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ABSTRACT

In the article the chemical composition of the cloud water collected in the different
regions of the USSR is considered. On the basis of their analysis and generalization
the main characteristics of chemical content have been obtained. The total ion amount
of cloud water slightly differs from that of precipitation, its chemical composition
being different. A great influence of industrial pollution on the chemical composition

of cloud water is to be noticed.

For the last 10-15 years the investigations
of chemistry of atmospherie precipitation have
been widely developed. The interest attached
to this problem has been stimulated by the
requirements of hydro- and agrochemistry,
hydrogeology, geochemistry, as well as meteo-
rology in connection with the study of physics
and chemistry of clouds and precipitation.

At present rather extensive data have been
obtained and careful atmospheric chemistry
investigations have been carried out in such
countries as Sweden, the U.S.A., Czechoslovakia,
and the German Democratic Republic. These
investigations are generalized in the works by
Erixssox (1959, 1960), JuncE (1963), MACKY,
PopziMEK & SrAMEK (1959), Mrosg (1961).

In the USSR considerable attention has been
paid to this problem in the time of the Inter-
national Geophysical Year. In the wide terri-
tory of the Soviet Union a collection of atmos-
pheric precipitation samples has been organized
and on the basis of their analysis and generaliza-
tion spacious characteristics of precipitation
composition have been obtained. Later on the
work has been continued and extended con-
siderably. The results of investigations on the
question have been published in the articles
by V. M. Drozpova, O. P. PETRENCHUK &
E. S. SeErEzNEVA (1961), V. M. DrozDOVA
(1962), O. P. PeTrENCHUK & E. S. SELEZNEVA
(1962) and the monograph by V. M. DrozDOVA,
O. P. PeTrRENCHUK, E. S. SELEZNEVA & P. F.
SvisTov (1964).

The atmospheric precipitation receives its
constituents from the moment of water vapor

condensation on the condensation nuclei and
of the formation of cloud particles. Therefore,
the knowledge of composition of water taken
directly in the clouds is naturally of great
importance. However, such data are rather
insufficient up to the present time. This has
been accounted for by method difficulties aris-
ing from taking cloud water samples. At the
Main Geophysical Observatory the investiga-
tions of the chemical composition of cloud
water are carried out under study of air chemi-
stry.

The first data about the composition of the
cloud water in the free atmosphere have been
obtained by GraBovsry (1951) and SEHMETER
(1952). They considered mainly the chloride
content in the supercooled clouds. However,
since the atmospheric precipitation contains
the different constituents it is important to
estimate their concentration as well as in the
cloud water.

For collection of cloud water samples under
temperature above and below zero special
devices have been designed (V. M. Drozpova,
O. P. PETRENCHUK, E. 8. SELEzNEVA & P. F.
SvisTov, 1964; O. P. PETrENCHUK & N. N.
ALEXANDROV, 1966). They permitted to receive
water quantity required for satisfactory analy-
sis during a comparatively short time. Using
this technique about 150 cloud water samples
related to different regions of the European
Territory of the USSR (ETU) have been ob-
tained. The cloud water samples have been
taken in the environs of the cities Leningrad,
Archangelsk, Narjan-Mar, Kiev, Dneprope-
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TaBLE 1. The mean composition of precipitation samples (Pr.) and of cloud water samples (CW) in
different regions.

Concentration mg/1

A.108 No.
Q-1 of

”

Location Sample SO; CI’ NO; NH; Na' K Mg™ Ca” pH em-! Total Cl'/Na’ SO4/Cl” samples
North of ETU Pr. 36 34 06 05 22 06 02 07 55 29 11.8 1.5 1.08
CwW 06 63 01 06 24 1.7 10 04 53 30 13.1 2.6 0.09 16
North-west of ETU Pr. 6.2 1.1 05 07 13 08 02 11 52 28 11.9 0.8 5.64
CW 60 25 05 09 12 08 02 06 4.7 28 12.7 2.1 2.40 29
South-west of ETU Pr. 143 1.4 08 07 1.6 06 04 6.0 61 62 25.8 0.9 10.20
Cw 89 21 08 18 07 06 05 1.0 48 40 16.4 3.0 4.24 46

Sea water?

1.8 0.14

% The salinity of various seas is somewhat different but the ratio of the main ions remains constant.

trovsk and also during the horizontal flights
carried out 1961-1964 on the following routes:
Leningrad — Archangelsk — Narjan—Mar—Pechora;
Leningrad-Minsk-Kiev-Dnepropetrovsk—
Odessa.

On the whole one can distinguish three large
sampling sites: north of ETU (environs of
Archangelsk and Narjan-Mar), north-west of
ETU (environs of Leningrad) and south-west
of ETU (environs of Kiev and Dnepropetrovsk).
About 100 samples have been collected in these
regions.

The mean content of cloud water samples
and the mean data of chemical composition of
precipitation in these regions are given in
Table 1, the former being compared to the
latter ones. It should be noted that Table 1
does not include the heavily contaminated
samples that will be considered in detail below.

One can see from the Table that in general
total ion amount of cloud water samples in all
sites except south-west differs slightly from that
of precipitation, their chemical composition
being different.

In the cloud water of north regions a very
small concentration of sulfate and nitrate is
observed and chloride and sodium are pre-
dominating ions. Such relation of constituents
reflects apparently the vicinity of the sea coast
and the absence of important industrial pollu-
tion. In the west and south-west of the ETU
affected by the industrial pollution the concen-
tration of SO; in cloud water considerably
increases; however, it is lower than that of the
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precipitation. The concentration of Cl’ is also
high here.

The ratio SO, /Cl’ for all the examined regions
essentially exceeds its value of 0.14 in sea
water. As the presence of SO; has been caused
on the whole by industrial pollution one can
see its great influence not only on the composi-
tion of precipitation but on that of cloud water.

The ratio Cl’/Na- differs both in the precipi-
tation and in cloud water from its value of 1.8
in sea water and is to be paid much attention
to. It is as a rule smaller than 1.8 in precipita-
tion and larger in cloud water. It is interesting
to note that some authors (E. Erixsson, 1959,
1960; JuxneE, 1963) have the ratio in precipita-
tion less than 1.8 even in the immediate viei-
nity from the sea coast.

Some of the available mechanisms have been
suggested for the explanation of this fact
(H. Cauer, 1949; E. Eriksson, 1959, 1960).
They involved a possible escape of Cl” or Na
addition from continental sources. Since the
presence of additional Na' sources in the
vicinity of the sea coast is unlikely it is supposed
that the escape of gaseous chlorine in the lower
atmospheric layer takes place as the result of
oxidation of the sea salt particles. The chlorine
excess i discovered in the free atmosphere
later on. This process is confirmed by the pre-
sence of gaseous chlorine as HCl detected by
JUNGE (1957) as well as by increase of the
ratio CI'/Na- in the precipitation collected at
the mountain stations (E. Erikssow, 1958).

The results of cloud water analysis also show
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TABLE 2. The chemical composition of cloud water samples in the south-west of ETU from
different clouds.

Concentration mg/1
Cloud —

A-108 No.
Q-1 of

form SO; ¢ NO; HCO; NH; Na- K Mg~ Ca’ pH em-! Total Cl'/Na  SOJ/Cl’ samples

St, Sc 114 22 1.0 001 24 07 07
Ns 53 20 04 1.1 0.9 0.7 05

05 09 45 53 198 3.1 5.2 27
04 10 52 21 122 3.0 2.6 19

a high value of the ratio C1’/Na'. Perhaps there
are some other mechanisms explaining this
increase. In particular in the south-west of
ETU where the ratio Cl’/Na’ is 3.1 it is ob-
viously accounted for by the gaseous chlorine
injected into the atmosphere by industrial
sources.

It should be noted that Table 1 contains the
mean values giving a general representation of
the composition of precipitation and cloud
water; the data on the chemical precipitation
composition have been obtained on the basis
of averaging of four-year observations (V. M.
Drozpova, O. P. PeTrExcHUK, E. S. SELEZ-
NEva & P. F. Svistov, 1964); the data on
cloud water for different regions have been
averaged without taking into account the cloud
form and the sampling height.

At a more detailed examination it is dis-
covered that cloud water composition varies for
the different cloud forms. It follows from ob-
tained data that samples taken from the clouds
St, Sc have more high concentration of almost
all constituents in comparison with the clouds
Ns (Table 2).

Since the small droplets in the clouds type
of St, Sc predominate as compared to the
clouds Ns, one can suppose that in the St, Sc
the cloud droplets are a very concentrated
solution of the soluble condensation nuclei. In
the clouds St, S¢ Shmeter has also obtained the
higher concentration than that of the frontal
clouds type Ns-As.

The question about the dependence of con-
stituent concentration in the cloud droplet size
is closely connected with one of the important
problems of the physics of clouds and precipi-
tation, namely with the clearing up of the
growth mechanism of cloud droplets. The inves-
tigations by TurNER (1955) and SPENCER &
Woopcock (1963) showed that the raindrop
galinity is the function of their radius which

is different for the raindrops falling from warm
or supercooled clouds. In a supercooled cloud
the condensation mechanism of growth pre-
dominates and the salinity of falling raindrops
may be expressed as C ~7" where n is a positive
value dependent of the cloud base height. For
the warm clouds that dependence is disturbed
and the largest falling drops have a high
salinity alongside with small raindrops. Accord-
ing to this Spencer & Woodcock suggested that
the largest cloud drops form on giant salt
nuclei and then increase by coagulation with
one another.

TurNER (1955) obtained the interesting data
on salinity of raindrops against the collection
height as regards the cloud base. However,
these results related only to the raindrops. For
the explanation of the mechanism of cloud drop
growth it is important to investigate the che-
mical cloud water composition in connection
with droplet size.

Of great interest is the study of the cloud
water composition against the height of its
sampling. There are different opinions on the
question. For example, Oppie (1962) when
investigating the results of analysis of cloud
water collected in environs of London disco-
vered the concentration of constituents in cloud
water to decrease with height. According to
Grabovsky’s data such dependence does not
exist. He noted even some increase of chloride
to the upper part of cloud, though the thickness
of the cloud layer was small and merely amoun-
ted to 200-300 meters.

In our case the cloud water sampling had
been carried out at the different heights. The
analysis of data obtained shows that on the
whole there is no simple connection between
the height of sample collection and their che-
mical composition. Only for heavily polluted
samples taken from the subinversion clouds in
industrial regions can one see a sharp decrease
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TaBLE 3. Chemical composition of the most contaminated cloud water samples.

Concentration mg/liter

Cloud Height ~ - -
No. Location Date form (m) SO; CI' NO; NH: Na° K Mg Ca”
1 Kiev 3 Dec. St,Se 550 91560 7.76 12.20 24.60 1.80 4.80 — 10.70
2  Kiev 3 Dec. St, 8¢ 850 91.50 6.80 10.60 13.00 1.82 1.81 0.48 2.58
3 Kiev 3 Dec. 8t,8¢c 900 45.50 4.04 480 10.70 1.21 021 0.29 153
4 Kiev 5 Dec. St,Sc 550 99.00 1148 490 2870 500 220 190 3.70
5 Kiev 5 Dec. St, Sc 1000 4050 6.80 4.00 11.90 145 5.02 043 0.83
6  Dnepropetrovsk 7 Dec. 8¢ 500 157.50 42.17 6.60 28.70 7.60 10.00 5.60 40.00
7  Dnepropetrovsk 7 Dec. St 1200 20.70 840 1.04 500 196 253 0.29 0.87
8  Odessa 7 Dec. St 900 94.00 4.18 480 1220 220 340 1.50 12.60
9 Kiev 7 Dec. St 1260 19.00 5.17 1.06 4.20 1.83 3.06 020 191
Continued.

Concentration mg-equiv.fliter

A.10° Sum Sum Sum
Q-1 of of of

No. SO CI' NO; NH; Na° K Mg’

Ca® H pH cm-! ions anions cations Diff.

1.877 0.220 0.197 1.305 0.078 0.122
1.877 0.192 0.171 0.722 0.079 0.046 0.040
0.948 0.115 0.077 0.593 0.052 0.031 0.024

2.062 0.325 0.079 1.159 0.216 0.056 0.158
0.844 0.192 0.065 0.662 0.063 0.129 0.036

3.281 1.191 0.105 1.600 0.331 0.256 0.467
0.431 0.237 0.017 0.277 0.085 0.065 0.024

1.958 0.119 0.077 0.680 0.096 0.110 0.123
0.396 0.147 0.017 0.233 0.079 0.078 0.016

WW IS Gt WD

— 0.535 0.110 3.96 294 1563.36 2.294 2.211 0.083
0.129 0.447 3.35 268 128.59 2.240 1463 0.777
0.076 0.200 3.70 171 69.27 1.140 0976 0.164

0.185 0.004 540 252 156.88 2466 1778 0.664
0.041 0.229 3.64 221 70.93 1.101 1.160 —0.059

2.000 0.003 5.46 483 298.07 4.577 4.654 —0.077
0.043 0.022 4.656 77 40.79 0.685 0.516 0.169

0.629 0.001 5.90 218 135.78 2.154 1.639 0.515
0.095 0.026 458 79 36.42 0.560 0.527 0.033

of the constituent concentrations with height
(Table 3).

The cloud water composition is affected
remarkably by the atmospheric pollution in
industrial regions. This can be concluded from
the consideration of successive samples collec-
ted from the clouds at different distances from
the city.

Fig. 1 shows the change of some constituent
concentrations and total ion amount in the
cloud water samples taken not far from Lenin-
grad and Kiev. Approaching the city the total
mineralization as well as the concentration of
some constituents (SO;, Cl’, NO;) sharply
increases.

The influence of cities can be also observed
on example of the flight carried out on the 7th
of December, 1963, on the route Dneprope-
trovsk—-Odessa—Kiev. The changes of total ion
amount of samples collected along the route are
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presented in Fig. 2. The sharp increase of total
mineralization of samples collected directly
over the city has also been observed here. For
instance, the total mineralization of cloud water
sample is 280 milligrams per liter over Dnepro-
petrovsk. It is interesting that such great values
are unusual not only for the cloud water but
also for the precipitation. The investigation of
chemical precipitation composition has shown
the maximum frequency of total mineralization
in it to be only 20-30 milligrams per liter
(Drozpova et al., 1964).

From the examples presented one may attri-
bute to the clouds an important role in the
process of atmospheric refinement. This agrees
well with STyro’s investigations (1959) con-
sidering clouds as an important factor in
atmospheric self-refinement from radioactive
contamination.

Industrial sources and large cities influence
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Fi16. 1. The change of some ion concentration and total ion amount at different distances from the
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aerosol content in the free atmosphere. SELEZ-
NEvVA (1963, 1964) published the concentration
data of condensation nuclei obtained by the
Sholz counter in the free atmosphere. The
condensation nuclei have been measured during
horizontal flights over different regions. Ap-
proaching an industrial center or a large city
during these flights a sharp peak of condensa-
tion nuclei which remains sometimes up to a
height of 2000 or 3000 meters is observed.
Unusually large total ion amount of cloud
water samples in south-west ETU (from the
3rd to the 7th of December) is accounted by
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the existence of spacious stationary anticyclon
with sharp temperature inversion during the
collection time, the samples being taken from
subinversion clouds. An example of temperature
change with height is given in Fig. 3.

The most polluted cloud water samples col-
lected during this period of time have been
combined in a separate group. Their chemical
composition is represented in Table 3. The
constituent concentration in the samples is
expressed in milligrams per liter and for con-
venience of further calculations and analysis
control in milligram-equivalent per liter. From
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Fia. 2. The change of some ion concentration and total ion amount during the route flight.
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Table 3 one may see the apparent above-
mentioned dependence of constituent concentra-
tion with height.

In addition to a high content of soluble con-
stituents there was a considerable amount of
insoluble constituents in most samples exam-
ined. It had been discovered after thorough
elaboration of polluted samples and spectral
analysis of obtained sediment that it contains
copper, iron, beryllium, vanadium, -cobalt,
chromium, molybdenum, manganese, alumi-
num, zine, nickel, silicon.
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10
St, Se
05

It is characteristic that in heavily contami-
nated samples the anion sum in terms of equiva-
lent weights exceeds in the main that of
cation. It may be apparently explained by the
presence in them of elements not determined
usually by analysis and discovered in particular
on spectrograms. Let us note that Oppie 1962
had also obtained on the average excess of
anions as compared to the cations for the
polluted samples.

Consideration of Table 3 shows most samples
to be acid and to have a low pH value (some-
times pH lower than 4). According to this a
high concentration of hydrogen ions is found.
There is as a rule a large concentration of SO;,
Cl’, NOj in samples with high total ion amount.
Since in most cases concentration of the ions
exceeds considerably the cation sum (without
hydrogen ions), in terms of equivalent weights,
one may suppose that they exist in the cloud
water samples as acids. The presence of hydro-
chloric acid in the water may result in an
essential increase of the ratio Cl’/Na’ which is
observed in reality particularly in industrial
regions.

On the basis of the investigation carried out
one can draw the following conclusions.

Although on the average the total ion amount
of cloud water is slightly different from that of

-2 -8 -4 0 4 8§ t°

Fia. 3. The change of temperature with height
(Kiev, 3.12.63).

atmosphere precipitation there is a remarkable
difference in their chemical composition.

The results obtained show that subinversion
clouds even not precipitated are peculiar filters
capturing different contaminations from the
atmosphere and stimulating its refinement to
some extent.

Acknowledgments

The authors are indebted to the Laboratory
chief E. 8. Selezneva for valuable advice and
comments on their work. The authors would
like to thank collaborators M. A. Beljashova
and V. G. Ivanova who took part in flights.
Thanks are also due to the pilots G. 8. Danilov,
V. E. Maslennikov, V. S. Pavlov and V. V.
Podjachy who accomplished the flight pro-
gramme.

REFERENCES

CavER, H., 1949, Ergebnisse chemisch-meteorolo-
gischer Forschung. Archiv fiir Meteorologie, Geo-
physik und Bioklimatologie, Serie B, Bd. 1.

Drozpova, V. M., PETRENCHUK, O. P., and SELEZ-
NEvA, E. 8., 1961, The chemical composition of
atmospheric precipitation according to investiga-
tions during IGY and IYC. Materialy Conferencii
po Itogam MGG (1960) i Meteorologicheskogo
Izuchenia Antarktidy (1959). Gidrometeoizdat, M.

Drozpova, V. M., 1962, The characteristics of total
ion amount and chemical composition of atmos-

Tellus XVIII (1966), 2

pheric precipitation collected in different sites of
the USSR during IGY and IYC. Trudy GGO,
184.

Drozpova, V. M., PETRENCHUK, O. P., SELEZNEVA,
E. 8., and Svistov, P. F., 1964, The chemical
composition of atmospheric precipitation over
European Territory of the USSR. Gidrometeoiz-
dat, M.

ERIkssoN, E., 1958, The chemical climate and saline
soils in the arid zone. Arid Zone Research 10.
Climatology, Rev. of Res. Unesco, Paris.

35LB01] SUOWLIOD BATES.D 3|ea1jdde aU) A PeUBAAD 318 SIILE YO ‘38N 103N 10} AIIGIT UIIUO AB]IM UO (SUOIPUGO-PUE-SLLB LD A8 1 A1 1PU1|UO//SA1Y) SUONIPUOD) PUE SWLB | 841 295 *[9202/10/80] U ARIGIT 8UIIUO AB|I ‘30U| BOXE 360 PUE UIESH 10} 8IMIISU| UOIEN ‘301N Ad X 8520007996 T 06VE-EGTZ: TTTT 0T/I0p/LI00"Ad| 1 AZRIGIBUIUO//'SAIY WO} Papeojumoq] ‘€-2 ‘996T ‘06VEESTZ



286 0. P. PETRENCHUK AND V. M. DROZDOVA

Erigsson, E., 1959, 1960, The yearly circulation
of chloride and sulfur in nature; meteorological,
geochemical and pedological implications. Part 1.
Tellus, 11, No. 4. Part II. Tellus, 12, No. 1.

GrAaBOVsSKY, R. I,, 1951, On chloride concentration
in precipitation and cloud water. Vestnik LGU,
No. 10.

Juxneg, CEr. E., 1957, Chemical analysis of aerosol
particles and of gas traces on the Island of
Hawaii. Tellus, 9, No. 4.

Juxnee, Cur. E., 1963, A4 Chemistry and Radio-
activity. Acad. Press, New York and London.

Mack¥, M., Popzivex, J., and Srimek, L., 1959,
Results of chemical analyses of precipitation
collected on territory of Czechoslovak Republic
in IGY. Geofisikalni sbornik, No. 124.

Mrosg, H., 1961, Ergebnisse von Spurenstoffbe-
stimmungen in Niederschlag. Zeitschr. f. Meteoro-
logte, 15, H. 1-6.

Oppig, B. C. V., 1962, The chemical composition
of precipitation at cloud levels. Quart. Journ.
Roy. Met. Soc., 88, No., 378.

PETRENCHUK, O. P., and SELEZNEVA, E. 8., 1962,
The change of chemical constituent concentration

in precipitation depending on meteorological
conditions. Trudy GGO, 134.

PETRENCHUEK, O. P., and ALExanproV, N. N., 1966,
About the estimate of the cloud particles capture
by the airplane collector. T'rudy GGO, 185.

SeLEzNEVA, E. 8., 1963, The spacious changes of
concentration of condensation nuclei according
to data of horizontal flights over ETU. Trudy
GGO, 141.

SELEZNEVA, E. S., 1964, On distribution of conden-
sation nuclei over the Ukrainian meteorological
ground., Trudy GGO, 154.

SHMETER, S. M., 1952, On content of chloride in
cloud water in connection with fine-scale struc-
ture. Trudy ZAO, 9.

SPENCER, A. T., and Woobcock, A. H., 1963, A
portable flame photometer for analysis of sodium
in individual raindrops. Journal Atm. Sciences,
20, No. 4.

Styro, B. I., 1959, The Problems of Nuclear Meteo-
rology. Vilnius, Iz-vo AN Litovskoj SSR.

TURNER, J. S., 1955, The salinity of rainfall as a
function of drop size. Quart. Journ. Roy. Met.
Soc., 81, No. 349.

O XUMUYECKUX COETMHEHUNAX COIJEPHAIINXCA B BOAE OBJIAKOB

B crarbe paccMOTpEeHBI XUMMYECKUE COeIMHEHNA
cofepxawiinecs B Boxe 06,1aKoB, cOGpaHHO# B
pazauunex obnacrax CCCP. Ha ocHoBauuu ux
a”aausa M AajipHeiflrero o600IMeHNA MOJIyUeHH
IJIaBHEE XAPAKTePHCTUKU XMMHYECKHX MpuMe-
ceif. XoTA MOJTHOE YHUCII0 MOKOB B 00Ja4HOI BORE

MQJIO OTJIMYAETCA OT 4MCJa MOHOB B MOMAEBOI,
XUMUYecKue COeqUHEHUA pas3JIAYHBI. IIOJI?'KHO
OBITH TaKMe OTMeueHO OGonpLIOe BINAHHUE HA
XUMAYeCKe COeJUHEeHHUA B BOJE 061aKkoB npo-
MBIIIIJEHHOT' O 3arpA3HeHNA BO3yXa.
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