the equation relative C; we have:

H
0, - —f“KNoq (3)

where g-solution of the equation (2). This solu-
tion can be obtained very simply, if modified
(2) in the following way. Consider within a
cloud an air column with a unit base and height
equal to cloud thickness H,. If the mean velocity
of air flow through the column base is v,, the
produet g,v, will equal the contaminant flow
into this volume. Air flow penetrating into the
cloud apparently spreads, thus promoting the
growth of a cloud system in a horizontal
direction. Outflow of econtaminant through
the side surface of our volume usually equals
qH, 2(v, +v,). Inflow and outflow differences
divided by the volume of our column of air
give the expression for divergence of flow.
Using the equation of continuity of flow
v, = Hy-2(v, +v,), the expression of divergence
can be written as (g, —q)v,/H,. Now the equa-
tion (2} will have the following solution:

q v

q, Hy N K+v

X exp [— (KNo + %) (t+t)] (4)

[J

H,N,K_
H,N,K +v

Time integration was carried out here from 0
to 7 +t, where 7 is the duration of coagulation
processes in the cloud until the beginning of
precipitation at the observation place, and ¢ is
the duration of precipitation at this place. In
(4) index z of v is omitted for compactness.
Substituting (4) into (3) we obtain the expres-
sion for contaminant concentration in the
water of the nimbostratus. This expression
shows that after rain begins the contaminant
concentration in water decreases, but with a
lapse of time it tends to a constant limit, which
is due to the establishment of a dynamic
equilibrium: the amount of contaminant out-
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flow becomes equal to that of the contaminant
flow into the cloud with upflows of air. The
amount of contaminant in precipitation col-
lected at the earth’s surface consists of conta-
minant captured by drops in the cloud and of
that captured from the subcloud layer of the
atmosphere when drops are falling. Let us
determine the second term. As earlier, when
deducing the formula (3), let us present the
contaminant flow into the earth’s surface which
appeared due to washout in the subcloud layer,
as a product of contaminant concentration C,
and the intensity of rain I. This flow appears as
a result of decreasing contaminant concentra-
tion dg/dt in the subcloud layer of the air, the
height of which is H. That is, it can be presented
as H(dq/dt). From the equality of these flows
it follows

(8)

The velocity of decreasing contaminant con-
centration in the air during rain is proportional
to the value of this concentration (Makhon’ko,
K. P., 1963): :

i (6)

where o is the coefficient of contaminant
washout in the subcloud layer of the atmos-
phere. The solution of (8) will be

g = goexp ( —ot) (7)

where ¢, contaminant concentration in the air
until the beginning of rain. Substituting (7)
into {5) we obtain:

H
¢ = quo exp (- o?) (8)

Combining now formulas (8) and (1) and also
(8) and (3) and taking into account (4) the final
expression for contaminant concentration in the
atmospheric precipitation can be written:

C=o+pe % 4pe 9

where y=(H/I)-aq, always takes place. For
nimbostratus



470

~ vH,KN, _ (H,KN,)’
*" I{H,KN,+v)’ I(H,KN, +v)
v v
x exp | — KN0+EOT s 00=KN0+170

for cumulonimbus

N I
H,N,V,

a~~0,

ﬂ=0°, Oy

In practice, the contaminant concentration is
more often measured in the diurnal sample of
precipitation, and it is the whole amount of
precipitation that is measured and not its in-
tensity and duration. In this case it is useful to
modify the formula (9) in such a way that it
should express the dependence of mean diurnal
integral value of contaminant concentration on
the diurnal amount of precipitation b =1It. It
is not difficult to obtain this dependence by
integration (9). It has the following form:

e~a,’h) + l (l_e—a'h)

n (10)

G=a+%/(l*

where y’=Hq,, ¢’ =0/I; for nimbostratus

H KN, \* v
B =V Hyexp| - |KN,+ = ||,
H,KN +v H,

s Oy
Oy =

I

for cumulonimbus

, I

B'=CoH,N, Vo, o00= m
As intensity of rain I and contaminant con-
centration in the air before the beginning of
precipitation g, are determined from the experi-
ment, parameter y is easily expressed through
o, and 9’ becomes known if to take into account
that the height of the lower boundary of cloudi-
ness can be assumed, on the average, as H =1km
with enough degree of certainty. Having ob-
tained the experimental dependence of conta-
minant concentration in precipitation on its
duration it is not difficult to receive parameters
«, 8, 0, and o in the formula (9) from the graphi-
cal analysis of this curve. Graphical analysis is
possible due to the fact that in the initial period
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of rain the last addend in (9) almost does not
influence the slope of the curve and at the later
stages of the process, on the contrary, it is
possible to neglect the second addend in (9).
When receiving the experimental dependence
of mean diurnal contaminant concentration in
precipitation on its diurnal amount for deter-
mination of parameters it is convenient to use
the cumulative curve in the form Ch =f(h),
where C is given by the formula (10).

The experience showed that determination
of the coefficient of contaminant washout from
the subcloud layer of the atmosphere is made
very inaccurately by this method, because for
nearly all the possible atmospheric conta-
minants the value of o is too small and the
corresponding part of the curve InC =¢(t), from
which ¢ is determined, has too small slope.
Therefore it is much easier to determine ¢
from dependence of contaminant concentration
in the surface layer of the air on duration (or
amount) of precipitation. This dependence is
described by the formula (7).

Parameter o, characterizes the velocity of the
contaminant rainout process in the cloud. In
middle latitudes the greatest part of precipita-
tion falls from nimbostratus. For this case it is
useful to calculate from the value g, the effective
value of constant of contaminant particle coagu-
lation with cloud drops, K. Here we assumed
the average value of cloud drop concentration
Ny=300 em~* and thickness of -cloudiness
Hy,=4km. It must be pointed out that the
second term in the expression for o, was always
an order lower than the first one, therefore the
magnitude of H, almost does not affect the
results of determination of coagulation constant
K.

In Table 1 are given results of the determina-
tion of parameters of contaminant washout and
rainout from the atmosphere from experimental
curves shown in Fig. 1. This table gives the
place where precipitation was sampled, the
time when precipitation occurred and the type
of contaminant washed out. To make the pic-
ture more complete, data on gas and atmo-
spheric dust removal by precipitation were sup-
plemented with some information on removal of
fission products and radon daughter decay pro-
ducts by precipitation from the atmosphere
which is available elsewhere (Table 1, items
6-8). In Fig. 1 curves which are drawn by a
thick line are calculated according to the for-
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Fig. 1. Contaminant concentration in the atmospheric precipitation vs. amount or duration of precipitation:
1, radon; 2, 8O,, NH,, Cl, NO;; 3, atmospheric dust; 4, 5, dissolved inorganic contaminant.
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Table 1. Washout and rainout parameters determined from

No. of Period of Type of
items Measurement site measurements contaminant B
1 India (Calcutta) vIi-vin. 1964 Radon 4.17-107%¢/1
2 — — 80,, NH,, Cl, NO, 182 rel. un
3 India (Bombay) vI, viiI.1958 Atmospheric dust 44.7 mg|l
4 GFR (Frankfurt (Main)) x1.1961 Dissolved inorganic 63 4 Sjcm
contaminant
5 GFR (Frankfurt (Main)) x.1961 Dissolved inorganic 134 4 S/em
contaminant
6 Belgium 1-x11.1959 Fission products 24-108
7 USSR v1-viir. 1960 Fission products 1.34-10%
8 USSR 1960; 1963 Radon decay products —

tion on the amount of precipitation it was as-
sumed that typical value I =1 mm/hr. Con-
sidering the data from the Table 1 first of all it
is seen that the coefficient of contaminant
rainout from the cloud is 6y~ 10-4 —10-2 gec-1.
Rainout velocity of radon, noble gas, from the
cloud is 1-2 orders less than that of the aerosol
contaminant. The effective value of the coagula-
tion constant of aerosol particles with cloud
drops is, on the average, of the order of K~ 107"
em3fsec. Variations of K values are within the
range of (6 —74) - 10”7 cm?/sec but the magnitude

25. X 1961 74)- 10
of these variations is, to all appearances, not
02 +4o connected with the type of rained out contami-
, flour
0 7 I 73 3 nant.

The coefficient of contaminant washout from
the subcloud layer of the atmosphere was deter-
mined from the dependence of contaminant

7-8. X1 1961 concentration in the subcloud layer of the

04 atmosphere on the duration of precipitation.
The corresponding experimental curves for
038 sulfur dioxide taken from Georgii’'s work
(Georgii, 1963) are given in Fig. 2. Curves cal-
02 culated from the formula (7) are drawn by a
thick line. Some narrow peaks of sulfur dioxide
04 % Lour concentration which are far beyond the limits

of regularity are explained, perhaps, by the
fact that measurements were carried out in the
industrial region where sharp fluctuations of
S0, concentration are natural and are due to
the drift of smoke plumes. In two cases increase

o 1 2 3 4 5 &6

Fig. 2. Sulfur dioxide concentration in the air vs.
duration of rain.

mula (10) using parameters given in Table 1.
It is seen that there is rather good agreement
between calculated curves and experimental
data. In the first two cases when determining
o, from dependence of contaminant concentra-

of contaminant concentration coincided with
the growth of precipitation intensity. The
author explains these peaks by destruction of
shower cells and by the appearance of air masses.
from above to the earth’s surface as a result of

Tellus XIX (1967), 3
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measurements of contaminant concentration in precipitation

Gy, g, K,
o 10~% sec ! 107% gec?! 107 ecm?®/sec References

. — — 0.4 — 1 Banerji, Chatterjee
11 rel. un. — 2 2 6 Kalkstein et al.

— — 7 — 24 Shirvaikar et al.
23 u S/em — 22 4 74 Georgii

— 8.6 u Sjem 4 —_ 12 Georgii
a+y=0.2-108 20 — 70 Makhon’ko, Dmitrieva
0.2-10% 1.0-10% 2 <1 6 Makhon’ko, 1964 b

— — 10% — 30° Styra et al.

% Tt is determined from the vertical profile of radon decay product concentration in the cloud air. The data are
recalculated by us for the concentration of cloud drops N, =300 cm~3.

increasing turbulence of the atmosphere. Per-
haps, in reality, this effect does take place but
the existence of other peaks of contaminant
concentration which are not accompanied by
the growth of precipitation intensity cannot b2
explained in this way. Therefore the supposition
about the effect of smoke plumes seems more
natural in a number of cases. Deviation of the
experimental curve from the calculated one
observed at the end of the upper curve and
especially well-marked at the end of the lower
one should be possibly explained by the effect
of sulfar dioxide advection.

The results of our measurements of atmo-
spheric dust concentration during precipitation
are shown in Fig. 3. Our measurements were
carried out by the optical method. The interval
of time over which the concentration was
averaged was 2 min 37 sec for the cases shown
in this figure. As before, the calculated curve
is drawn by a thick line. Agreement between
experimental and calculated data for atmo-
spheric dust, just as for sulfur dioxide, should be
acknowledged satisfactory in spite of the
fluctuations of contaminant concentration which
are rather large in some cases.

The results of determinations of washout
coefficient ¢ from the curves (Figs. 2 and 3)
are tabulated (Table 2). Given in this Table,
for comparison, are data taken from literature
on washout coefficients of fission produects, hot
particles formed during nuclear explosions and
radon decay products (Table 2, items 10-13).
From Table 2 it follows that the coefficient of
contaminant washout from the subcloud layer
of the atmosphere is of the order of 6~107% -
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Fig. 3. Atmospheric dust concentration in the air vs.
duration of rain.

10-4sec-!. Comparison of data from Tables 1
and 2 allows us to conclude that o4~ 10 o; that
is, removal of contaminant from the atmosphere
takes place mainly in the cloud. Considering the
data in this table it should be said that washout
coefficients of sulfur dioxide and aerosol con-
taminants from the subcloud layer of the at-
mosphere are about the same irrespective of
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Table 2. Washout coefficient determined from measurements of contaminant concentration in the
surface layer of the atmosphere during precipitation

No. of Measurement Period of Type of o, 107°

items site measurements contaminant sec ! References
1 GFR (Frankfurt (Main)) x1.1961 Sulfur dioxide 4.6 Georgii
2  GFR (Frankfurt (Main)) x.1961 Sulfur dioxide 8.8 Georgii
3 GFR (Frankfurt (Main)) x.1961 Sulfur dioxide 4.6 Georgii
4 USSR (Moscow region) v.1962 Atmospheric dust 8.2 Our measurements
5 USSR (Moscow region) v.1962 Atmospheric dust 8.3 Our measurements
6 USSR (Moscow region)  vIr.1962 Atmospheric dust 7.8 Our measurements
7 USSR (Moscow region) x1.1962 Atmospheric dust 4.8 Our measurements
8 USSR (Moscow region}  X11.1962 Atmospheric dust 2.9 Our measurements
9 USSR (Moscow region)  vI.1963 Atmospheric dust 8.0 QOur measurements

10 USSR (Moscow region)  1x-x11.1961-62
11 USSR (Moscow region) 1-vIir.1961-62
12 USSR (Moscow region)  1x-x11.1961-62
13 USSR (Caucasus) 1956; 1957

Fission products 4 Makhon'ko et al.
Fission products $0.5 Makhon’ko et al.
Hot particles 8 Makhon’ko,
Malakhov
Radon decay 42 Malakhov,
products Solodikhina

¢ Tt is determined from the radon decay product concentration in rain water, collected at two various

altitudes in the mountains.

the type of contaminant. The exception from a
number of approximately equal ¢ values is the
washout coefficient of aged fission produects,
which is about an order lower than the value of
o for the periods of nuclear weapon tests.
Returning to Table 1 it should be noted that
the value of o, for aged fission products (1960)
is also an order lower than that for comparati-
vely fresh fission products (1959). Thus, aged
fission products are generally less removed by
precipitation than the fresh ones, washout and
rainout velocity of which is nearer to the velo-
city of removing other kinds of contaminants
from the atmosphere. It is especially clearly
seen for o, less clear but, on the average, rather
well for a,.

The weak dependence of velocity of aerosol
contaminant removal by precipitation from the
atmosphere on its kind can be explained in the
following way.

Dust appearing in the atmosphere is of the
most various origin. Mainly it is soil dust, but
sufficient contribution is made by industrial,
organic, cosmic and volcanic dust and also by
dust of sea origin, etc. Every kind of dust, when
originating, has its own characteristic particle
size spectrum. But existing in the atmosphere
dust gradually ‘‘ages’: larger size fractions
precipitate on the earth’s surface and smaller

ones intensively coagulate. The process of
“aging” leads to approximate levelling of
particle size spectrums for all the kinds of dust.
It should be taken into account that the coagu-
lation process includes not only the acts of
attachement of dust particles of one kind but
also cross-coagulation of dust particles of
various origin. As a result, very small particles
which form when radon decays in the atmo-
sphere and when fission processes during nuclear
explosions take place, appear sorbed by larger
particles of the atmospheric non-radioactive
dust. Thus, size spectra of dust particles of
various origin appear to be approximately si-
milar with the lapse of time. This leads to
similar intensities of processes of their removal
by precipitation from the atmosphere. Na-
turally, in some particular cases removal by
precipitation of just formed, not yet ‘“aged”
dust can be observed. This causes great scatter
of obtained values of removal parameters o,
and ¢. Thus, “age” of washed out dust influen-
ces washout and rainout intensity, which con-
ceals the effect of particle origin, and, on the
average, leads to more or less stable values of
0, and o parameters.

Observations of fission product removal by
precipitation from the atmosphere allow us to
make a conclusion about the character of
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changes occurring in the particle size spectrum
when the process of dust ‘“‘aging” is very long,
lasting many months. As follows from Tables 1
and 2 atmospheric dust labelled by fission
products of test series of nuclear explosions is
removed by precipitation much better during
the period of explosions than in a year or in
half a year afterwards. It happens so because in
such long processes of aging not only coagula-
tion and sedimentation but also removal by
precipitation takes place. As it is known the
extreme parts of particle size spectrum, being
approximately larger than 1 pu and less than
0.1 pu, are more intensely removed by precipita-
tion, and the parts of size spectrum 0.1-1 p
are removed even less, With the lapse of time
atmospheric dust, as a result of washout and
rainout becomes deficient in fractions which
are easily removed, and the removal by precipi-
tation of atmospheric dust as a whole becomes
less. Particle size spectrum is gradually trans-
formed at the expense of decrease of the largest
and the smallest particle amount.

Now let us compare the intensity of removing
gaseous and aerosol contaminants by precipita-
tion from the atmosphere. Two cases were con-
sidered above: the rainout of radon, noble gas,
and washout of highly active sulfur dioxide.
While in the cloud radon was rained out by
about one or two orders less than dust and in the
subcloud layer of the atmosphere it is almost
not washed out at all, and sulfur dioxide had
the same value of washout coefficient o as
aerosols.

The above is obvious because sulfur dioxide
actively reacts with atmospheric moisture and
forms sulfurous acid and radon does not react
at all. As it is known, volumetric solubility
(absorption) of radon in water at 0°C is 0.51 and
"of sulfur dioxide is 79.8. When all the gases of
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the Earth’s atmosphere are written in the order
decreasing solubility we obtain the following
sequence: CO,>N,0 >Rn >0;>Xe >Kr >He
>CH,>NO> Ar>0; >CO >N, >H, >Ne, where
the solubilities diminish from 1.71 to 0.012.
Thus, nearly all the gases which are found in the
atmosphere are removed from it less than radon.
That is, the rate at which gases are removed by
precipitation from the atmosphere is at least a
factor of 10 less than that of aerosols. This con-
clusion, of course, can be considered as preli-
minary, because rainout of radon was deter-
mined by us from the data of only one work in
which results received in one concrete geogra-
phical point are given. Under other conditions
rainout of radon will probably be somewhat
different. For example, in the work by Karol &
Malakhov (1962) it is shown that radon con-
centration in precipitation is an order lower
than in the case considered by us that points to
even less radon removal by precipitation.

Conclusions

1. Use of integral parameters characterizing
washout and rainout of contaminants from the
atmosphere by precipitation allows us to deter-
mine them easily experimentally and, further,
to apply them for the purpose of prediction of
average washout and rainout picture.

2. Washout coefficient of atmospheric aero-
sols in the subcloud layer of the atmosphere is
of the order of 6~107°—~10-* sec~!, and in the
cloud —o,~ 10-%—-10-3 gec—!; that is, removal
of contaminants by precipitation mainly occurs
in the cloud.

3. The rate of removal by precipitation of the
principal gases of the Earth’s atmosphere is at
least a factor of 10 less than that of aerosols.

REFERENCES

1. Banerji, P. & Chatterjee, 8. D. 1964. Radon
content of rainwater. Nafure 204 (No. 4964),
1185-1186.

2. Chamberlain, A. C. 1960. Aspects of the deposi-
tion of radioactive and other gases and particles.
* Aerodynamic Capture of Particles”. Pergamon
Press. 63-88.

3. Gatz, D. F. & Dingle, A. N. 1963. Washout of
ragweed pollen by rainfall. Trans. Amer.
Geophys. Union 44 (No. 1), 53.

Tellus XIX (1967), 3
31 — 672899

4. Georgii, H.-W. 1963. On the effect of rainfall on
the SO, concentration in the atmosphere. Intern.
Journ. Air Wat. Poll., 7 (No. 11-12), 1057-1059.

5. Greenfield, S. M. 1957. Rain scavenging of
radioactive particulate matter from the atmo-
sphere. Journ. Met. 14 (No. 2), 115-125.

6. Kalkstein, M. I. et al. 1959. Natural aerosols and
nuclear debris studies. AFCRC-TN-59-627.

7. Karol, I. L. & Malakhov, S. G. 1962. Use of
natural radioactive isotopes in the atmosphere



476

for meteorological research. Voprosy jadernoj
meteorologii. 5—42. Gosatomisdat. M.

8. Malakhov, S. G. & Solodikhina, L. D. 1962. On
washout of radon fisston products from the
atmosphere by rain. loc. cit., 151-162.

9. Mamina, E. F. & Fedorov, E. K. 1957. On water
balance of cloud system. Isv. AN SSSR, ser.
geophys. (No. 5) 658.

10. Makhon’ko, K. P. 1964a, Washout of radio-
active dust from the atmosphere. Isv. AN
SSSR, ser. geophys. (No. 4), 596.

11. Makhon’ko, K. P. 1964b. Determination of
washout parameters of fission products from
the atmosphere. Isv. AN SSSR, ser. geophys.
(No. 9), 1434.

12. Makhon’ko, K. P. 1963. Determination of
capture coefficient of radioactive dust by rain.
Isv. AN SSSR, ser. geophys. No. 11, 1709.

13. Makhon’ko, K. P. & Dmitrieva, G. V. 1966.
Capability of various types of precipitation for
washout of fission products from the atmos-
phere and characteristics of washout. Isv. AN
SSSR ser. phys. atm. ¢ okeana (No. 3), 508.

K. P. MAKHON’KO

14. Makhon’ko, K. P. et al. 1965. Washout of fission
products from the atmosphere. Radioactive
isotopes in the atmosphere and their use in
meteorology, 230-242. Atomisdat. M.

15. Makhon’ko, K. P. & Malakhov, S. G. 1965.
Results of systematic observations of hot particles
in the ground layer of the atmopshere in Moscow
region from 1961 through 1963. loc. cit. 193-206,

16. Muchnick, V. M. 1961. An approximate estima-
tion of liquid water content in cumulo-nimbus.
Issledovanija oblakob, osadkov < grosovogo
electrichestva. AN SSSR.M.

17. Ranz, W. E. Marshall, W. R. 1952, Evaporation
from drops. Chem. Eng. Prog. 48 (No. 3), 141-
146.

18. Shirvaikar, V. V., et al. 1960. A study of washout
of radioactive fallout and particulate matter in
individual rain showers. AEET|AM/19 (India).

19. Styra, B. I, et al. 1964. On the profile of radio-
activity in the cloud air. Tr. AN Lit. SSR, ser.
B, vyp. 1 (36).

YIPOIEHHBIE TEOPETUYECRKUE IIPEJCTABJEHNA OB VIAJEHUU
3ATPA3HEHUN U3 ATMOC®EPHI OCAJIKAMNI

PaccmaTpuBaloTca mpouecchl BHIMBIBAHMA MHPHU-
MecH ocajJKkaMM U3 MNoJ006JavHOro C¢JIoA ar-
mocdeps 1 B oGmaynom cioe. BeBogsitca ¢op-
Mynol yOBIBAaHUA KOHUEHTPALlMM IIpUMECH B
OoCafiKax U B BO3JYyXe B B3aBHUCUMOCTH OT NpO-
TOJKMTEIBHOCTH ocagkoB. M3 cpaBHeHusA Teo-
peTMYeCKMX KPHBHIX C OKCIEPUMEHTATbHBIMHI

JAHHBIMH  OTIpeleIATCA KO3 GUIMEHTH Bbl-
MBIBAHWMSA NpUMecH B o0jake M B mogo6iIadHoM
cioe at™Mocdepnl IJA rasoB U asposodneit. Boi-
MbiBaHMe B oGsake NMOYTH BCeX TaisoB, BXOA-
m1X B CocTaB arMmocdephl, MPOUCXOIUT He
MeHee, 4YeM HA TIOPAJOK, XYe BLIMBIBAHUA
arMochepHoit I,
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