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ABSTRACT

Samples of rain water have been collected on days of ice nuclei measurement, which
have been associated concurrently with rain and categorised as high and low ice nuclei
days. The soluble component in the rain water has been analysed for chloride, sulphate,
sodium and calcium. The non-goluble component present has been estimated in terms
of percentage reduction in transmittance of the rain water. Analysis of data has indi-
cated that the chemical state of the air, in so far as its soluble component (hygroscopic
part) is concerned, is not markedly different on the high and low ice nuclei days. The
non-soluble component (non-hygroscopic part) is, however, consistently high on the
high ice nuclei days. The findings point out that the naturalice nuclei are predominantly

of land origin.

1. Introduction

Ice-forming nuclei play an important role in
the release of precipitation from supercooled
clouds by the well known Findeisen—-Bergeron
mechanism. As these nuclei constitute a very
tiny fraction of the particulate matter in the
air, investigations on their source of origin by
the method of direct identification (Isono, 1955;
Kumai & Francis, 1962; Byers, 1965) pose prob-
blems and involve painstaking efforts. Also, the
methods used in some of these studies have not
been free from objection (Mossop, 1963). Studies
made by other means have indicated that the
source of origin of the natural ice-forming nuclei
could be terrestrial (Price & Pales, 1964) and
also extraterrestrial (Maruyama & Kitagawa,
1967). Among the terrestrial sources pointed
out, there is controversy whether it is the land
(Isono et al., 1959) or the sea (Brier & Kline,
1959) which is the source region for the nuclei.
Studies made at Delhi (Ramana Murty et al.,
1967) have indicated that it could be both.
However, more recent investigations (Kapoor
et al., 1969) have suggested that the land is the
dominant source region. The problem is exam-
ined further below in the light of other avail-
able data.

2. Method

In the previous studies reported (Ramana
Murty et al., 1967; Kapoor et al., 1969) daily
measurements have been made concurrently on
the ice-forming and other forms of nuclei
(hygroscopic and non-hygroscopic) by impac-
tion techniques using Millipore filters and cas-
cade impactors respectively, and inferences have
been drawn on the basis that a substantial frac-
tion of the hygroscopic nuclei measured origi-
nates from the sea while the non-hygroscopic
nuclei originate from the land. In the present
investigation, which is limited only to rainy
days, samples of rain water have been collected
on the days of ice nuclei measurement which
have been concurrently associated with rain
and the soluble and the non-soluble components
in the rain water, which respectively reflect the
hygroscopic and the non-hygroscopic nuclei
state of the air, have been studied. The source
of the ice-forming nuclei has been argued on
the basis that (i) the non-soluble component
present in the rain water is from land, (ii) cer-
tain constituents of the soluble components
measured are also from land and (iii) certain
other constituents of the soluble component
measured are from the sea. For purposes of (ii)
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and (iii) it has been considered, though subject
to reservations, that bulk of chloride and so-
dium in rain water is from the sea and that of
sulphate and calcium is from land (Junge, 1963).

3. Measurement

Samples of rain water have been collected at
Poona (18°32" N, 73°51’ E, 559 m A.M.S.L. and
110 km from the coast) on 10 days of nuclei
measurement during one premonsoon and mon-
soon period and on six days of nuclei measure-
ment during one period of rainfall in winter.
The soluble component in the rain water has
been analysed for chloride, sulphate, sodium
and calcium which form its main bulk. The
method followed for the collection of rain water
samples and the techniques adopted for the
chemical analysis are as given before (Khemani
& Ramana Murty, 1968). The non-soluble com-
ponent in the rain water has been estimated
in terms of the percentage reduction in its trans-
mittance. The procedure followed for this pur-
pose has been to measure the transmittance of
the rain water with Bausch & Lomb Color-
imeter, at 500 millimicrons, before and after
passing the rain water through a graded fritted
filter. Grade no. G-5 filter (Jena®® Glaswerk
Schott & Gen., Mainz) whose indicated maxi-
mum pore size is 1.0 to 1.7 microns has been
used for filtration because of the possible reason
that the ice-forming nuclei mainly lie in the size
range 0.2 to 2.0 microns (Bigg, 1960; Georgii &
Kleinjung, 1967). The concentration of the ice-
forming nuclei has been measured by Millipore
filters at —15°C (Bigg et al., 1963).

The time of air sampling for the ice nuclei
measurements was in the afternoon hours and
the duration of sampling was generally for half-
an-hour. Sampling was done from the terrace
of the second floor of the office building which
was reasonably free on the sides. The rain water
samples were collected mostly in the evening
hours when it rained during that period. The
time gap between air sampling and rain water
collection was usually 2-3 hours. The observa-
tional days were classified into two categories,
namely, high and low ice nuclei days, depending
upon whether the concentration of the ice-form-
ing nuclei measured on the day was a few per
cubic metre or a few tens per cubic metre. The
data collected during the premonsoon and mon-
soon and during winter were presented sepa-
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Fig. 1. Concentration of ice nuclei (no./m?3 at — 15°C)
in the air and ionic concentrations (in ppm) in rain
water.

rately as the synoptic situations governing rain
development during the two periods were differ-
ent.

4. Results and analysis
(@) PREMONSOON AND MONSOON

Observations were made during June and
July 1968. The period upto the middle of June
was characterized by premonsoon thundershow-
ers. The rainfall in the latter half of June and
in July was of typical monsoon type, i.e. of
nearly continuous type precipitation. During
the monsoon season (the period June to Sep-
tember is termed as monsoon) strong westerlies
prevail in the lower troposphere and prominent
weather developments take place in the region
when there is a trough of low pressure near the
west coast.

(i) Variation in the concentration of ionic com-
ponents in rain water and ice nuclei in the air

The concentrations (in ppm) of the anions and
cations in the rain water and the concentration
of the ice-forming nuclei (number per m3 at
—15°C) in the air as measured on the rainy days
are shown plotted in Fig. 1. The concentrations
of chloride, sodium and also of calcium varied
on nearly parallel lines, indicating a common
source for these three components. The features
relating to sodium and calcium as observed
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Table 1. Anion and cation concentrations and ionic ratios in rain water (premonsoon and monsoon)

3 __ . Ice
o cl 80, Ca nuelei (no./
Date ci- S04 Na* Catt Na*t Cl- Na*  mdat—15°C)
High ice nucletr days
13.6.68 0.5 1.1 1.0 4.5 0.50 2.20 4.50 23.3
14.6.68 2.2 1.8 6.7 6.3 0.33 0.82 0.94 13.3
5.7.68 0.5 1.0 1.1 1.3 0.45 2.00 1.18 106.7
9.7.68 1.8 1.8 4.8 7.1 0.38 1.00 1.48 46.7
19.7.68 4.0 0.5 8.1 13.5 0.49 0.13 1.67 26.7
Average 1.8 1.2 4.3 6.5 0.43 1.23 1.95 43.3
Low 4ce nuclei days
11.6.68 2.4 0.8 11.5 18.0 0.21 0.33 1.57 6.7
12.6.68 1.4 0.8 4.6 6.8 0.30 0.57 1.48 6.7
18.6.68 0.9 0.5 5.2 12.5 0.17 0.56 2.40 3.3
28.6.68 0.3 0.4 0.7 2.7 0.43 1.33 3.86 3.3
2.7.68 0.5 1.1 0.8 0.9 0.63 2.20 1.13 3.3
Average 1.1 0.7 4.6 8.2 0.35 1.00 2.09 4.7

during this period and also during winter (the
features observed during winter are referred
to later) are in contrast with those observed by
Georgii & Kleinjung (1967) according to whom
calcium and sodium in the total mass of the
aerosols chemically analysed at the Taunus
observatory on Mount Kleiner Feldberg showed
anti-parallel trend. The considerable amounts of
calcium which are noticeable along the coast
(Junge, 1963) perhaps account for the seemingly
observed parallel trend of calcium with chloride
and sodium in a place like Poona which is not
remote from the sea. The sharp rise in the con-
tent of ice nuclei noticed as on 13.6.68 and
5.7.68 occurred when the values of these three
components measured were low or remained
low at their previous values. The progressive
fall in the ice nuclei content noticed towards the
end of the observational period took place when
there was simultaneous rise in the concentration
of these ionic components. These features sug-
gest that the ice nuclei vary either independ-
ently of or sometimes anti-parallel to the varia-
tions in the soluble component of the parti-
culate matter in the air. The correlation coeffi-
cient (r) obtained between the ice nuclei and
each of the ionic components measured is given
below. The correlation coefficients are not sig-
nificant at 10 per cent level.

Ca++

-0.32

Na*
—-0.25

Cl™
r= -0.09

80,
+0.25

If the chloride is considered, as it should be,
to be largely from the sea (the place of observa-
tion is only 110 km from the coast and is
directly under the maritime flow), the observa-
tions suggest that the sea is not the predominant
source of origin of the ice-forming nuclei. Sul-
phate is not closely related with the other three
ionic components (see Fig. 1) suggesting that
its source of origin (sulphate is considered to be
predominantly from land) is independent of the
rest. Note that the correlation with sulphate,
though found to be equally small as with the
other ionic components, is of opposite sign, i.e.
positive, suggesting land influence on the ice
nuclei.

(i) Ionic ratios tn rain water on the high and low
ice nuclet days

Departures of the ionic ratios, chloride to
sodium, sulphate to chloride and calcium to
sodium from the corresponding values for sea
water which are respectively 1.8, 0.14 and 0.04
may be considered as useful index of the land
and the sea influence on the chemical state of
the air in the region (the limitation of such as-
sumption with regard to chloride to sodium was
discussed by Rossby & Egner, 1955). The con-
centrations of the anions and cations and the
values of the ionic ratios are given datewise in
Table 1 for the high and low ice nuclei days
separately which numbered five each. Chloride,
sodium and calcium varied within wide limits—
by one order of magnitude or more as compared
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Fig. 2. Concentration of ice nuclei (no./m?® at — 15°C)
in the air and percentage reduction in transmittance
of rain water.

to sulphate—both on the high and low ice
nuclei days. The values of the ionic ratios which
indicated strong continental influence, though
the place of observation is only 110 km from
the coast, also varied equally widely on both
the categories of days. On the average, the ionic
ratios are about the same irrespective of the ice
nuclei content in the air. The features point out
that the concentration of the ice nuclei is not
closely dependent upon the chemical state of
the air in so far as the soluble component con-
sidered is concerned, be it of land or sea origin.

(iti) Concentration of non-soluble component on
high and low ice nuclei days

If there is no marked difference, as indicated
above, in the constituents of the soluble com-
ponent of the particulate matter in the air on
the two categories of days, the question natu-
rally arises whether there is difference in the
non-soluble component on such days. For this
purpose the concentrations of the suspensoids,
as measured in terms of the percentage reduc-
tion in transmittance of the rain water samples
collected, have been considered and these values
are illustrated in Fig. 2. The observations sug-
gest that the concentration of the non-soluble
component in rain water is markedly high on
the high ice nuclei days. The ice nuclei in the
air showed correlation of +0.96, significant at
1 per cent level, with the non-soluble component
in the rain water. Note the three-fold increase
which occurred in the percentage of reduction
in transmittance on 5.7.1968 as compared to
2.7.1968, when the ice nuclei content increased
by more than an order of magnitude. On the
average, the rain water on the high ice nuclei
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days showed twice as much reduction in trans-
mittance (2.6 per cent) as it was on the low ice
nuclei days (1.25 per cend).

(b) WINTER

Fewer observations were available during
this period. These were made from 11th to 16th
December, 1967 when the region experienced
wet weather under the joint influence of a low
pressure system which had passed from the
west at higher latitudes (western disturbance)
and a depression which had moved from the
east at lower latitudes. The prevailing winds
during winter (December to February) are from
the east.

(i) Variation in the concentration of ionic com-
ponents in rain water and ice nuclei in the air

The values of the anions and cations datewise
together with the daily concentration of the ice
nuclei measured are shown in Fig. 3. The values
of the ionic concentrations varied much less
during this period than during the monsoon.
Chloride, sodium and also calcium varied in a
similar manner as during the monsoon, i.e. on
nearly parallel lines, indicating that these three
have a common source of origin during the
winter period too, when the prevailing wind
direction is easterly as compared to the westerly
during the monsoon. Sulphate varied the least
as during the monsoon. Unlike in monsoon, the
chloride showed association with the ice nuclei
indicating influence of marine nature on the
latter. However, as the air stream in the region
has a longer land history during this period
(the prevailing easterly flow during the winter
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Fig. 3. Concentration of ice nuclei (no./m® at
—15°C) in the air and ionic concentrations (in
ppm) in rain water.
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Table 2. Anion and cation concentations and ionic ratios in rain water (Winter)
[ ] i __ Ice
__ - 80. _ Ca**  nuclei (no./
Date cl- S04 Na*t Cat™* Nat Cl- Nat  m?at—15°C)
High ice nuclet days
13.12.67 1.3 1.8 0.7 1.5 1.86 1.38 2.14 89.0
14.12.67 0.8 1.2 1.2 2.6 0.67 1.50 2.17 53.0
15.12.67 0.5 1.5 0.4 0.3 1.25 3.00 0.75 30.0
16.12.67 0.7 1.2 0.8 1.3 0.88 1.71 1.63 23.3
Average 0.8 1.4 0.8 1.4 1.17 1.90 1.67 48.8
Low ice nuclei days
11.12.67 1.0 1.8 2.7 3.6 0.37 1.80 1.33 3.3
12.12.67 0.6 1.0 0.4 1.0 1.50 1.67 2.50 3.3
Average 0.8 1.4 1.6 2.3 0.94 1.74 1.92 3.3

covers a much longer land path than the prevail-
ing westerly flow during the monsoon) possi-
bility of chloride of continental origin entering
into the rain cycle is not ruled out. The other
three ionic components showed no close asso-
ciation with the ice nuclei as during the mon-
goon. The following are the correlation coeffi-
cients (r) between the ice nuclei and the dif-
ferent ionic components measured.

Ca++

-0.11

Na™*
-0.29

Cl™
+0.62

S0, ~

r= +0.36

The correlation coefficients are not significant
at 10 per cent level. On the whole, there is no
distinct association found between the ice nuclei
and the different constituents of the soluble
component in the rain water.

(ii) Ionic ratios in rain water on the high and low
ice nuclei days

Out of the six observational days available
two were associated with low ice nuclei con-
centration. The ionic concentrations and the
ionic ratios were given in Table 2, for the high
and low ice nuclei days separately.

The values of the cations and anions varied
equally widely on both the categories of days,
though the extent of variation noticed is not as
much as it was during the monsoon. The ionic
ratios also varied equally widely on both the
categories of days. On the average, the ionic
ratios are nearly the same on the high and low
ice nuclei days. Though the number of observa-
tional days available during the period is small,
the available data tend to suggest that the chemi-

cal state of the air on the one category of
days is not markedly different from that on the
other category as far as the soluble component
studied is concerned.

(iii) Non-soluble component in rain water

The percentage reduction observed in the
transmittance of rain water (non-soluble com-
ponent) and ice nuclei content of the air meas-
ured are illustrated datewise in Fig. 4. The
non-goluble component is markedly high on the
high ice nuclei days. The observations showed
a correlation coefficient of +0.95, significant at
1 per cent level. Note the sharp increase (more
than four-fold) which was noticed on 13.12.1967
as compared to the previous day, when the ice
nuclei content rose by more than an order of
magnitude. On the average, the reduction no-
ticed in the transmittance of rain water on the
high ice nuclei days is 2.4 per cent as against
1.0 per cent on the low ice nuclei days.
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T
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Fig. 4. Concentration of ice nuclei (no./m3 at —15°C)
in the air and percentage reduction in transmittance
of rain water.
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5. Discussion

The soluble (hygroscopic) components in rain
water, except for chloride during winter (the
observed parallel trend of chloride with the ice
nuclei during winter does not fit the general
pattern of results), are poorly correlated with the
ice nuclei content in the air. See the values of
the correlation coefficient which are given under
4(a) (i) and 4(b) (i) for monsoon and winter
separately. But, the non-soluble (non-hygroscop-
ic) component in the rain water and the ice
nuclei content in the air are surprisingly very
closely related both during the monsoon and
winter. The same features are reflected when
the data obtained during the two observational
periods are also combined and considered to-
gether, for in that case the correlation coeffi-
cient with respect to the different soluble com-
ponents, namely, chloride, sulphate, sodium
and calcium, works out to be respectively
—0.05, +0.31, —0.03 and — 0.30 not significant
at 10 per cent level, but that with respect to the
non-soluble component works out to be +0.94,
significant at 1 per cent level. Considering that
the non-soluble component of the aerosols is
mainly of land origin, the findings point out
that the predominant source region of the ice-
forming nuclei is the land. Measurements made
recently in England (Stevenson, 1968) have
revealed that a large proportion of the total
number of the ice-forming nuclei in that region
are of continental origin.

The observed marked contrast in the non-
goluble component and the non-contrast in the
soluble component on the two categories of the
nuclei days considered in the present study fur-
ther suggest that (i) a sizable fraction of the
natural ice nuclei containg little hygroscopic
matter, and (ii) the nuclei consist systematically
of non-hygroscopic material. The inference
which is but qualitative in nature is broadly in
agreement with some of the direct measure-
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ments by Byers (1965) according to whom no
hygroscopic material was identified under the
electron microscope in the 36 replicas of the ice
crystals formed in a sampling cold chamber at
—15°C. The majority of the identifiable par-
ticles, assumed to be the ice nuclei in the replicas
examined were found to be clay minerals.

Conclusion

The method of approach, as attempted, ap-
pears to be promising. The study, in suggesting
that the natural ice nuclei are of land origin,
pointed out that the non-soluble component in
rain water could form a useful index of the ice
nuclei content in the air. However, keeping in
view that the concentration of the ice nuclei
could vary sometimes within wide limits in
course of the day and also because the nuclei
concentrations referred to in the study related
only to some half-an-hour period of sampling
in the afternoon hours on the day of rain occur-
rence, it is considered that more data are needed
before the generalization is valid. No attempt
has been made to obtain the actual concentra-
tion and size distribution of the non-soluble
particulates in the rain water and these should
be known through refined techniques of meas-
urement (Kratohvil, 1964). Also, it will be of
added interest if the ice nuclei content of the
rain water itself (Vali, 1968) is simultaneously
investigated, for in that case it would be pos-
gible to obtain a better insight into the ice
nuclei state of the air vis-a-vis the non-soluble
particulates in it.

Acknowledgement

The authors express their deep sense of appre-
ciation to Mr K. V. Rao for going through and
making constructive suggestions in the manu-
script.

REFERENCES

Bigg, E. K. 1960. Summary of measurements of ice
nucleus concentrations. Bull. Obs. Puy De Diéme,
n° 3, 89-98.

Bigg, E. K., Mossop, 8. C., Meade, R. T. & Thorn-
dike, N. S. C. 1963. The measurement of ice
nucleus concentrations by means of millipore
filters. J. Appl. Meteor. 2, 266—269.

Brier, G. W. & Kline, D. B. 1959. Ocean water as a
source of ice nuclei. Sctence 130, 717-718.

Tellus XXII (1970), 2

Byers, H. R. 1965. Identification of ice nuclei in the
atmosphere. Proc. International Conference on
Cloud Physics, May 24—June 1, 1965, Tokyo and
Sapporo, pp. 126-130.

Georgii, H. W. & Kleinjung, E. 1967. Relation be-
tween the chemical Composition of atmospheric
aerosol particles and the concentration of natural
ice nuclei. J. de Recherches Atmospheriques 4,
145-156.



234

Isono, K. 1955. On ice crystal nuclei and other
substances found in snow crystals. J. Meteor. 12,
456-462.

Isono, K., Komabayasi, M. & Ono, A. 1959. The
nature and the origin of ice nuclei in the atmos-
phere. J. Meteor. Soc. Japan 37, 211-233.

Junge, C. E. 1963. Air chemistry and radioactivity.
Academic Press, New York, 311-347.

Kapoor, R. K., Sekhon, R. S., Ramachandra
Murty, A. S. & Ramana Murty, Bh.V. 1969. Ice-
forming nuclei and their dominant source region.
Communicated to J. Meteor. Soc. Japan.

Khemani, L. T. & Ramana Murty, Bh.V. 1968.
Chemical composition of rain water and rain
characteristics at Delhi. Tellus 20, 284-292.

Kratohvil, J. P. 1964. Light scattering. Anal. Chem.
36, 458 R—472 R.

Kumai, M. & Francis, K. E. 1962. Nuclei in snow
and ice crystals on the Greenland ice cap under
naturally and artificially stimulated conditions.
J. Atmos. Sci. 19, 474-481.

Maruyama, H. & Kitagawa, T. 1967. Relation of
meteor stream to natural ice nuclei and precipi-
tation. J. Meteor. Soc. Japan 45, 126-136.

A, S. RAMACHANDRA MURTY AND BH. V. RAMANA MURTY

Mossop, S. C. 1963. Atmospheric ice nuclei. Zeitschr.
Angew. Math. Phys. (ZAMP) 14, 456-486.

Price, S. & Pales, J. C. 1964. Ice nucleus counts and
variations at 3.4 Km and near sea level in Hawaii.
Mon. Wea. Rev 92, 207-221.

Ramana Murty, Bh.V., Roy, A. K. & Kapoor, R. K.
1967. Sources of origin and meteorological Im-
portance of hygroscopic and ice-forming nuclei.
Tellus 19, 136-142.

Rossby, C. G. & Egner, H. 1955. On the chemical
climate and its variation with the atmospheric
circulation pattern. Tellus 7, 118-133.

Stevenson, C. M. 1968. Preliminary results from an
investigation into the source of freezing nuclei.
Proc. International Conference on Cloud Physics,
Aug. 26-30, 1968, Toronto, Canada, pp. 222-226.

Vali, G. 1968. The freezing-nucleus content of preci-
pitation and its relation to the formation of ice in
the clouds. Proc. International Conference on
Cloud Physics, Aug. 26-30, 1968, Toronto, Canada,
pp- 232-237.

NCTOYHUK ITPOMCXOWMIEHUA OBPA3VIOIIUX JEOAHBIE YACTUIILI
ABPO3OJIEN, ITIPEJANOJATAEMBINI UBMEPEHUAMU PACTBOPUMEBIX
U HEPACTBOPUMBIX HOMIIOHEHT JOMIEBON BOJEI

Braun cobpaHsl mpo6H moaeBOl BOXH B JHU
uBMepeHut Afep 3apOMKAEHNA JEXAHHX YaCTHI,
KOTOpHE OBIIM CBA3AHH C HOMAAMH M MOApas-
ZeJIeHBl KaK THU BBHICOKON M HU3KON KOHILIEHTpAa-
LMK 3TUX fAfep. PacTBOpUMEIE KOMIOHEHTH B
TOKIeBoit Bofe OLIIM NIPOAHAMM3MPOBAHH Ha
XJAOPHUAH!, Cyab(arH, Kaluil m Kaabnuit. pu-
CYTCTBME HEPACTBOPUMHX KOMIOHEHT OHIJIO0
OLEHEHO 10 YMEHbIIEHMIO IIPO3PAYHOCTH HOK-
OeBoit BOABI. AHAJM3 JAHHEIX MOKA3aJ, 4YTO XU-

MHYECKOE COCTOfHME BO3NYXa B OTHOLIEHUH
PACTBOPMMBIX KOMIIOHEHT (IUI'POCKOMMYECKAA
4aCTh) He OTJIMYAETCA 3aMETHO JJIA JHe# BHICO-
Kolf 1 HM3KOIl KOHLeHTpaluu Axep. OgHAKO CO-
Oep:aHMe HEePACTBOPUMBIX KOMIIOHEHT (He-
FUTPOCKONMYECKAA 4YaCTh) INOCTOAHHO BbIlle B
IHH BHICOKONM KOHIEHTpAIUM AAep. 9TO YKAa3kl-
BaeT, 4TO AApA 3aAPOMKACHUA JEIAHHX YaCTHIY
NPeMMyIeCTBEHHO MOYBEHHOTO MPOUCXOMIEHNA.
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