
Field measurements of biological ice nuclei 

Dr. Russ Schnell, NOAA Global Monitoring Division, 325 Broadway, Boulder, CO 80305 

A) Measurement of ice nuclei in the field in real time: 1960s and 70s.

In the 1960s Gabor Vali developed a small, 15 lb. highly portable drop freezer using dry 
ice as the coolant that could measure ice nucleation activity of samples 10 minutes 
after set-up in the field (see item 1). Russ Schnell used this apparatus in the field, and 
where electricity was available, adapted this technique to use a small electric cooling 
plate.  By heating samples, the biological component of the ice nucleus activity was 
measurable in the field within minutes of sample collection.   

These systems were used by Schnell (1969-78) to establish the ubiquity of biological ice 
nuclei in plant litter and marine plankton spanning the globe including the Arctic, 
Siberia, Asia, Africa, Central America and the Atlantic Ocean, to name a few (see items 
2-7) .  

To determine the ice nucleus activity of aerosols, Schnell collected samples on 45 mm 
Sartorius hydrophobic filters, mounted these filters on the cold plates, added an array of 
clean water drops and measured the ice nucleus activity of aerosols.  Heating the filters 
removed the biological component of the ice nucleus activity. 

Possible item for section 1.c, History of bioaerosol measurements. 

As an undergraduate student In the 1960s, Schnell worked summers on a hail research 
project in Alberta, Canada. Gabor Vali, who had recently noted that some soil samples 
had active ice nucleation activity, asked him what he thought were the source of hail ice 
nuclei.  Schnell had observed that the hailstorms in Alberta generally started over 
forested and grassland areas devoid of any open soil. He collected living tree leaf and 
grass samples, washed them and tested for ice nucleation activity. There was none of 
note. 

Accidently leaving a wet grass sample in a plastic bag, 10 days later he noticed the the 
water was cloudy. Testing it showed ice nuclei I active at -1.30 C. He showed the data to 
an eminent cloud physicist (not Vali) who stated that the data was probably not good 
and dismissed the observation. Schnell discarded the sample and packed up the 
freezer as it was time to go back to school.  Two years later when Schnell was now a  
graduate student at the University of Wyoming, he tested decaying tree leaves  and 
again found the presence of ice nuclei active at -1.30 C which turned out to be produced 
by P. syringae bacteria which he named Bacteria Derived Nuclei (BDN).  

In associated research, Schnell tested decayed leaf litter from under trees and grasses 
and found high concentrations of stable ice nuclei active at -3.50 C that he named Leaf 



Derived Nuclei (LDN).  Since ice phase precipitation falls over oceans, he tested 
plankton collected in the Atlantic Ocean off Nova Scotia and found high concentrations 
of ice nuclei active at -3.50 C which he labeled Ocean Derived Nuclei (ODN). Later 
research found that cultures of the marine bacteria Cachonina niei produced ice nuclei 
active at -30 C.  

Possible items for section 3.a. Lessons learned 

The identification of P. syringae as an active ice nucleus source could have been 
accomplished 2-3 years earlier had the original sample showing ice nucleus activity at 
-1.30 C being frozen and taken to a microbiologist for analysis.

Similarly, the active ice nuclei in LND were for years thought to be a by-product of BDN. 
More recent research has suggests that one stable ice nucleus in LDN is associated 
with a fungal isolate Mortierella alpina.  We missed this by 40 years by not following up 
on the disconnect  between BDN and LDN stability and initial temperature of the ice 
nucleus activity.  
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University of Wyoming

Laram&, Wyoming 82070

The principle and operation of a simpte drop-freezing
device is described. Such a unit can be effectively used in a
leaching laboratory or as a demonstration apparatus to
illustrate the general features of nucleation phenomena
through. the example of the freezing nucleation of water.

•[Tht apparatus described in this article was first prize
Winner in the 1971 AAPT Apparatus Competition. This
Contribution was in the area of undergraduate tabora
tory—f Iitorj

AAP7’ News

The 1971 AAPT Apparatus Competition

October 1.971

F. F. CHRISTENSEN

Dircrttt. A A PT Apparatus Cornpetit ion

Samt Olaf College

Nortk/i 11, Minnesota 55057

The sixth hieimial apparatus competition was
held during the February meetillg of AAPT and
APS in New York City. The competition was

open to anyone who, in his opinion, had a worth
while contribution to make in the area of labora
tory or lecture apparatus, new or modified.

This year was no exception in that most of the
confrilutors were college teachers. We were, how
ever, encouraged by the increase in entries from
high school teachers and from outside the United

V

I

States. One entry was submitted from Poland,
another from Switzerland, and a third (also a
winner) from Canada.

The AAPT Apparatus Committee is grateful
to all who participated, for your interest in im—
;)roving physics teaching, arid for the support
you gave the committee in this activity.

Of the 57 entries which were received by
I)ecember 1970, 33 were selected for the exhibit
anti competition. This year, as was (lone in 1969,
three prizes and four merit awards were given
without (iesignat.ion of category.

,Judges for the 1971 Competition were
Professor Harold A. I)aw, New i\Iexico

State University,
Professor Wallace A. Hilton, William Jewell

College,
Professor Harry F. Mei;rers, Rensselaer

Polytechnic Institute.

Supercooling of Water and Nucleation of
Ice (Drop freezer)

I

I

SUPERCOOLING OF WATER

Tb e ‘freezing temperatures” of substances are
not equal to their “melting temperatures.”
Fahrenheit in 1724 reported that water can be
supercooled supercoohng and the related plie—
itomenon of supersaturation have since that time
received widespread attention.

The new, more ordered solid phase can only
form from a liquid on germs or embryos of that
solid and these embryonic aggregates have to be
created in the face of an energy barrier, which
results from the large surface to voltime ratios of
small bothies.1 The liquid cams thus exist in its
metastat)le, stipercooled form until a sufficiently
large, stable embryo forms within it.. The forma
tion of such a stable embryo and the consequent
t.raiisformatiorr into solid of t.he entire ho(ly of
liquid is called a nucleation event.

If the liquid is pure, chances are that super—
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(a) (Ii)

Fin. 1. (a) Photograph of the tlisassemhled unit. (b) Photograph of the complete unit with water drops on the cold

stage.

Incoolings of many tens of degrees will he required

before a viable embryo iqpenrs and nueleates the

sample. wTater has been found23 to nucleate

‘‘honvugeneously’’ at appreciable rates only at

temperatures near —40°C. Yet, ice is observed

to form quite commonly at temperatures much

warmer tItan —40°C; icc formation at small

supereoolntg4is due to ‘‘bet erogeneous’’ mwlea—

tion, the auluig of embryo building by impurity

particles in the liquid. Each particle of impurity

is capable of nucleating ice at a different degree

of supercoohng. Broadly speaking, the effective—

ness of a particle depends on its composition and

on its surface structure. Nucleation at very small

supercoolings cuf only a few degrees is known to he

untiated, for example, by silver iodide and by

some organic substances.

NUCLEATION EXPERIMENTS

Both homogeneous and heterogeneous nuelea—
tion can best he studied by breaking up the
liquid into numerous small drops. If nucleation
is homogenemas, all of the drops will freeze at
very closely the same temperature; if Ott the
other hand the nucleation is heterogeneous there
may lie differences of up to tens of degrees he—

tween the freezing temperatures of the different
drops. rile reason for tIns is that each drop
freezes at the nucleation temperature of the
most active impurity it happens to eontam. The
allocation (if impurities into the various drops is

a random woeess and therefore, when tut experi

ment is performed with many drops from the

same sample, the drops can be observed to all

nucleate at different temperatures. From such

observations one can determine clu antitat ively

tlte concentrations of impuntv nuclei of different

activities in the sample.4—7

DROP-FREEZING APPARATUS

TIm most convenient way to study the heter

ogeneous nucleation of water drops is to place the

drops on an inert supporting surface and cool

them at a relatively slow rate that allows ob

servation of the freezing temperature of each of

the clrcups. A simple and inexpensive drop—freezing

device is shown lit Fig. 1. The supporting surface

for the drops is a heavy copper plate, which

thoroughly cleaned and coated with a solid

silicone film each time a new set of drops is tested.

The drops are placed on this surface using a

hypodermic syringe and needle. The copper plate
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coolings of many tens of degrees will be required

before a viable embryo appears and nucleates the

sample. Water has been found28 to nucleate

“homogeneously’’ at appreciable rates only at

temperatures near —40°C. Yet, ice is observed

to form quite commoiily at temperatures much

warmer than —40°C; ice formation at small

supercooling4is due to ‘‘heterogeneous’’ nuclea

tion, the aiding of embryo building by impurity

particles iii the liquid. Each particle of impurity

is capable of nucleating ice at a different degree

of supercoohng. Broadly speaking, the effective

ness of a particle depends on its composition and

on its surface structure. Nucleation at very small

supercoohngs of only a few degrees is known to he

initiated, for example, by silver iodide and by

some organic substances.

Both homogeneous arid heterogeneous nuclea

tion can best he studied by breaking up the

liquid into numerous small drops. If nucleation

is homogeneous, all of the drops will freeze at

very closely the same temperature; if on the

other hand the nucleation is heterogeneous there

may he differences of up to tens of degrees he-

tween the freezing temperatures of the different

drops. The reason for this is tbat each drop

freezes at the nucleation temperature of the

most active impurity it happens to contain. The

allocation of impurities into tlìe various drops is

a random process and therefore, when an experi

nwnt is pcrforme(l with mar13’ drops from the

same sample, the drops can be observed to all

nucleate at different temperatures. From such

observations one can deternmie quantitatively

the concentrations of impurity nuclei of different

activities in the sample.4—7

DROP-FREEZING APPARATUS

The most convement way to study the heter

ogeneous nucleation of water drops is to place the

drops on an inert supporting surface and cool

them at a relatively slow rate that allows ob

servation of the freezing temperature of each of

the drops. A simple and inexpensive drop_freezm

device is shown in Fig. 1. The supporting surface

for the drops is a heavy copper plate, which is

thoroughly cleaned mmd coated with a solid

silicone film each thne a new set of drops is tested.

The drops are placed on tlus surface using a

hypodermic syringe and needle. The copper plate

1yith the drops is placed on a ptidestal, wlach is

cooled at its lower end by dry we. A cover is

placed over the assembly to keep off undue air

circulation arid to minimize the amount of con—

densat ion from the surroundings onto the cold

surfaces. A probe (a bimetallic dial thermometer)

is inserted in the copper plate to provide tem

perature readings. A slanted nurror over the

trantarerit cover allows the drops arid the
temperature dial to be conveniently observed

from one position. For the unit shown irs Fig. 1,

the diameter of the copper plate is 10 cm, hut

smaller as well as larger dimensions could also

be ehown. In the construction of the pedestal,

the masses and the heat eonrluetivities of the

various pieces were chosen to provide a rate of

cooling which is approximately 3°- 5°/mi at

0°C tapering off to approximately 1°/ruin at

—25°C. These cooling rates were found to mdlow
observations to be made with relative ease
without an unduly long total time for art cx—
penmen i.

The freezing of the drops can readily be rle—
tected visually as the nucleated drops change
abruptly from clear to opaque. A fraction of the
drop’s I otal volume solidifies instantaneously,

following which solidification is completed as
heat is conducted away from the dlrop. The
opaqueness of the drops is due to tile formation
of aft bubbles within the drops as the (lissolved
air is excluded from the ice, and slice the slower
freezing drops, at warmer temperatures, trap
less of the excluded air, they tend to be a little
more transparent than the drops freezing at

?older temperatures. The formation of ice can,
in all eases, be unambiguously detected. An ex
ample of what an array of drops may look like
when soIne are frozen arid some are still liquid
in shown in Fig. 2.

During the course of an experiment, the freez
ing tempertitures of the drops are recorded as
they occur. It is helpful to record these tempera

J tures in the same geometric pattern as the drops
are placid on the cooling stage so that at any

E
time a quick reference is available on which of
the freezing events have already been noted.

A most convincing method for comparisons of
ereat samples of water is to cool simultarie

two groups of drops on the plate, one group
-45 each of the samples to be tested. Differences

in freezing temperatures become quite apparent
in such an experiment.

In addition to the basic types of experiments
desenbed above, several other observations can
be made. In order to slims that the apparently
random sequence of nuclea.t ion events among the
drops is in fact determined by the invisible im
purities contained in tile drops, sets of drops
may be melted and refrozen several times in
succession. The freezing temperatures for each
drop will he found to repeat themselves with
very little variation. At the end of a freezing cx—
periment the drops on the phite may he allowed
to warm up slowly and it emui be then confirmed
that all drops melt at the same temperature,
0°C, independently of their nucleation tempera

tures.

ANALYSIS

The most readily dledluced measure of the
“freezibility” of a saniple of water is the average
freezing temperature for a set of drops taken
from that samnple. Tile average freezing tempera

ture is a relative measure of the nucleus content;
the average freezing temperature (lepends on the
volumues of the water drops as well as on the
amounts of impurities in the water. Smaller drops
have colder average freezing temperatures than

larger drops taken from the same sample.
More complete representations of the experi

FOAM BOX

\
PEOESTAL

j

COVER WITH
COLO PLATE THERMOMETER

MIRROR

(a) ( h)

Fru. 1. (a) Photograph of the disassembled unit. (b) Photograph of the complete nait with water drops on the cold

stage.

Fro. 2. Typical appearance of the cold stage during an
experunent. Some of the drops are still unfrozen (clear)
while others are already frozen (white).

NUCLEATION EXPERIMENTS
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mental results can he given by the drawing of

histograms showing the frequencies of freezing

events in different temperature intervals. In

connection with these histograms, other measures

such as the mode, quartiles, or the temperatures

at which 10% and 90% of the drops are frozen

could also he used.
The most complete descriptions of nucleus

content can he given in terms of the so—called

differential and cumulative nucleus spectra.

These are representations of the concentrations

of nuclei per unit volume as functions of tern—

perature and can be readily calculated from the

observed freezing temperatures.7

APPLICATIONS

Using the simple device and the techniques de

scribed above it is possible to perform large

varieties of experiments. For example, the samples

to be analyzed could come from diverse sources:

distilled water, rain water, snow, melted polar ice,

and many other sources. A large group of experi

ments can be performed by adding different sub

stances to distilled water. Tiny amounts, only a

few parts per million, of substances such as silver

iodide or of humus, for example, can raise the

freezing temperatures of drops from — 20°C to

as warm as —4° to —8°C. Experiments can be

performed to show that the addition of a solute

to a sample depresses the nucleat ion temperature

by approximately the same amount as the melt-

big point is rlepressed. The lack of a mechanical

effect on nucleation can he shown by tapping the

stage with the supercooled drops on it or by the

addition of acoustic waves generated in the

vicinity of the drops.
The experimental apparatus can readily be

embellished with more sophisticated temperature

sensing and data handling systems. The whole

gamut of temperature probes and displays can

he called into use and recording systems from

simple homemade paper tape devices to chart

recorders and to photographic time lapse systems

can be utilized. Automatic detection of the freez

ing of the drops is also possible but is probably

riot warranted for a teaching laboratory or

demonstration experiment. The simplicity of the

device as shown in Fig. 1 is probably one of its

merits and should perhaps riot he given up easily
in favor of complexities.

IMPLICATIONS

Water in its many forms constitutes a majo1
factor in our environment arid in our lives. Some
very spectacular phenomena are related to the
phase transformations of water: the formatioi1
of clouds in the atmosphere, the initiation of
precipitation within these clouds, the steam
engine, cloud arid bubble chambers used in atomic
physics research, and so many more. Nucleation
events initiating these phase transformations are
therefore important as well as intriguing prob
lems. The drop freezing experiments provide a
readily available and easily comprehended ex
ample of such nucleation phenomena. The main
features of all nucleation phenomena are present
in these experiments: The metastable supcrcooled
state of water can be observed; the prohablistic

nature of the nucleation process can be ‘lemon
strated; and the influence of foreign materials on
the nucleation temperatures can be made evident.
The knowledge gained from these experiments

can be used beneficially in discussing such diverse
topics as cloud and bubble chambers, atmospheric

clouds and precipitation processes, weather modi

fication theories, arid the survival of insects and

plants at cold temperatures.
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S H O R T E R  CONTRIBUTION 

Freezing nuclei in marine waters 

By R. C. SCHNELL’ and G. VALI, Department of Atmospheric Resources, 
University of Wyoming, Laramie, Wyoming, USA 82070 

(Manuscript received May 20, 1974) 

1. Introduction 

Inorganic soil materials (Isono et al., 1959; 
Mason, 1960) and extraterrestrial meteoritic 
particles (Bowen, 1956; Bigg, 1963) have been 
suggested as possible sources of atmospheric 
ice nuclei which play important roles in the 
production of precipitation. Recently, de- 
composition products of terrestrial vegetation 
(Schnell & Vali, 1972) have been shown to be 
good ice nucleators and these sources were 
found to be world-wide (Schnell & Vali, 1973) 
w’it’h the abundance of tk;e nuclei dependent 
upon locd climaie. 

As an extension of the research on the land 
sources of nuclei, it seemed desirable to examine 
whdtiher sources of nuclei might also exist in 
the oceans. Samples of surface seawater were 
collected in the Pacific Ocean off Vancouver, 
B.C., Canada (January) and Funtington Beach, 
Califol‘nia, USA (June); in the Caribbean off 
Nassau, Bahamas (April) and in the Atlantic a t  
Bedford, Nova Scotia, Canada (May). The freez- 
ing nucleus contents (drop freezing technique) 
of the samples were determined within two 
hours to three days of sample cbllectioh follow- 
ing the technique given by Vali (1971). 

2. Results 

From the results shown in Fig. 1 it may be 
seen that the Bedford samples (curve 4) exhibi- 
ted considerably greater freezing nucleus con- 
centrations than seawater from the other areas 
(curves 1, 2, 3):Beford B&in had experienced 
a “bloom period” of phytoplankton growth just 

* Current affiliation, Advanced Study Program, 
National Center for Atmospheric Research, Boulder, 
Colorado, 80303. 

Tellus XXVII (1975), 3 

prior to sample collection so the possibility 
suggested itself that the high concentration of 
nuclei might be related to this fact .  

Masses of plankton and associated detritus 
were sieved from the top two feet of the ocean 
surface a t  Bedford. Sieving was done with ship- 
towed 20 pm plankton nets which were allowed 
to saturate so that even the smallest particles 
would collect on them. Analysis showed that 
95% (by mass) of the captured material was 
phytoplankton and 5 % zooplankton. No accur- 
ate measurements were mad0 of the amount of 
organic debris in the sQmples though it appeared 
from microscopic examination that this mass 
was greater than the liviieg component. A por- 
tion of the moist captured material was pre- 
pared for freezing nucleus measurements (with- 
in two hours of collection) by reinserting one 
gram of material into 100 g of the original sea- 
water (i.e., seawater shown in curve 4). The 
mixture was agitated, allowed to settle for five 
minutes and then filtered through coarse paper. 
The turbid filtrate was tested for freezing 
nucleua.content and yielded curve 5 in Fig. 1. 
The difference between curves 4 and 5 (ratio 
of 10a in concentration a t  -10°C) shows that 
there indeed are nuclei associated with the 
plankton matter and suggests that the original 
activity in this seawater sample was also due 
to the presence of plankton matter. These 
nuclei are referred to in the following as ocean- 
derived nuclei (ODN). 

Seawater has a melting point depression of 
2°C due to dissolved salts. The inherent nucleat- 
ing ability of the plankton material can be 
better evaluated by suspending the sample in 
distilled water-one gram of plankton matter in 
100 g of distilled water yielded the spectrum 
given by curve 6 in Fig. 1 (the concentration 
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OCEAN DERIVED NUCLEI (ODN) 

CONCENTRATE I N  DW 

I l l l l l l l l l l l l l  
-28 -24 -20 -16 -12 -8 -4 

TEMPERATURE (C) 

Pig. 1. Freezing nucleus spectra of ssawater of low 
activity (curves 1, 2 and 3) and high activity (curve 
4). Activity of plankton concentrate from Bedford 
Basin is given by curves 5 and 6. 

here is expressed per unit mass of solid matter). 
It may be seen that one gram of Bedford Basin 
sievings contained nuclei active even a t  - 3.5"C, 
and l o 7  nuclei per gram were active at - 10°C. 

The seawater samples were kept at room 
temperature for seven months and their freezing 
nucleus contents were measured periodically. 
Within three weeks the concentration in the 
Bedford sample (curve 4) had deteriorated to 
1 yo of its former value, and after seven months, 
this sample had a nucleus spectrum similar to 
the low-ODN samples (curves 1, 2, and 3) 
which showed no change at  all over the same 
psriod. A portion of the Bedford sample was 
stored frozen over the same period; there was 
no loss of freezing nucleus activity in this 
sample. Tests have shown the ODN to be less 
than 1 pm in diameter (membrane filtration), 
susceptible to heat (destroyed at  95°C) and 

easily aerosolized and recovered with nucleation 
activity intact. These characteristics of ODN 
are similar to those for leaf -derived nuclei 
(LDN) (Schnell & Vali, 1972 and 1973). 

3. Discussion and conclusions 

The transfer of material from the oceans to  
the atmosphere is well documented. Specifically 
for organic matter, Blanchard (1964) found that 
bubbles bursting a t  a water surface could eject 
high concentrations of organic material into 
the atmosphere. Goetz (1965) captured sub- 
micron-sized organic particles emanating from 
oceanic areas. ZoBell & Matthews (1936) and 
Stevenson & Collier (1962) showed that air 
above oceans contained numerous micro- 
organisms indigenous to marine waters. Re- 
search into the source of organic compounds 
found in snow and rain falling in New Zealand 
(Wilson, 1959) and in Sweden (Newman et  al., 
1959) suggested a marine source for the materi- 
als. 

Atmospheric ice nuclei measurements over 
the southern seas were reported by Bigg (1973) 
for a three-year period. His data showed the 
presence of bands of high concentrations of air- 
borne ice nuclei along latitudes 40" and 55"s;  
these bands coincide with zones of the highest 
primary marine production in the world (Fair- 
bridge, 1966). This correlation supports (al- 
though does not uniquely prove) our suggestion. 

In summary, the evidence indicates that  
oceans harbor, in association with phyto- 
plankton, copious numbers of active freezing 
nuclei. These nuclei may contribute strongly to 
the local concentrations of atmospheric ice 
nuclei in regions of high primary oceanic 
productivity and may also add to the general 
global background of ice nuclei. 
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ABSTRACT

Ice nuclei were measured in seawater, fog water and the free atmosphere from 28 July to 11 August
during the 1975 Hayes Fog Cruise off the east coast of Nova Scotia, Canada. Some seawater samples were
found to contain ice nuclei active at —4 to —5°C, although the majority of seawater samples contained no
nuclei active at temperatures warmer than — 14°C. Half of the fog water samples contained ice nuclei active
at temperatures warmer than —10°C; some nuclei were active at —2°C. Atmospheric ice nucleus concen
trations varied from 1.1 to 580 nuclei m3 active at — 15°C. Some bacteria isolated from fog water were
observed to initiate ice at — 1.5°C. High concentrations of active ice nuclei in seawaters and fog waters
were associated with high concentrations of biological materials in the same samples.

I. Introduction

Atmospheric ice nuclei (ATN) play an important role
in the initiation of much of the precipitation that falls
on the earth’s surface. The sources for these rare yet
pivotal particles have most often been thought to be soil
particles or extraterrestrial meteoritic materials (Isono
el ai., 1959; Kumai, 1961; Bowen, 1956). More recently,
Schnell and Vail (1972, 1973, 1976) have presented
evidence that decayed litters from terrestrial plants re
lease copious amounts of ice nuclei (IN) in concentra
tions of up to 10 nuclei per gram of leaf litter active at
— 10°C, and that some litters exhibit IN activity at
—4°C. These nuclei are called leaf-derived nuclei
(LDN).

Another source of very active IN has been observed
to be a function of the intact bodies of a very few species
of terrestrial bacteria. Specifically, Pseudomonas syrin
gae, Fseudomonasftuorescens and Erwinia herbicola have
been observed to initiate ice in supercooled water at
temperatures warmer than —3°C; some nucleation
events have been observed at —1.3°C (Maki et at.,
1974; Lindow et at., 1975; VaIl et at., 1976). These
nuclei are called bacteria-derived nuclei (BDN).

Within the marine environment, a prolific source of
IN has been observed in close association with marine
waters of high primary productivity (Schnell and Vail,
1974). For instance, waters off Bedford, Nova Scotia,
produced IN active at — 8°C in concentrations of up to
102 nuclei active at — 10°C per gram of seawater.
Marine waters of low primary productivity were ob
served to contain few IN. In keeping with earlier nomen
clature, these nuclei are called ocean-derived nuclei
(ODN). ODN have been successfully grown in vitro in

concentrations of up to 106 nuclei active at — 10°C per
gram of plankton with some first ice embryos detectable
at —3°C (Schnell, 1975). More recently, a marine bac
terium living in close association with phytoplankton
has been observed to be an active ice nucleant at temp
eratures approaching —1°C (Schnell, unpublished to
date). The bursting bubble phenomenon (Blanchard,
1964, 1970) could be a method for ODN transfer from
the oceans to the atmosphere.

On the basis of this information, shipboard measure
ments were conducted during the USNS Hayes 1975
fog Cruise (28 July—11 August, 1975) to monitor the
presence of IN in seawater, in air above the water and
in marine fog water encountered during a trip that criss
crossed an area approximately bounded by 43°N, 66°W;
45°N, 59°W; 43°N, 62°W; 41°N, 66°W which is off the
east coast of Nova Scotia, Canada. The research pro
cedures utilized to conduct the IN measurements, the
data gathered, and an analysis of the results form the
body of this paper. All times referenced are Atlantic
Daylight Saving Time (ADST).

On board the Hayes were 24 scientists from across the
United States, each measuring some parameter of the
ocean and/or the lower atmosphere that might bear
upon fog formation. For instance, measurements of sea
temperature, air temperature, cloud condensation
nuclei, radon gas, air conductivity, sea surface chemis
try, aerosol concentration and air microbiology were
conducted throughout the cruise. During fog episodes
measuremdnts of fog droplet spectra, visibility, fog
water chemistry, fog microbiology, etc., were conducted
in addition to the regular measurements. Taken to
gether, these measurements form a body of knowledge
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on factors involved in marine fog formation, the extent
of which has probably never been attained previously.

2. Sample collections

a. Seawater samptes

Seawater was collected off the starboard side and
stern of the ship by dipping a rope-lowered plastic
bucket into the top half meter of the sea surface or by
bottle collections at 1—3 m depths.

b. Fog water samptes

Fog water samples were obtained from a centrifugal
collecting device at a point high above the deck near the
bow of the Hayes or from a nylon mesh bow kite. Con
trol washes and IN spectra comparisons of samples col
lected by the two techniques indicated that there was
no contamination in samples collected by the centrifugal
system and only slight residual contamination from the
bow kite, the latter being considered insignificant. Be
cause of the one-man operation of IN measurements,
fogs occurring between 2400 and 0800 were generally not
tested for IN content.

c. Atmospheric particutates

Membrane filters (Miflipore 0.45 j.tm, 4.7 cm diam
eter) were exposed in pairs from a forward position on
the uppermost deck of the Hayes. Air was drawn
through a coiled plastic hose (2 m length, 2 cm diam
eter) into a bifurcated chamber where the membrane
filters (in their plastic holders) were mounted. This
sampting arrangement allowed spray, rain and fog drop
lets to fall out prior to passage of air through the filters.
A constant airflow of 350 h’ was maintained through
each filter for periods ranging from 2 to 12 hr Un
doubtedly, some very small particles were lost by duffu
sion while passing through this system.

Measurements of possible contamination by exhaust
plumes from the ship’s galley and engines were con
ducted by purposely exposing filters to the effluent
streams. No IN from either source were observed. In
order to produce field-exposed control filters, no air was
drawn through every tenth pair of filters mounted on
the sampling apparatus. These filters were later pro
cesed to obtain a mean IN background count, which
subsequently was subtracted from each observed count
to obtain a true count. for data presented in this report,
a background correction of 10 IN per filter active at
—15°C was used.

3. Ice nucleus measurements

a. Drop freezing technique

It has been shown by Vail (1971a) that the concentra
tions of suspended ice nuclei in samples of water can be
determined quantitatively by using the drop freezing

technique. This technique involves placing equal-sized
drops on a thermally controlled surface (cold stage) and
monitoring the freezing of the drops as the temperature
of the sample is gradually lowered. Nucleus spectra can
be constructed from the observed freezing tempera
tures of the drops. The particular cold stage for these
experiments consisted of a copper fin and plate arrange
ment immersed in crushed dry ice (Vail, 197th). During
cooling of the cold stage, freezing events were detected
visually as the drops changed from clear to opaque upon
freezing. To characterize the nucleating ability of a sam
ple, the freezing point temperatures (T1, T10, T0 and
T100) were noted for the first drop and for 10%, 90%
and 100% of 30 drops in a test, for the drop sizes used,
T1, T10, T90 and T100 correspond to nucleus concentra
dons of 0.82, 8.7, 192 and 383 cm, respectively. For
purposes of this paper, the ice forming nuclei measured
by the drop freezing technique (variously called freezing
nuclei or immersion freezing nuclei) and the ice nuclei
measured by the filter membrane technique (variously
called deposition nuclei or contact-followed-by-freezing
nuclei) are all referred to as ice nuclei.

b. Membrane filter technique

The membrane filter technique is used to measure IN
in the deposition mode utilizing a thermal diffusion
chamber. Deposition ice nucleation occurs when ice
forms on a nucleus by direct transfer of water vapor
onto that nucleus. This process can occur below, at, or
above water saturation, but only at or above ice satura
tion at any particular temperature.

The static thermal diffusion chamber is a widespread
laboratory device used to measure deposition nucleation
(Bigg et at., 1963; Gágin and Aroyo, 1969). The dy
namic thermal diffusion chamber utilized in this study
was as described by Langer and Rodgers (1975) except
for one modification: three thermally controlled ice-
covered plates were substituted for the ice cubes to
supply water vapor to the nuclei.

To calibrate the system at water saturation, or pos
sibly slight supersaturation, the filter substrate and ice
temperatures were adjusted so that a fog, and eventu
ally droplets, appeared on the aluminum foil placed in
the processing chamber. further evidence of proper
vapor control was seen when water depleted “halos”
formed around growing ice crystals on the filters being
processed. Observed ice crystal counts on the exposed
filters varied from 11 to 432. In this study, all data pre
sented are for the filters processed at — 15°C with each
filter corrected for hygroscopic nucleus competition
(i.e., volume effects) by use of a correction curve similar
to that derived by Mossop and Thorndike (1966). This
correction curve may have limited validity for data pre
sented in this study due to differences in air masses en
countered during the cruise. It should be noted at this
point that there exist unanswered questions in general
regarding the validity of the membrane filter technique
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for detecting atmospheric ice nuclei within marine en
vironments rich in hygroscopic nuclei, especially for the
larger than normal volumes of air sampled in this study.
Thus to test the effect of hygroscopic nuclei on the acti
vation of associated ice nuclei, the second filter in each
duplicate set was processed in the University of Wyom
ing static thermal diffusion chamber (Hufiman and
Vail, 1973) or a commercial version of the static diffu
sion chamber described by Gagin and Aroyo (1969).
Both of these chambers were calibrated to operate at
— 15°C and nominal water saturation.

The results of these comparison tests showed that the
dynamic diffusion chamber activated 1.2—1.8 orders of
magnitude more ice nuclei on the duplicate filters than
did either static diffusion chamber. This indicates that
the moisture supply under static conditions (all other
factors assumed to be equal) may be somewhat inade
quate at a filter surface both to overcome -the effect of
hygroscopic particles and activate all of the potential
ice nuclei. Further evidence supporting the argument
that the dynamic diffusion chamber overcomes the
moisture supply problem comes by way of fig. 6, where
it may be seen that ice nucleus concentrations varied
independently of air volume sampled.

It is not within the scope of this paper to suggest that
the atmospheric IN concentrations depicted in Fig. 6
are absolute, rather that the measurements should be
viewed as being relative until questions surrounding the
membrane filter technique of measuring IN in a marine
environment can be fully answered.

4. Results

a. Ice nuclei in seawalers

Representative spectra for all the seawater samples
tested are shown in fig. 1. from Fig. 1 it may be seen
that a large majority of the seawater samples contained
IN inactive at temperatures warmer than —14°C. Five
seawater samples contained IN active at temperatures
warmer than — 10°C, including the phenomenally active
spectrum designated 1 (collected at 0900 ADST 8
August) which contained freezing nuclei active at —4°C,
This spectrum represents the most active sample I have
ever collected from ambient seawater. Spectrum 5, col
lected at 2300 ADST 4 August, is anomalous in that its
very shallow slope indicates that the sample contained
many IN active at warmer temperatures and relatively
few IN active at colder temperatures. Repeat tests of
this sample produced similar results.

b. Ice nuclei infog waters

Representative spectra for all of the fog waters tested
are shown in Fig. 2. This figure shows that fogs gener
ally contained more IN per unit volume of water than
did seawaters and that the most active fog water tested
was collected at 0845 ADST 8 August just 15 mm prior
to collection of the most active seawater sample (fig. 1).
The fog waters collected between 0600 and 0930 ADST

6 August also exhibited consistently high IN concen
trations. These spectra represent what I believe to be
the first published data on IN concentrations in marine
fog waters at sea. In keeping with the earlier nomen
clature applied to biogenic ice nuclei, the name given
nuclei present in fog water is fog-derived nuclei (FDN).

c. Relationships between freezing nuclei in seawaters and
fog waters

During periods of fog water collection, attempts were
made simultaneously to collect seawaters in order that
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FIG. 1. freezing nucleus spectra of seawater samples tested on-
board the USNS Hayes. Collection times for the numbered samples
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2300/4/8. All other samples exhibited ice nucleation activity be
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seawater. This correction moves the relevant spectra
2°C to the right on the abscissas of Fig. 3.

d. Ice nucleus activity tosses

It is known from previous work that ODN in sea
water are subject to activity losses during short periods
of storage. The results of tests designed to monitor
changes in IN activity of ODN and FDN collected on
this cruise are shown in fig. 4. From this, it can be seen
that both ODN and FDN lost activity rapidly when
stored at ambient ship temperature (in this particular
case, storage was in 10 cm3 syringes). Storage of samples
in 100 cm3 and 1000 cm3 volumes under anaerobic and
aerobic conditions produced similar results.

e. Ice nucteus activity offog-derived bacteria

Bacteria were isolated from some fog waters and cul
tured on board the ship by other members of the Hayes
scientific crew. These cultures were then removed from
the nutrient media upon which they grew by gently
washing the agar plates with clean distilled water. The
IN activity imparted to the distilled water is shown in
Fig. 5, from which it can be seen that IN activity was
observed at —1.5°C in water suspensions of both salt-
requiring and non-salt-requiring bacteria species. It is
interesting to note that low IN activity was also ex
hibited by other cultures of bacteria with the same salt
requirements. Studies on the bacteria are continuing.

f. Atmospheric ice nucleus concentrations

AIN concentrations measured during the cruise are
shown in fig. 6. from fig. 6 it can be seen that these
concentrations varied between a high of 580 m3 (filter
12) to lows of 1.1 m3 (filters 21 and 36).4 0 fig. 6 also indicates that there is no direct relation
ship between fogs and the presence or absence of AIN,
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associated fog waters. Gtaph A shows cases where seawater and
fog water spectra are similar and graph B shows cases where
spectra are opposites. The seawater spectra shown in this figure
have been corrected for a 2°C melting point depression.

comparisons could be made between fog water and sea
water IN spectra from similar locations. It was observed
that on some occasions IN concentrations in fog water
mirrored IN concentrations in seawaters immediately
beneath the fogs. As fig. 3a indicates, this coincidence
was observed for both high concentration (8 August)
and low concentration (31 July) cases. On the other
hand, Fig. 3b shows that there were cases where fog
water contained considerably more IN than the associ
ated seawater (6 August) and where fog water contained
fewer IN than the associated seawater (2 August). The
remaining fog water-seawater spectra pairs exhibited
relationships that covered the full range from mirror im
ages to opposites. It should be noted that all spectra for
seawaters shown in Fig. 3 have been corrected for a 2°C
melting point depression induced by salts inherent in
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Fec. 5. Freezing nucleus activity produced by bacteria isolated
from marine fog water and grown on nutrient agar.

but that most low AIN concentrations (with two not
able exceptions, filters 18 and 21) are associated with
periods of fog. There also does not appear to be any
strong relationship between the presence of IN in sea-
waters and/or fog waters and atmospheric IN concen
trations (cf. data shown in figs. 1 and 2 with data
shown in fig. 6).

g. Infrared reflectance measurements
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of IN also contained the highest biological (glycopro
tein) content found on the cruise.

Similarly, cloud water collected from the Denver Re
search Institute cloud chamber, in which the cloud drop
lets had formed on natural aerosols, exhibited a one to
one correlation between high IN concentration and
high biological content on one hand (Fig. 7, Curve 1)
and between low IN concentrations and low biological
content (fig. 7, Curve 2) on the other (ibid). This sug
gests that some fraction of the IN observed on this
cruise may either act as condensation nuclei to form
cloud droplets, or be closely associated with the particles
that do act as cloud condensation nuclei, and that some
of these aerosol particles contain appreciable amounts
of biologically derived organic material.

5. Discussion and summary

At the outset of this research project, it was hoped
that a clear picture of the source of the AIN observed
during the Hayes cruise would emerge. This did not
come about. Instead, a pattern of IN concentrations in
seawater, fog water and air, appearing to vary quite in
dependently of each other, was observed. To confuse the
issue, it is known from radon gas measurements con
ducted during the cruise that the ship was in three con
tinental air masses over the two-week cruise period;
AIN, ODN and FDN concentrations did not follow
any obvious trend related to radon concentrations.

Since the ship was in constant motion relative to the
atmosphere and sea, which in turn were in constant
motion relative to each other, the possibility of unam
biguously pinpointing a single IN source is remote. At
tempts were made to relate AIN and FDN concentra
tions to ODN source regions measured in the sea taking
into account air mass trajectories and ship positions.
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Infrared reflectance analyses on seawater and fog
water sampLes were conducted throughout the trip
(Baler, 1976). Many of these samples were duplicates of
samples tested for IN content. It was interesting to
note that samples containing the highest concentrations
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Fic. 6. Atmospheric ice nucleus concentrations over the period 30 July—tO August as measured by the membrane fitter technique.
The IN concentrations are plotted at the middle of the time period over which the filters were exposed. All filters were processed at
— 15°C and water saturation.
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f1c. 7. freezing nucleus spectra of cloud water collected from
the Denver Research Institute cloud chamber operated onboard
the USNS Hayes. Sample I contained high concentrations of bio
logical material, whereas sample 2 contained low concentrations
as tested by the Caispan infrared reflectance 5ystem (Baier, 1976).

The results were discouraging other than for the rela
tionships shown in Fig. 3a.

Thus until more data on the other atmospheric and
oceanic parameters measured on the cruise become avail
able for comparison and study, it is possible only to
state in general terms that the ice nucleus measurements
taken onboard the Hayes appear to be sound and re
producible) that both land and sea could have contrib
uted to the IN concentrations observed, and that many
if not most of the IN observed may have been of bio
logical origin or contain biological material, living and
dead.

Specific results are as follows:

1) About 17% of the seawater samples tested (5 out
of 29) contained freezing nuclei active at temperatures
warmer than —10°C, including some nuclei active at
—4°C.

2) About 58% of the fog water samples tested (7 out
of 12) contained freezing nuclei active at temperatures
warmer than —10°C, including some nuclei active at
—2°C.

3) In some cases high freezing nulceus con’centrations
in seawater were mirrored by high freezing nucleus
concentrations in associated fog waters, and in some
cases they were not. Also, there were cases where fog
waters contained high concentrations of ice nuclei, and
associated seawaters were devoid of any active freezing
nuclei.

4) Storage of active ODN and FDN at ambient room
temperature, under both aerobic and anaerobic condi
tions and in volumes from 10 to 1000 cm3, induced rapid
losses of freezing nucleus activity in the samples.

5) Measurements of AIN exhibited a wide range of
concentrations from 580 down to 1.1 nuclei m3 with

considerable variation over the space of a few hours.
With one exception, the lwest atmospheric ice nucleus
concentrations were observed for measurements within
or predominantly within fogs. No firm correlation was
noted between the presence of freezing nuclei in sea-
waters and fog waters on one hand, and atmospheric ice
nucleus concentrations on the other.

6) Some bacteria isolated from fog waters were ob
served to initiate ice at temperatures warmer than
—2°C. Other bacteria, similarly isolated, were observed
to be very poor ièe nucleators.

7) All the seawater, fog water and cloud chamber
water samples exhibiting high freezing nucleus con
centrations also exhibited high concentrations of bio
logical material.
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ABSTRACT 

Recent research has shown that organic decay products of tree and 

grass litters (i.e., biogenic nuclei) may act as atmospheric ice nuclei 

at relatively warm temperatures (-2 to -lOC). Theory has suggested a 

sensitive relationship between the availability of such ice-forming 

nuclei and the amount of precipitation. 

A hypothesis is advanced that massive overgrazing in the sub-Saharan 

(Sahel) region of Africa which preceded the recent drought, resulted in 

depletion of the sources of these biogenic nuclei and a subsequent 

reduction in total precipitation. The hypothesis was tested by sampling 

the availability of surface-derived ice nuclei in the Sahel. 

The results show that where organic plant decay products were avail

able, ice forming nuclei active at -7C were present in concentrations 

to 10
3 

per gram of litter and nuclei active at -lOC were present to 10
4 

per gram. Soils relatively free of such organic decay products were 

found to contain no ice forming nuclei active at temperatures warmer 

3 
than -14C and only 10 per gram of material active at -18C. 

It is suggested that poor agricultural management contributed to the 

persistence and severity of the drought, and a feedback mechanism between 

the vegetation and local precipitation is proposed. 
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INTRODUCTION

Mankind has been affected by drought from time immemorial. The

most recent drought in sub—Saharan Africa, in the area known as the

Sahel, has been the subject of countless articles in both the popular

(see Sterling, 1974) and the scientific (Bryson, 1973; Macleod, 1974;

Wade, 1974; among others) press, and has inspired a flurry of hypotheses

and research designed toexplainboth its occurrance and its persistence.

Some investigators have concluded that droughts are normal in the earth’s

climatological history (Winstanley,1973; Lamb, 1974; Landsburg, 1974)

and controlled by immeasurable and unpredictable forces. Others (AID,

1972; Bryson, 1973; Macleod, 1974; Otterman, 1974) suggest that man, by

his increasing use of natural resources, induces or aggravates the

conditions leading to drought. A new theory which xp1ains drought in

terms of the availability of ice nuclei from which precipitation is

formed is presented below. Evidence to support this theory was obtained

in the Sahel during the summer of 1974.

The basis for this theory is discussed in detail in the report

(Mull) which accompanies this paper. Briefly, it states that evidence

has recently been presented to show that submicron organic particles

(i.e., biogenic nuclei) produced during the decay of vegetable matter

may be important in providing nuclei in clouds upon which ice may form

and from which precipitation may develop. This evidence is supported by

recent work showing that biogenic nuclei at the earth’s surface may be

released into the atmosphere in appreciable amounts (Allee, 1974; Braham

and Speyers—Duran, 1974). Evidence is also given in the report to show
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that the availability of ice nuclei from vegetation is closely correlated

with concentrations of airborne ice nuclei and ice nuclei measured in

precipitation.

Until recently it had been assumed that clouds in tropical regions

were too warm to form precipitation other than by the coalescence process

in which small cloud droplets merge and grow to form raindrops. More

recent investigations by Trewartha (1966), Portig (1963), Griffiths

(1972), Booker (1973), and Bollay (1974) suggest the possibility that

much of the precipitation in sub—Saharan Africa may, in fact, involve

the ice process.

If precipitation is indeed formed through the ice process in tropical

continental cumulus clouds, it appears that there is a possible series

of physical reasons which may explain, at least in part, the long—term

reduction in rainfall in the region and the ensuing drought. The Sahel

was overgrazed (AID, 1972; Sterling, 1974) and much of the vegetation

which may have been the source of local ice nuclei was removed, thus

potentially affecting the probability and efficiency of local precipita

tion. This reduced rainfall leads to less vegetation production and,

therefore, an accelerated reduction of ice nuclei available from such

vegetation. When the numbers of grazing animals have been sufficiently

reduced by death or removal, that vegetation which remains will then

continue to decay and to produce increasing.numbers of ice nuclei and,

eventually, increased rainfall as well as more vegetation. This cycle

may repeat itself if vegetation again becomes sufficient to support

massive grazing by steadily increasing numbers of cattle.
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The area affected by the drought of 1963—1974 is shown in Fig. 1

as a grey band spreading from east to west across Africa. The area is

roughly coincident with the geographical entity known as the “Sahel,”

from the Arabic word for border. This is a 200— to 400—mile—wide sweep

of grassland and shrubs which separates the Sahara desert to the north

from the semitropical forests lying to the south.

150

Figure 1. Approximate Sahel drought areas as of February, 1974
(shaded areas). The country of Sudan is generally
believed to have also suffered a drought but due to
sparse population in the hinterland of Sudan, inf or—
mation confirming the severity of the drought is not
readily available (Canadian Press News Service,
April, 1974).
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Most of the data cited below are based on materials collected in

Niger, chosen for its central location, accessibility, and because most

of its usually omnipresent cattle herds had either starved or been moved

to better grazing during the past five years. The absence of both

cattle and their attendant human population in an area usually teeming

with both, permitted the vegetation to grow undisturbed during 1972 and

1973. Nearly normal precipitation in the rainy season of 1974 had also

produced fresh vegetation, “the most lush in living memory.”

Figure 2 gives the rainfall averages for Niger over the pre—drought

period, 1931—1960. There is an evident diminishing of the rainfall from

south to north. The area between the 900 and 600 mm per year isohyets

(lines of equal rainfall) is characterized by semitropical forest in the

south which changes to savanna as one goes north. The savanna gives way

to vast areas of grasses and shrubs in the region between the 650 and

300 mm per year isohyets and to shorter grass and fewer shrubs as one

continues north from the 300 to the 100 mm per year isohyet. The most

severe aspects of the drought occurred north of the region whose southern

boundary approximates the 800 mm per year isohyet.
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Figure 2. Pre—drought average isohyets and vegetation zones
for Niger, Africa (WMO Records).

Rainfall averages for representative locations in Niger are given

in Fig. 3 for 1953—1973. This figure shows that the rainfall did not

cease abruptly but generally declined during these twenty years. In

1974, the raLiifall totals (not shown in Fig. 3) generally returned to

the 1956 levels.
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Figure 3. Three—year running means of total yearly rainfall for
selected stations in Niger, Africa (WMO Records).

TRAVEL AND OBSERVATIONS

Tn—weekly air service connects the capital of Niger, Niamey, with

Europe. Five of’Niger’s largest cities are served on a weekly basis,

weather and equipment permitting. Ground transportation varies from

large, four—wheel—drive trucks and high—wheel—based buses to Land Rovers

and light European cars. During the rainy season all of these vehicles

are restricted to a few main roads. Shorter journeys of 10 to 15 miles

are usually conducted on foot.

Accommodations and food in Niger varies from the best available in

local French hotels to sleeping in the open and eating local food which

is risky on occasion.
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As knowledge of the drought and its effect upon the people of Nigçr

reached the rest of the world, people and governments responded with

massive aid. Evidence of this aid is everywhere apparent. The nomad

population is tented and fed in central camps. People from permanent

settlements collect aid allotments from depots scattered throughout the

country. One often saw pack camels carrying grain from these depots,

miles from any distribution center.

SAMPLING AND TESTING

Sampling consisted of collecting materials from living plants,

trees, and grasses, and litter from the bases of the same vegetation.

Samples were also taken from surrounding soils within a three—foot

radius. All of the samples were placed in sterile plastic bags and

stored either open, which duplicated the natural decay process, or

tightly sealed, in an anaerobic environment which retarded decomposition.

One hundred and six samples were collected on zig—zag traverses

which passed through all of the towns shown on Fig. 2 as well as many

places in the area bounded by a line joining Birni N’Konni, Zinder, and

Agadez. These samples will be compared with others collected in the

non—drought areas of Dahomey, Nigeria, and Kenya.

Freezing nuclei in these samples were determined at the University

of Wyoming using a Vail—Knowlton nucleus spectrometer and the standard

procedure outlined in ARIII. Seventy—six samples have been examined and

the remainder will be processed in early 1975.
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RESULTS

In general, it was observed that fresh litters contained more

active freezing nuclei than old litters, which are the decayed matter

from previous seasons. The old litters in turn contained more active

nuclei than did the surface soils. A typical set of freezing nucleus

spectra from one site (site 1ftl, Niamey) is given in Fig. 4. As is shown,

the recently decayed leaf matter from the 1974 growing season contained

some nuclei active at —8C and l0 — l0 nuclei per gram of litter active

from —10 to —llC. Bare surface soil at this site, less than two feet

away from the growing vegetation, contained no nuclei active at temperatures

warmer than —l4C and 1O3 nuclei per gram of soil active at —16C.

NIAMEY, SITE I

g

z
w
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D ,2
w I’-’

0
Dz

-20 -16 -12 -8 -4 0

TEMPERATURE f°C)

Figure 4. Freezing nucleus spectra for samples collected
near Niamey, Niger, during the summer of 1974.
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Site #4 at Birni N’Koñni is a moist, oasis—like area and the spectra

from this site are shown in Fig. 5. Here the recently decayed vegetation

contained many more active nuclei than were present in the surface

soils. No old litter was available aL this site.

BIRNI N’KONNI SITE 4
‘.45

________________________________________

141 I I I I I I

X
XN

z Litter

D102 -

Ui xx
]
0
Dz -

101 I I I I I i I I I I

-20 -16 -12 -8 -4 0

TEMPERATURE t°C)

Figure 5. Freezing nucleus spectra for samples collected near

Birni N’Konni, Niger, during the summer of 1974.

Agadez South, site #3, was the sample location closest to the

barren Sahara and may be somewhat representative of the nucleating

properties of inorganic Sahara dusts which have been suggested as prime

contributors to atmospheric ice nucleus budgets (Mason, 1971). The

spectra from this site are given in Fig. 6 and recently decayed vegetation

and old litter again contained many more active nuclei than did the

adjacent soils.
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Figure 6. Freezing nucleus spectra for samples collected near
Agadez, Niger, during the summer of 1974.

Figure 7 gives the spectra obtained from samples collected at

successively greater distances from a clump of grass growing near Zinder,

site #10. The most active nuclei, shown in the spectrum furthest to the

right, are for decaying leaves from the 1974 growing season. The next

spectrum is from blades which had withered on the stalk ard begun to

decay; the next from a mixture of old litters immediately adjacent to

the clump; and the last from a mixture of soil and litter which was

collected from an eroded and sparsely vegetated slope above the clump.

Again, those samples containing the largest amounts of organic materials

also contained the most active freezing nuclei.
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Figure 7. Freezing nucleus spectra for samples collected near
Niger, during the summer of 1974. The curve furthest
to the left was a mixture of old litter and surface
soil; because of its high organic content it has been
classed as old litter for purposes of illustration.

The range of spectra and the number of samples in each nucleant

group are shown in Fig. 8. All three groups overlap at the colder

temperatures but at warmer temperatures the most active freezing nuclei

are associated with recently decayed leaves followed by old litters.

Samples classified as containing predominantly inorganic materials

consistently exhibited less effective freezing nuclei than those samples

containing appreciable amounts of organic material. It should be noted

here that while the amount of..visible organic material varied with the

distance from decaying vegetation, no accurate measurement of the amount

of organic material in the samples has been made.
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Figure 8. Range of nucleus spectra for samples collected in
Niger, Africa, during the summer of 1974. The bracketed

numbers indicate the number of samples in the respective

categories.

Although these data show that there are more active freezing nuclei

in decayed vegetation than adjacent soils, no measurements were made to

determine whether such nuclei were in fact being lifted into the Sahelian

atmosphere. Surface material was observed being drawn into the bases of

cumulus clouds on several occasions and these observations are supported

by Macleod who reported in 1974 that in many Sahelian cumulus clouds,

“the undersides of the clouds were a brick—red color... (This) color is

just that of the fine dusts of the Sahel collected on white cloth.”

The organic content of the dusts has not been measured in this case

either, but Delaney et al. (1967) measured the organic content of
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Sahelian dusts as far downwind of Africa as the Barbados in the Western

Atlantic. Many of their measurements showed the organic content of the

dusts to be in excess of the inorganic content and the arrival time and

amount of organic content of the dusts correlated with both the growth—

decay cycle and the position of the Inter—Tropical Convergence Zone in

the $ahel.

Delaney and Zencheisky (1974) reported flux measurements of wind—

ablated dust rising from fields in northwestern Texas. They found that

samples of aerosols taken 3.5 meters above the surface contained a far

greater percentage of organic material than did samples taken from the

surface immediately below. These observations confirm earlier work by

Junge (l963) içt which it was suggested that organic plant debris might

be lifted from the surface in preference to denser, inorganic soil

particles and that the denser, inorganic particles might fall out

faster because of their greater fall velocities. It is, therefore,

conceivable that some dust clouds could consist primarily of organic

materials.

DISCUSSION

The research results reported here suggest the possibility that

poor agricultural practices in the Sahel, which led to the removal of

vegetation in that area, might also have removed the local sources of

warmer range ice nuclei which, in turn, may have adversely affected the

formation of precipitation in the cumulus clouds that form above these

denuded areas. The reduced rainfall would support scant vegetation and

thus accelerate animal starvation. In the absence of large numbers of
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grazing animals, the vegetation would recover and again produce litter

with its attendant organic nuclei, allowing rains to increase in subsequent

seasons.

At this point in the study, the above chain of events should be

taken as speculation, not fact. Over the next six months a study of

raiifall frequency distributions and daily rainfall occurrence prior to

and during the drought will be undertaken. From these data coupled with

open literature data on condensation and ice nucleus concentrations

related to physical processes within Sahelian cumulus clouds, a clear

picture of the role that biogenic ice nuclei may have played in the

current drought should emerge.

Any conclusions will have to be related to investigations being

undertaken by other workers who are studying the relationship between

the drought and the changes in surface albedo produced by overgrazing,

by the abnormal (and as yet unexplained) shifts in the intertropical

convergence zone, and by the effect of dust in the Sahelian atmosphere.

FURThER RESEARCH AND ACTIVITIES

The work reported above is to be extended as follows:

A. Completion of testing samples for their freezing nucleus content.

3. Sizing of the active freezing nuclei.

C. Testing soils and litters in the Colorado State University

Cloud Simulation Chamber for their ice nucleating activity in

supercooled clouds.

D. Conducting chemical tests on Sahel litters to determine some

of the chemical characteristics of their ice nucleants.

E. Publication of results of the above research.

F. Preparation of a final report by July 1975.
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A NEW TECHNIQUE FOR MEASURING ATMOSPHERIC ICE NUCLEI ACTIVE AT

TEMPERATURES FROM -20°C TO APPROACHING 0°C, WITH RESULTS

R. C. Schnell
NRC Research Associate, NOAA/APCL, R31, Boulder, CO 80303

I. INTRODUCTION

Atmospheric ice nuclei (IN) ate thought to be
scarce and are rarely observed (using present
measurement methods) to be active at temperatures
warmer than —10°C. Yet, in the atmosphere, ice
crystals may be observed in clouds whose tempera
tures are not colder than -5°C to —8°C. At colder
temperatures (say, -16°C) observed ice crystal
concentrations are, on many occasions, an order of
magnitude (or more) greater than measured IN
concentrations (Pruppacher and Klett, 1978). In
this paper, I describe a simple technique for
measuring natural atmospheric IN which appears to
be capable of detecting IN active at temperatures
as warm as -2°C in concentrations of up to 1 1,

active at -8°C.

II. METHODS

Air is drawn through Sartorius hydrophobic
membrane filters (0.45 or 0.2 pm pore diameter)
which capture IN along with other aerosols (sample
volumes of 100 2 to 300 2). These filters are
quartered and mounted on IN-free aluminum foil
which has been bonded onto a copper disc having
high thermal conductivity. The foil is made IN—
free by covering its surface with silicone varnish.
Equal—volume IN-deficient distilled water drops
are placed on the filters with a medical pipette.
The hydrophobic nature of the filters causes the
drops to form hemispheres coveting equal areas of
the filter; for a 35-mm-diameter filter surface, 1
find 30 drops of 2.5-mm diameter to be a good
amount. The disk supporting the filter is cooled
at a steady rate of from 1°C to 0.5°C per minute,
using a thermo-electric cooler. The plate temper
ature is monitored with thermometers. Each water
drop on the filter freezes at the threshold
temperature of the most active nuclei that the
drop covers or is in contact with. It is assumed
that immersion freezing nuclei are detected with
this technique and that the statistics on the
freezing of the supercooled water drops are the
same as those developed by Vali (1971). In this
study, the maximun difference in temperature at
which the first drops froze on sets of six filters
exposed to the same volume of air varied from 0 to
1.5°C, with a standard deviation of 0.7°C.
Control blanks were processed with each exposed
filter set. On occasion, ice nucleants with known
threshold activity were aerosolized and deposited
on the filters to check the technique and to
monitor the repeatability of tests.

The concentrations of IN in the atmosphere
are calculated by relating the temperature at
which the drops freeze to the ratio of the area of

the filter covered by the drops to the area of the

whole exposed filter, and relating these values to
the volume of air sampled. Filters (generally
duplicates or triplicates) have been exposed at

20 in AGL using standard Millipore filter holders,
and in isokinetic probes mounted on a light air

craft flown at altitudes from 100 m to 4500 m AGL.

It has been noted that when there are high concen

trations of IN on the filters some nuclei are
‘masked° by their more active cousins. This
problem may be overcome by reducing the sample
volume.

In an adaptation of this method, filters were
pre-cooled in a Bigg—Warner isothermal cloud
chamber, and water droplets were allowed to drop

through 1/3 meter of air (at the temperature of
the filters) onto the filter surfaces. It is
assumed that this method, which produced higher IN
concentration than reported in this paper, measur

eci contact or a combination of contact and immer

sion freezing nucleation. Results from these
experiments will appear in a later paper.

III. RESULTS

IN spectra from filters collected near Erie,

Colorado, are shown in Fig. 1 where it may be

Atmospheric Ice Nuclei
September 18, 1978

Erie, Colorado

—18 —12 —6 0

Temperature l°cl

Figure 1. Atmobpheric IN concentrations measured

above and below a temperature inversion on

September 18, 1978, over nQrtheastern Colorado.
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observed that aerosols trapped below a temperature
inver5ion contained considerably mote IN than air
300 m higher, above the inversion. It is interest
ing to note that on this day threshold IN activity
was observed at -3°C with concentrations of 1 nu
cleus per liter, active at -8°C. More recent
measurements under similar situations suggest IN
concentrations of 10 per liter, active at —14°C
to —16°C, may not be unrealistic.

The results from a seasonal inventory of IN
measured at 20 m AGL in Boulder are shown in
Fig. 2 where it may be observed that IN with the
warmest threshold temperatures and highest total
concentration were associated with stable synoptic
situations best described as “Indian Summer” days
which were typified by light easterly winds and
reduced visibility due to aerosols trapped in the
shallow boundary layer. A marked decrease in IN
activity was observed in the air masses behind
snow—producing cold fronts; often this change
occurred over the space of 3 or 4 hours. This
same pattern has been observed to occur in air
mass changes in June in Boulder.

Measurements of IN in the “Denver Brown
Cloud” on December 7 and 8, days of record break
ing smog and complete snow cover, indicated there
were few IN on the filters. (Exposed filters were
visibly grey.) Filters exposed in cleaner air
upwind of the city exhibited the same activity as
those collected in Denver on the same day. The IN
spectra for November 27 and 30 and December 1,
days with smog but no snow covet, exhibited consid
erably more IN. Again, upwind and city-center
filters exhibited the same spectra.

In other field tests, IN measurements in the
environments of large coal-fired power plants
have been conducted in 3 western and 1 eastern
state on 8 occasions covering all seasons of the
year. From the data collected it was observed
that no power plant plume had any real effect on

-- upwind IN concentrations as measured by this
technique. Measurements in the Los Angeles Basin
suggest that natural production of atmospheric IN

far outweighs production of IN produced by
petroleum refineries and the Los Angeles smog.
Similar results were obtained in central Utah and

southern Montana.

IV. DISCUSSION

The technique described appears effective for
measuring atmospheric IN having relatively low
threshold activity and therefore raising the
sensitivity of atmospheric IN measurements. If
the results are representative of processes in the
atmosphere (nuclei on/in filters and large super-
cooled drops may not be), this would suggest that
the atmosphere contains mote IN potentially active
at lower threshold activity than previously ob
served. Also, on the basis of the above data,
there is a strong suggestion that these nuclei are
of natural, local surface origin, and that parti
cular air masses may have distinctive IN popula
tions which can be measured and described in
synoptic-scale terms.
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1. INTRODUCTION AND METHODS

As a component of a larger project,
studies of the concentration, size, and composi
tion of aerosols captured at the 4000 m NSL level
on Mount Kenya were undertaken during January of
1978. The aerosols were captured on Nuclepore
membrane filters (0.1 pm pore diameter) by draw
ing air through the filters with a battery power
ed air pump. Each filter was exposed for 1.5
hours for a total sample volume of 800 liters of
air. Five filters were exposed between the hours
of 1300 and 1600 LST (maximum convective turbu
lence) and five between the hours of 0100 and
0400 LST (stable, cooling, descending air). The
particles captured on the filters were analyzed
within six weeks of collection for chemical com
position, and sized and counted using the faci
lities of the Atmospheric Physics and Chemistry
Laboratory of the National Oceanic and Atmospheric
Administration, Boulder, Colorado (NOM/APCL).

The particles were first coated with
a thin layer of gold (Au) to stabilize them for
photography, then studied with a scanning electron
microscope (SEM) having a lower size detection
limit of 0.02 pm. Particles of particular inter
est were then analyzed for elemental composition
using an energy dispersive X-ray analyzer (XEDA)
built into the SEN. When the electron beam of
the SEN scans over a particle, every elemental
atom with an atomic number greater than 10 (i.e.
Neon) in the particle will emit a characteristic
X-ray energy pattern. One can also measure,
semi—quantitatively, the contribution of an
element to the particle based upon the intensity
of its X—ray emission (Parungo et al., 1975).
Purely organic particles containing the elements
carbon (C), oxygen (0), and hydrogen (H), all
with atomic numbers less than 10, do not emit
any X-ray pattern.

Other portions of the same filters
were studied with a transmission electron
microscope (TEN) with a resolution of 20 angstrorns.
Here the particles were sized and counted over
representative areas of the filter to produce
particle size and number distributions for each
exposure period. On each filter, between 801 and
1652 separate particle diameters were determined.

2. RESULTS

Representative photographs and XEDA
analyses of a number of larger particles are
shown in Figs. 1 through i. In Fig. 1 may be
seen two large organic particles, one obviously

a plant pollen grain or related structure and the
other probably also of plant origin,although its
structure is undeterminable. Attached to the
pollen grain are particles of soil origin which
contain aluminum, silicone, and potassium. An
enlarged view of the analyzed soil particle
appears behind the XEDA spectra of the particle.

In Fig. 2 may be observed another
natural organic particle supporting much smaller
soil particles of different composition. Recall
that the gold (Au) was used to shadow the parti
cles and, therefore, is not found naturally in the
particles.

Two rather interesting fibrous organic
structures may be observed in Fig. 3 along with a
clump of 4 soil particles. The fiber resembling
a hair pin is probably of plant origin whereas the
wispy brush-like fiber may be of insect origin.

Of particular interest is the particle
shown in Fig. 4,which is a dual salt composed of
sodium chloride (NaCl) in the center and calcium
sulfate (CaSo) in the wings (McCrone and Delly,
1968). Its probable origin is in the Indian Ocean
some 350 km east of Mount Kenya. Taken together,
these photos show that the air passing Timau Hill
on Mount Kenya contains a variety of large and
small particles of both organic and inorganic
composition, and that large organic particles
(probably of local origin) are present even during
nighttime when one might expect their absence.

The above study in itself does not
provide definitive answers on the overall nature
of the aerosol since the larger and more dramatic
particles were selected for illustration. A more
rigorous study of the captured aerosol was under
taken by counting and sizing all particles on
random areas of the filters to obtain particle
number, diameter and volume information as shown
in the AV/A log Dp versus Dp plot in Fig. 5. From
Fig. 5 it may be seen that there are two particle
volume modes which stand out — one with a peak
in the 0.2 to 0.3 pm particle diameter range and
the other in the greater than 1 pm range. The
spectra, of course, return to the particle diame
ter axis, but not until the 50—100 pm particle
diameter range is reached. Using the XEDA probe
it was observed that the identifiable particles
in the smaller diameter mode were predominantly
of soil origin (Al, Si) and that 90% of the par
ticles in the larger diameter mode were organic
in composition (no X-ray return).

This same volume-diameter depiction of
aerosol characteristics was applied to unpublished
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TIMAU HILL
January (4, 1978

1300—1430

TIMAU HILL
January 15, (978
2400 —0130

Figure 1. Organic aerosol
particles captured on Timau
Hill, Mount Kenya. Observe
that the pollen-like particle
is supporting smaller soil
particles.

Figure 2. An organic aerosol
particle with smaller soil
particles of differing compo
sition upon its surface.
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measurements of aerosols previously collected at
the Mauna Loa Baseline Station (a volcanic peak

N in Hawaii) and provided to the project courtesy

of Dr. R. F. Pueschel, NOAA/APCL. The results
are shown in Fig. 6 where it may be seen that
during “background air” situations, the aerosol
distribution at Mauna Loa was uni—modal with a
maximum in the 0.1 to 0.4 pm range. During up-
slope conditions, the aerosol was completely
different being characterized by a bi-modal dis
tribution and high concentrations of large par
ticles which probably originated in the lowland
urban and agricultural areas surrounding the
base of the mountain.

Figure 5. Particle volume versus particle

diameter relationships for aerosols cap
tured at 4000 m MSL at Timau Hill 1978.
Spectra 2 and 7 are for samples collected
between the hours of 1300 and 1430 LST and
6 and 9 are for swirples collected between
0200 and 0330 EST.

This method of displaying aerosol
characteristics is beginning to be widely applied
to the study of aerosols, so some explanation of
its meaning is in order. It has been suggested
(Whitby, 7973) that aerosols are universally
distributed in trimodal volume versus diameter
distributions with maxima at the 0.02 jom, 0.1 to
0.8 pm and greater than 1 to 2 pm diameter ranges
The first peak is produced by fresh “combustion”
aerosols which coagulate and condense into the
second or “fine particle accumulation” within
6 — 12 hours of their formation. The third dis
tribution of “coarse particles” is produced by
aetosolization of soil and vegetation by winds.
These coarse particles sediment out of the atmos
phere within a few hours to a few days of their
production due totheirlarge mass. The coarse
particle mode does not interact appreciably with
the fine particle mode although it may contribute
to the fine particle accumulation mode. Thus,
it is now becoming the feeling, among some
scientists within the field of aerosol science,
that the central particle mode represents aged,
stable, background aerosol probably relatively
constant throughout large portions of the earth’s
atmosphere remote from large combustion sources.
If the above is reality, we may now have a new,

powerful, inexpensive, and easily implemented
method of characterizing background aerosol.

liii’’! IIIIi I iiii1ti
II 25

PARTICLE VOLUME
MAUNA LOA Up atop

Bockaroced

10’
Particle Diameter, D (porn)

Figure 6. Particle volume versus particle
diameter relationships for aerosols captured

at 3400 no MSL at Mauna Loa Observatory in
1973. Note the absence of the coarse
particle mode in the “background air” samples.

3. DISCUSSION

From the above results it may be
observed that there are appreciable numbers of
large aerosol particles (mostly organic) present
in the air sampled at 4000 m on the side of
Mount Kenya. Since the sample location was some
1000 m vertically above and 10 km horizontally
distant from the tree line and on an isolated and
exposed rock hill, it is suggested that the large
particles originated in the forest anti/or out in
the plains at the foot of the mountain some 30 —

50 km horizontal to and 3000 m vertically below
the sample location. The origin of the salt
particles is most likely in the Indian Ocean,
350 km to the east (prevailing winds are from the
east). The smaller soil particles probably
origtnated In the drier lowlands of central or
northeast Kenya at least 50 to 200 km from the
sampling location.

The fact that the aerosol volume
distribution measured at Mount Kenya did not
change appreciably at night suggests that the
aerosol particles represent sources in a general
regional area, not strong local sources on the
mountain. Since there are no appreciable indus
trial sources for particulates in the Mount Kenya
area, we may assume then that the composition
and size distribution of the aerosols measured on
Mount Kenya are probably representative of a major
portion of East Africa and possibly are even re
presentative of a large area of tropical Africa.
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A

TIMAU HILL
Jonuary II, 1978

1445 — 615

TIMAU HILL
January 12, 1978

1300 — 1430

l0cm
Figure 3. A clump of soil parti
cles and two organic particles of
interesting shapes collected at
the same time and location.
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Figure 4. An aerosol particle
composed of two different salts
of marine origin. The nearest
ocean is 350 km east of Mount
Kenya.
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1. INTRODUCTION

One species of epiphytic bacteria,

Pseudononas syringae has been identified as a

principal natural ice nucleant (IN) initiating

frost damage in leaves of frost—prone North

American plants (at temperatures warmer than —5°C

(Lindow et al. 1978)). In the absence of these

specific bacteria, living vegetation has been

observed to supercool to —6°C and to recover

without loss of vigor. This IN active bacteria

has been collected in the atmosphere in a viable

state above and downwind of field crops

(Lindemann, et al. 1979) and in clouds over the

Arctic Ocean (Flanagen end Jayaweera, 1980). In

both studies, the bacterium was found to have

maintained its ability to initimte ice at

supercoolings of —5°C or warmer.

In cloud chamber tests, P. syringae,

has been observed to be a good IN at temperatures

colder than —8°C (Schnell, 1976, Maki and

Willoughby, 1978) which is somewhat colder than

the —1.5°C to —2.5°C threshold nucleation temper

atures observed in bulk suspensions of the bacte

ria (Vali, et al. 1976). In this report we pre

sent data on a series of experiments in which the

IN properties of P. syringae aerosols were deter

mined under controlled laboratory conditions.

2. METhODS

Water suspensions of actively growing

P. syringae cultures were nebulized into a

2.75 m3 nerosol tent constructed of Mylar. A

typical aerosolization consisted of approximately
100 bacteria suspended in 10 cm3 of water sprayed

into the tent over a 1 minute period. The rela

tive humidity in the tent never exceeded 50%

during the tests reported in this paper.

Aerosol size and number distributions

in the tent were monitored with two overlapping

laser aerosol spectrometers (active scattering

aerosol spectrometer (ASASP—X) and a forward

scattering aerosol spectrometer (FSSP)) measuring

particle radii from 0.065 mi to 23.5 jim in eight

partially overlapping ranges of 15 bins each

(Knollenberg, 1976). Total suspended aerosol

mass per unit volume of air sampled in the tent
(averaged over a 5—mm period) was determined by
integrating under the DV/D log R curves in a man

ner outlined by Barrett at al. (1979), assuming a
density of I for the suspended bacteria.

At intervals while the aerosols were

aging in the tent, 25—I samples of the tent con

tents were filter sampled using 0.45—jim pore di

ameter Sartorious hydrophobic membrane filters,

and the IN content of the captured particulates

determined within 10 minutes of collection using

a combination membrane filter—drop freezing tech

nique (Schnell, 1979). In this IN measurement

technique, a filter is bonded to a clean
aluminum—foil—covered copper plate which can be

thermoelectrically cooled at a slow and stesdy
rate such that the freezing temperatures of an

array of distilled water drops placed on the

filter can be monitored. The freezing tempera
tures of the drops are then used to produce a
freezing—nucleus spectrum for the aerosol as

illustrated in Figures 2 and 3 of this report.

3. RESULTS

A OV/D log R plot of a P. syringae

aerosol at 1 hour after aerosolizatinn is shown

in Figure 1. From this Figure, it may be ob

served that the aerosol distribution peaked in

the range of 1.0 jim to 1.5 jim radius (2.0 to

3.0 jim diameter) and had a mass of 225.6 pgm3.
Since individual P. syringae cells are about 1.0

to 1.5 m in length, these datn suggest that some

clumping of cells occurred in the aerosol. This

suggestion is supported by observations that when

exceptionally high concentrations of bacteria

were aerosolized into the tent, (thereby increas

ing the probability for clumping), the peak of

the distribution shifted to larger diameters, in

one case, up to a diameter of 8 pm.

The IN spectra from a typical

P. syringae aerosol aging experiment are shown in
Figure 2. From this figure it may be observed

that immediately following aerosolization (time,

0) the aerosol contained IN active at —1.6°C in

concentrations of 10 C1 active at —2.0°C. One

hour later, the concentration of active IN had

2.3
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Figure 1. Volume—size plots of a P. syringae

aerosol at 1 hour after aerosolization. The

aerosol at this time possessed the ice nucleation

characteristics depicted in Figure 2, time 1 hr.
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decreased appreciably (time, 1 hr) and by 3 hours
after aerosolization (time, 3 hr) threshold nu
cleation had decreased to —7.2°C with a concen
tration of 10 active at —12.5°C. The aerosol
distribution shown in Figure 1 corresponds to the
time of the nucleus spectra 1 hour after aero—
solization in Figure 2.

As mentioned earlier, the IN activity
of the bacteria on the filters was determined
within 10 minutes of filter exposure. This was
done as earlier research (Schnell et al. 1980)
had shown that natural IN, once deposited upon
filters, tended to lose activity over relatively
short periods of time. To monitor the potential
change of IN activity on the filters exposed in
this study, triplicate filters were exposed si
multaneously, then developed later. The results
of one such experiment are shown in Figure 3
where it may be observed that appreciable IN
activity was lost within the first 2 hours of
storage with a proportionately smaller loss over
the following 24 hours. In other tests on these
aerosols, it was observed that beyond 24 to 36
hours further loss of ice nucleus activity was
not appreciable (up to one month).

Ice Nucleus Spectra of
Pseudomonas Y_9af Aerosol
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Figure 2. Ice nuclus spectra of P. syringae
aerosol in a 2.75 in tent as a function of time
after aerosolization.
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Figure 3. Ice nucleus activity losses of
P. syringae aerosols stored at room temperature
on membrane filters.
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The above data show that it is
possible to aerosolize P. syringae into an en
closed volume and recover associated IN activity
in appreciable concentrations over periods up to
3 hours. In other tests conducted on the same
bacteria, IN were recovered up to 8 hours after
aerosolization although the IN were present only
in small concentrations and possessed activity
only marginally better than background IN.

The average concentration of ice
forming bacteria (as measured by active IN on the
filters) in the tent aerosol was in the region of
1 active at —10°C which is less than the av
erage concentration of 1.7 viable bacteria
(maximum 6.5 f1) observed in natural air over
midwest agricultural crops (Lindemann et al.,
1979). But, the concentrations of bacteria in
the tent were considerably greater than the av
erage of 0.04 f1 living bacteria in the atmos
phere capable of producing IN reported in this
same study. In the only other study of atmos
pheric bacterial IN known to the authors,
Flanagen and Jayaweera (1980) report concentra
tions of up to 150 viable bacteria per liter of
air sampled in stratus clouds over the Arctic
Ocean in June 1980, with the total count of bac
teria, living plus dead4 occasionally observed to
be in excess of 2000 C’. A proportion of the
bacteria they collected were of the genus
Pseudomonas and were active IN at temperatures ma
warm as —5°C. It is possible that some of the
dead (dormant) bacteria could have been IN as
Maki et al. (1974) have shown that dead
P. syringae may retain IN active at —5°C.

In summary, we suggest that at some
point in the tent studies, the concentration of
IN active bacteria may have been similar to those
observed in the natural atmosphere. If this was
so, our data show that aerosolizsd P. ayringae
nay remain airborne for appreciable periods of
time and maintain threshold IN activity at tem
peratures in the region of —5°C and warmer.
Thus, our observations support the results of
other scientists which suggest that IN active
bacteria in the atmosphere may be playing impor
tant roles in transmitting frost sensitivity be
tween agricultural crops, and that the bacteria
have a potential to act as atmospheric IN.
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SEASONAL CHANGES AND TERRESTRIAL SOURCES OF ATMOSPHERIC ICE NUCLEI AT BOULDER, COLORADO

I. INTRODUCTION
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Atmospheric ice nucleus (IN) concentrations
have been measured at 20 m AGL at Boulder, Colo

rado on a regular basis since July of 1978 and

at irregular intervals at ground level over var

ious terrestrial surfaces, using a combination

membrane filter—drop freezing technique in which

the freezing temperatures of clean distilled wa
ter drops placed on exposed membrane filters are

taken to be a measure of the IN in the air
(Schnell, 1979). The data in that report (ibid.)

suggested that atmospheric IN concentrations de

creased immediately following the passage of snow

producing cold fronts with recovery to pre—snow
levels over the space of a few weeks, as the snow

cover melted. In this present report, the re
sults from 3 months of IN measurements in a sum

mertime period are presented along with data from

tests on aging and exposure of IN to vacuum treat

ments.
The IN measurement technique used in these

studies has not undergone the rigors of extensive
-} intercomparison with more established methods of

IN detection, thus the data presented herein are
best regarded as being internally comparable and
consistent but not absolute values until the re
sults of intercomparison studies are published.

It may be observed though, that in the data pre—

—16

sented below, the relative concentrations and

changes in observed IN activity can be related

to meteorological and physical factors with pre

cision and, on some occasions, with a degree of
predictability.

II. ATMOSPHERIC ICE NUCLEUS CONCENTRATIONS

The temperature at which threshold IN acti
vity and concentrations of 500 nuclei m were
observed over the period of June 18 through Au
gust 15, 1979 are shown in Figure 1. From this
Figure it may be seen that the passage of cold
fronts which introduced new air masses of north
ern origins to the Boulder area were coincident
with decreases in IN threshold temperatures and

in IN concentrations. The IN concentrations are

seem to recover within a few days following fron

tal passage as is well illustrated by the mea
surements associated with the frontal passage of

July 24, 1979. Another interesting feature of
the sunnier’s IN record is the persistent period
of low IN concentrations from August 2 through 6,

1979. This period was coincident with a heat
wave and dry period over the Western USA result
ing in part from a large zone of persistent sub
siding air of upper level origins. Relative hu—

Figure 1. Atmospheric ice nuclei
measured at 60 m AGL at Boulder,
Colorado in the summer of 1979

________

showing threshold activity and
the temperatures at which 500
nuclei m were observed for
200 £. and 300 air samples.
The decrease in atmospheric ice
nucleus concentrations following
frontal passages and the persis
tent low concentrations measured
during a period of large scale
subsidence (August 1—6) are wor
thy of note.
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midities in Boulder during this period were oc—

sasionally as low as 17%. Along with a change

in the air nass on August 6 and 7, IN concen

trations returned to previous levels. This pat

tern has been observed on two subsequent occa

sions.

III. RELEASE OF ICE NUCLEI FROM TERRESTRIAL

SURFACES

It has been shown by Schnell and Vali (1976),

that naturally decayed plant lltter contains

numerous freezing nuclei active within the tem

perature range from —4°C and —8°C. In experi

ments designed to measure the release rates of

these IN from terrestrial surfaces, filters

were exposed at 5 cm above a variety of vege

tated and cultivated soils in and near Boulder.

The results fron one set of tests are shown in

Fig. 2 where it may be observed that on July 13,

1979, under calm wind conditions, (left—hand
graph) the ambient air above the grass contained

IN active.at —6.5°C and —7.8°C in SO £ and 25 £
samples in concentrations in the region of 1

nucleus 1 active at —8°C. At 20 m vertical

and 400 m horizontal from the grass plot, an

air sample of 250 £ exhibited threshold nuclea

tion at —8.1°C in concentrations of 1 nucleus
1 active at —11.5°C. Disturbing the surface

by agitation of the grass with a 20 cm long

piece of coiled rope released greater numbers

of nuclei than were in the ambient air. The

freezing nuclei in a bulk sample of the sur

face leaf litter tested with the drop freezing

technique (Schnell and Vali, ibid.) is also

IC. nucl.u, 9.I.aa
CaIurW Gr.n Surrac,

Soda,,, CcIor.ao

Figure 2. Ice nucleus concentrations measured

in air at 5 cm above a dry grass surface

(left—hand graph) and above the sane grass

surface (right—hand graph) following a 3—day

period of rain. The open circles indicate

the number of freezing nuclei measured in

samples of decayed leaf litter from the sur

face of the soil.

shown. It is interesting to note that the

threshold activity of the IN from the larger

(50 Li sample of air above the agitated sur

face is equal to that in the bulk sample of

the leaf litter suggesting that the IN on the

filter were the same as the IN in the leaf

litter.

A somewhat different picture was observed

over the same grass plot on September 14, 1979

following a 3—day period of rain (right—hand

portion of Fig. 2). There it nay be seen that

there were few IN in the ambient air above the

wet grass. By disturbing the surface, appre

ciably greater numbers of IN were released to

the air although their numbers and activity

were lower than when the same grass was dry.

The IN spectra for the bulk leaf litter and

for ambient air at 20 m AOL for this day are

also presented.
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Figure 3. The freezing ranges of 20 drops of

distilled water placed on membrane filters

which were exposed in sets and stored for

various periods of time prior to testing.

The general decrease in the nucleation char

acteristics of the aerosols on the filters

collected July 11, 1979 are of interest.
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Vacuum Effect on Nuc)eation

30 60 90 120 150

:
—7 1 Drop

1979
0620; 0900 Drops

Figure 4. The freezing range of 20 drops of
distilled water placed on membrane filters
which were exposed in triplicate, halved,
then placed in a 10 6 Torr vacuum for vari
ous periods of time prior to testing.
Halves from the same filters are indicated

by Roman numerals. A general increase in
ice nucleation activity after a vacuum
treatment of about 40 minutes is predominate
on filters exposed on July 9 and 10, but not
on July 16.

IV. ICE NUCLEUS ACTIVITY CHANGES WITH TINE

During the early stages of this research
project, it was noted that separate halves
of a filter occasionally produced different
IN spectra when processed at times separated
by a few days. To quantify these observations,
a series of triplicate and sextuplicate filters
were exposed to natural air, stored at room
temperature in sealed petri dishes, and then
processed singly over time intervals varying
from a few hours to a month. The range of
changes observed in the IN activity are shown
in Fig. 3 where the freezing temperatures of
20 drop samples are plotted. From Fig. 3 it
may be seen that there was a slight but steady
decrease in IN activity on the filters collected
on the afternoon of the same day. The filters
exposed on July 11, 1979 exhibited a notable
spreading of the freezing range after 1 month
of storage, followed by a slight recovery of
activity. In other tests, little change in
IN activity was observed to occur on filters
stored less than 2 days. These results sug
gest that the IN on the filters are either
changing in themselves over tine, or are re
acting with the filters in some as yet unex
plained and apparently random manner. If the
nuclei are indeed changing, this suggests that
they may contain unstable organic materials or
adsorbed gases which can change or be removed

over time. These changes also raise questions
about the validity of data obtained from fil
ters stored more than a few days.

V. EFFECT OF VACUUM ON NATURAL ICE NUCLEI

In an experiment to test the volatility
of natural IN, triplicate filters were exposed
to natural air, halved, and then all but one
portion subjected to a vacuum of 10 6 Torr for
time periods ranging from 20 minutes to 125
minutes prior to testing for IN activity. The
results from 4 such tests are shown in Fig. 4
when it may be seen that in 3 out of 4 cases
the IN activity was significantly increased at
around 40 minutes of treatment, to be followed
by deactivation at from 60 minutes to 80 min
ute of treatment. At 80 minutes to 120 minutes,
2 filter sets exhibited further deactivation
and 2 sets exhibited reactivation. In other
tests, 36 out of 48 filters collected between
June 2 and July 16, 1979 exhibited an activa
tion of IN at and around 40 minutes of treatment,
to be generally followed by some deactivation
between 80 and 120 minutes. These results sug
gest that the vacuum may have removed some gas
eous or liquid component of/on the IN which was
suppressing nucleation or that removal of some
component of the nuclei produced a new structure
which was more active. Continued exposure to
the vacuum further changes the nature of the
nuclei such that either deactivation and/or
further reactivation occurs over time. Again,
the possibility that the filter material and
the deposited aerosols may somehow be reacting
to produce the observed results must not be
discounted at this point.

VI. DISCUSSION

The changes in atmospheric IN concentrations
which were observed during this study (using a
combination membrane filter—drop freezing tech
nique) can be related to large scale meteoro
logical effects, thereby suggesting a cause
and effect relationship controlled by the me
teorological characteristics /life history?
source region of a particular air mass. These
results are similar to those embodied in the
data collected in an ice nucleus benchmark as
reported by Allee (1974). Also, Rogers and
Vali (1978) and Langer et al.,(1979)have pre
sented data which suggests that atmospheric IN
concentrations fluctuate on the mesoscale in
response to gust fronts and local wind patterns,
and that these effects are measurable from
ground level up to cloud base. The present re
sults differ from these earlier results mainly
in that the threshold nucleation temperatures
we detect are generally 6 to 10°C warmer than
reported in the other studies, and in that the
concentrations of IN we measured were appre
ciably greater at temperatures warmer than
—10°C. The initial increase in IN activity
resulting from the outgassing treatment on the
filters is similar to that noted by Parungo
et al., (1978) for filter samples collected in
powerplant plumes, although in the present study
the samples were collected in relatively clean
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air. In the powerplant studies, removal of ad

sorbed IN suppressing pollutant gasses from the

surface of the IN was suggested as being a fac

tor in the enhanced nucleation affects observed.

Based on the results from the surface mea

surements of IN, and the results from the am

bient temperature and pressure tests, we sug

gest that the IN observed on filters both at

the surface and at 60 m AGL were surface deny—

ed, and that the nuclei probably contained an

appreciable component of biogenic material.
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1974, whereas the tea litters were slightly less active 

than in the previous period. In Fig. I may be seen 

the range of the tea, eucalyptus and Mau Forest 

litter IN activity measured in 1977 and 1978; the 

bracketed numerals indicate the number of separate 

sample areas represented. 

In I 977 and I 978, samples of tea litter from the 

surface, and from 5 cm below the surface from five 

widely separated tea estates were tested for IN 

activity. Results showed that the surface of the 

litter layer contained far more active IN than did 

samples collected 5 cm lower in the litter layer; 

threshold IN temperatures were uniformly 3 °C to 

5 °C warmer in the surface samples at the litter-air 

interface (where they would most easily be disper

sed into the atmosphere). Vali et al. (1976) have 

documented the production of highly active IN 

under such favourable aerobic conditions of natural 

leaf decay such as those at the top of tea litter 

layers. 

In tea litter aerosolization tests, 1.5 g samples of 

tea litter (produced by mixing 11 litters from 1977 

1 05 ��-�-F�eb_r_u
,a_ry�

1_97_7
--.

-a_nd--
.

-J_u_n
�
e_1_9

�
7 B _�

-r
---. 

Ice Nuclei In Litter 

10'•-
� 
� 
.Q 

m 
C 
� 103 

�=> 
u => 
z

102,-

1Q1 I 

(11) (11) 

-20 -16 12 -8 4 0 

Temperature re) 

Fig. I. Ranges of IN activity of litters collected in the 
Kericho, Kenya, area, February 1977 and June 1978. 
The IN spectra from the eucalyptus groves and Mau 
Forest are essentially the same and both have lesser IN 
activity relative to tea litters. Bracketed numerals indicate 
the number of separate samples contributing to each 
range. Spectra to the right of the graph represent the 
most active IN. 

Tellus 34 (1982), I 

and 1978) were single pufT aerosolized into a 

2. 7 5 m3 Mylar-coated aerosol tent and the aerosol

distribution monitored with two PMS overlapping

laser aerosol spectrometers measuring particle radii

from 0.045 µm to 23.5 µm. Total suspended

aerosol mass per unit volume of air sampled in the

tent (averaged over a 5 min period) was determined

by integrating under the d V/d log R curves assum

ing a density of I for the suspended tea litter. At

intervals while the aerosols were settling in the tent,

200 1 samples of the tent contents were filter

sampled using 0.45 µm pore diameter Sartorious

hydrophobic membrane filters, and the IN content

of the captured particulates determined using a

combination membrane filter-drop freezing techni

que (Schnell, 1979).

The IN spectra from one such set of tests are 

presented in Fig. 2 for a tea litter aerosol produced 

at 09.26 local time. At 09.51, 25 minutes after 

aerosolization of the tea leaf litter, the tent 

contained a nominal 80 I. 7 µg m-3 of suspended

litter concentrated in the 7 to 10 µm radius range 
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Fig. 2. Ice nucleus activity of bulk lea litter in water (I) 

and tea litter aerosols collected on filters (2-4). The 
control is obtained by measuring the IN on an unexposed 
filter. Spectra 2, 3 and 4 are from successive samples of 
a single charge of aerosol aging in a containment tent. 
Aerosol concentrations in the tent at the time of the 
respective IN spectra were: (2) 80 I. 7 µg m-3, (3) 71.8 
pg m-', (4) 9.8 µg m-3•
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Abstract. Decaying vegetation was determined to be a po-
tentially important source of atmospheric ice nucleation par-
ticles (INPs) in the early 1970s. The bacterium Pseudomonas
syringae was the first microorganism with ice nucleation ac-
tivity (INA) isolated from decaying leaf litter in 1974. How-
ever, the ice nucleation characteristics of P. syringae are not
compatible with the characteristics of leaf litter-derived INPs
since the latter were found to be sub-micron in size, while
INA of P. syringae depends on much larger intact bacte-
rial cells. Here we determined the cumulative ice nucleation
spectrum and microbial community composition of the his-
toric leaf litter sample 70-S-14 collected in 1970 that con-
served INA for 48 years. The majority of the leaf litter-
derived INPs were confirmed to be sub-micron in size and to
be sensitive to boiling. Culture-independent microbial com-
munity analysis only identified Pseudomonas as potential
INA. Culture-dependent analysis identified one P. syringae
isolate, two isolates of the bacterial species Pantoea ana-
natis, and one fungal isolate of Mortierella alpina as having
INA among 1170 bacterial colonies and 277 fungal isolates,
respectively. Both Pa. ananatis and M. alpina are organisms
that produce heat-sensitive sub-micron INPs. They are thus
both likely sources of the INPs present in sample 70-S-14 and
may represent important terrestrial sources of atmospheric
INPs, a conclusion that is in line with other recent results
obtained in regard to INPs from soil, precipitation, and the
atmosphere.

1 Introduction

Ice-nucleating particles (INPs) are necessary to initiate freez-
ing of cloud droplets in mixed-phase clouds in order for
precipitation to form. Therefore, the concentration of atmo-
spheric INPs affects frequency and intensity of precipita-
tion (Mülmenstädt et al., 2015). Identifying and character-
izing INPs and their sources is thus the subject of intense
research with important implications for modeling climate
change (Morris et al., 2014; Coluzza et al., 2017).

In their search for sources of atmospheric INPs in the
1970s, Russell Schnell and Gabor Vali at the University of
Wyoming found that decaying leaf litter contained unexpect-
edly high concentrations of INPs active at temperatures as
warm as−1.3 ◦C (Schnell and Vali, 1972). These very active
INPs were called leaf-derived nuclei (LDN). Because LDN
were absent in green leaves and increased in concentration
during leaf decay, it was hypothesized that they were of mi-
crobial origin. In fact, Pseudomonas syringae, the most ac-
tive ice-nucleating microbe known to date, was later isolated
from leaf litter (Maki et al., 1974). P. syringae is a genetically
diverse species and includes plant pathogenic as well as non-
pathogenic strains (Morris et al., 2013). Parallel to the dis-
covery of P. syringae with INA in leaf litter, P. syringae with
INA were also isolated from dried powdered corn leaves and
identified as the culprit of frost damage in crop plants (Arny
et al., 1976), and P. syringae with INA have been isolated
from clouds, precipitation, and surface water (Morris et al.,
2013). Because of its ubiquitous presence in compartments
of the water cycle and other circumstantial evidence, P. sy-
ringae might contribute to the formation of precipitation in
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clouds (Morris et al., 2013). Other bacteria with INA have
been identified in additional Pseudomonas species (Failor et
al., 2017) and in additional genera within the Gammapro-
teobacteria: Erwinia (Phelps et al., 1986), Pantoea (Failor et
al., 2017), a genus that includes several species classified in
the past as members of the genus Erwinia, and Xanthomonas
(Kim et al., 1987). A strain belonging to the genus Lysini-
bacillus was recently identified and characterized as the first
ice-nucleating Gram-positive bacterium (Failor et al., 2017).
Some fungal species have been found to have INA as well:
Fusarium acuminatum and F. avenaceum (Pouleur et al.,
1992), F. tricinctum and F. oxysporum (Richard et al., 1996),
F. sporotrichioides (Huffman et al., 2013), Mortierella alpina
(Fröhlich-Nowoisky et al., 2015), Isaria farinosa, and Acre-
monium implicatum (Huffman et al., 2013). An additional
fungus with INA is the lichen fungus Rhizoplaca chrysoleuca
(Kieft, 1988). Finally, pollen was added to this long list of bi-
ological INA (Diehl et al., 2001).

Microrganisms with INA produce different types of INA
molecules. The Gammaproteobacteria produce a membrane-
anchored INA protein that is inserted into the bacterial cell
wall and is thus heat labile and cannot be separated from
bacterial cells by filtration through membrane filters with
a 0.22 µm pore size (Morris et al., 2004). However, in the
case of Erwinia herbicola (now known as Pantoea ananatis),
the INA protein can be released from cells as part of extra-
cellular vesicles (EVs) (Phelps et al., 1986). Since EVs are
submicron in size (tens to hundreds of nanometers), these
vesicles can pass through a 0.22 µm filter.

All biological INPs outside of the Gammaproteobacte-
ria pass through 0.22 µm filters. The INPs produced by the
INA isolate of the genus Lysinibacillus are moreover very
heat stable (remaining partially active even after an hour of
boiling), are proteinase resistant, and do not pass through
a 100 kDa protein filter with a pore size of approximately
50 nm. This suggests that they consist of relatively large non-
proteinaceous secreted single molecules or stable aggregates
of multiple smaller molecules (Failor et al., 2017). Fungal
INPs are also mostly retained by 100 kDa filters, suggesting
that they also consist of large secreted single molecules or of
large aggregates of smaller molecules (Fröhlich-Nowoisky et
al., 2015; O’Sullivan et al., 2015). Many fungal INPs are heat
stable up to 60 ◦C but do not resist boiling and are variably
susceptible to proteinases, and are thus believed to be mostly
proteinaceous (Fröhlich-Nowoisky et al., 2015; O’Sullivan et
al., 2015). Pollen INPs are mostly retained by 100 kDa filters,
are heat and proteinase resistant (Pummer et al., 2012), and
have been proposed to consist of polysaccharides of various
chain lengths (Dreischmeier et al., 2017).

Now that all these biological INPs have been identified,
and at least partially characterized, we decided to go back
to one of the original leaf litter samples, the aspen (Populus
tremuloides) leaf litter sample 70-S-14, which had been col-
lected by Russell Schnell in 1970 and whose characterization
in regard to its INA was published in 1976 (Schnell and Vali,

1976). Intriguingly, sample 70-S-14 maintained a high con-
centration of INA until today, 48 years after collection, while
being stored at room temperature. INPs in this sample had
been found to be less than 0.1 µm in size (Schnell and Vali,
1976). Therefore, Pseudomonas species can be excluded as
the main source of INPs in this sample. While the INPs in
the sample could be of plant origin (Pummer et al., 2015),
here we tested the specific hypothesis that the INPs in this
leaf litter sample were produced by strains of Lysinibacillus
or by other bacteria or fungi. To test this hypothesis, we per-
formed a comprehensive characterization of sample 70-S-14
in regard to its content in INPs and the composition of its
microbial community.

2 Materials and methods

2.1 Description of leaf litter sample 70-S-14 and how it
has been stored

Leaf litter sample 70-S-14 was collected in a grove of Popu-
lus tremuloides (aspen) about 1.5 km west of Penhold Air-
base, Alberta, now known as Red Deer Regional Airport
(52.1762◦ N, 113.8870◦W) in the summer of 1970. Even
though the dominant litter in the grove was from decaying
aspen leaves that fell the previous fall, there were decaying
leaves from shrubs and grasses that also were collected in the
sample. To collect the litter, handfuls of litter were grasped
in a 1 m square to fill a garbage bag. The litter was somewhat
moist as it was collected in the shade of the trees. The grove
is still there and litter samples from the same area have been
collected many times over the intervening decades, most re-
cently in June 2018. The litter still produces prodigious num-
bers of ice nuclei with freezing activity beginning at −4.5
to −5 ◦C in concentrations of 108 g−1 of leaf litter active at
−10 ◦C.

Some months after collection, when the litter sample was
dry, the twigs and other large debris were removed. Some
of the cleaned sample was ground to a fine powder in a fluid
energy mill and used for INA tests in the Colorado State Uni-
versity Cloud Chamber, where it proved to produce excellent
INPs (Schnell and Vali, 1976, Fig. 3).

Sample 70-S-14 was stored at room temperature inside
four different plastic bags and a paper bag from 1970 to 2018
at room temperature open to the air in Schnell’s various of-
fices and a portion mailed to Virginia Tech in 2017. At Vir-
ginia Tech, it was again stored at room temperature in a paper
bag until processing.

2.2 Characterization of the cumulative ice nucleation
spectrum of leaf litter sample 70-S-14

One gram of leaf litter was added to 100 mL double-distilled
water (DDW) in a 250 mL flask under sterile conditions
and stirred for 5 min. The leaf litter suspension was passed
through 2.5 µm pore size Whatman cellulose filter paper (GE

Biogeosciences, 16, 1675–1683, 2019 www.biogeosciences.net/16/1675/2019/



Y. Vasebi et al.: Comprehensive characterization of an aspen 1677

Healthcare, USA) to remove large leaf fragments. This pri-
mary suspension was then subject to 10 different treatments
(see Fig. 1), and INA was tested after each treatment to deter-
mine the main characteristics of the INPs present in the leaf
litter sample.

In short, 10 mL of the primary suspension was passed
through a 0.22 µm filter (Supor® 200 PES membrane Disc
Filter, PALL, USA) to select for sub-micron INPs in the fil-
trate and for intact bacterial and fungal cells in the 0.22 µm
filter retentate resuspended from the filter in the same vol-
ume (10 mL); 5 mL of the 0.22 µm filtrate was then passed
through a 100 kDa protein filter with an approximate pore
size of 50 nm (Macrosep Advance Centrifugal Device with
100 K MWCO, PALL, USA) for 10 min at 5000 rpm to sep-
arate sub 50 nm sized INPs in the 100 kDa filter filtrate from
INPs larger than 50 nm in the 100 kDa filter retentate resus-
pended in the same volume (5 mL). Portions of the original
suspension and of each filtrate and retentate were also boiled
for 15 min to determine the heat sensitivity of each fraction.

Dilutions from 10−1 to 10−6 were made after each of the
10 treatments to obtain cumulative ice nucleation spectra.
Thirty drops of 20 µL of each dilution were tested at −8,
−10, and −12 ◦C, maintaining each temperature for 10 min
on parafilm boats floating in a cryobath (Lauda Alpha RA24,
LAUDA-Brinkmann, Delran, NJ, USA). The entire assay, in-
cluding the 10 treatments, was repeated three times. The con-
centration of ice nuclei was calculated using the approach
developed by Vali (1971) and described previously (Failor et
al., 2017).

2.3 Culture-independent microbial community analysis

To determine the overall composition of the fungal and
bacterial communities in the leaf litter sample, a culture-
independent approach was used first. The primary leaf litter
suspension described above was vacuum-filtered through a
0.22 µm pore-size filter membrane (Supor® 200 PES mem-
brane Disc Filter, PALL, USA). DNA was extracted from the
filter with the DNeasy PowerWater kit (Qiagen, USA) ac-
cording to the manufacturer’s protocol. DNA concentration
and quality were evaluated by UV spectrophotometry (Nan-
oDrop 1000, Thermo, USA) and visualized on a 1 % agarose
gel.

For bacterial community analysis, the V4 hypervari-
able region of the 16S rRNA gene was amplified and se-
quenced using barcoded versions of the primers 799F (anti-
chloroplast, 5′AACMGGATTAGATACCCKG3′) and 1115R
(“universal”, 5′AGGGTTGCGCTCGTTG3′). For fungal
community analysis, the ITS 2 region was amplified and
sequenced using primers ITS9_F (GAACGCAGCRAAI-
IGYGA) and ITS4_R (TCCTCCGCTTATTGATATGC). All
steps from PCR to paired-end (2× 300 bp) amplicon se-
quencing on the Illumina MiSeq platform were performed
at Molecular Research LP (MR DNA™, Shallowater, TX,
USA).

Paired-end sequences were joined together into a single-
sequence read. Quality trimming was performed and bar-
codes and primer sequences were depleted. Then, sequences
shorter than 200 bp, sequences with ambiguous base calls,
and sequences containing homopolymers longer than 6 bp
were removed. High-quality sequences were processed us-
ing the Quantitative Insights into Microbial Ecology (QI-
IME) bioinformatic pipeline (Caporaso et al., 2010). Op-
erational taxonomic units (OTUs) were assigned using an
open-reference approach with a threshold of 97 % sequence
similarity. OTU picking and taxonomy assignment were per-
formed using UCLUST and the SILVA database (Quast et
al., 2013). Fungal ITS paired-end sequences were processed
as described above, but UNITE was used as the database in-
stead (Abarenkov et al., 2010).

All OTUs assigned to mitochondria or chloroplasts and
OTUs with fewer than five reads were excluded from fur-
ther analysis. QIIME-generated output files were imported to
R for data visualization using the Phyloseq 1.19.1 (McMur-
die and Holmes, 2013) and ggplot 2 2.2.1 (Wickham, 2009)
packages.

2.4 Culture-dependent bacterial community analysis

In parallel to the culture-independent approach, bacteria were
cultured to determine the composition of the bacterial com-
munity present in the leaf litter sample using a culture-
dependent approach. The undiluted primary leaf litter sus-
pension described above and 10−1 and 10−2 dilutions were
plated on R2A (Reasoner and Geldreich, 1985). Agar plates
were incubated at 28 ◦C for 2–7 days. After incubation, the
bacterial population was estimated by counting the bacterial
colonies. This assay was performed three times. One hun-
dred colonies were randomly selected for identification using
PCR followed by Sanger sequencing of the V4 hypervariable
region of the 16S rRNA gene as described previously (Failor
et al., 2017).

2.5 INA testing of individual bacterial colonies

The suspensions and 10−1 and 10−2 dilutions described
above were plated on R2A and LEM (Lysinibacillus enrich-
ment medium). LEM is based on a medium originally devel-
oped for Lysinibacillus sphaericus (Russell et al., 1989) to
enrich for Lysinibacillus strains similar to the Lysinibacillus
strain with INA that we recently isolated (Failor et al., 2017).
LEM contains, per liter, Na2HPO4, 5.57 g; KH2PO4, 2.4 g;
(NH4)2SO4, 2.0 g; MgSO4 · 7H2O, 50 mg; MnCl2 · 4H2O,
4.0 mg; FeSO4 ·7H2O, 810 µg; CaCl2 ·2H2O, 1.5 mg; H2SO4,
0.3 µL; sodium acetate, 321.8 mg; thiamine 200 mg; and bi-
otin, 20 µg. After incubation for up to 7 days, random bac-
terial colonies were resuspended in 140 µL of DDW. Five
drops of 20 µL from each colony suspension were tested for
INA at −8, −10, and −12 ◦C. Colonies for which at least
one drop froze at any of the used temperatures were streaked
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Figure 1. Characterization of INA of aspen leaf litter 70-S-14. For each biological replicate (n= 4), 1 g of aspen leaf litter was suspended in
100 mL of sterile double-stilled water (DDW). The primary suspension, the filtrates, and the filter retentates of the 0.22 µm and the 100 kDa
filters were tested for INA. In parallel, a portion of the primary suspension and of both filtrates and of both filter retentates were boiled for
15 min and tested for INA as well.

onto new plates. Bacterial suspensions were made from the
new plates for these colonies and five drops were tested for
INA a second time. If still positive, a third test was performed
similarly to the one described to determine the cumulative
ice nucleation spectrum of leaf litter 70-S-14: 30 drops of
20 µL each were tested for each dilution of a 10−1 to 10−6

dilution series starting with a bacterial suspension of ap-
proximately 1× 108 cfu mL−1. The same was done to deter-
mine the cumulative ice nucleation spectrum of Pa. ananatis
BAV 3057. In this case, a bacterial suspension at a concentra-
tion of 3.2×108 cfu mL−1 was used as a starting suspension
for the 10−1 to 10−6 dilution series and the bacterial starting
suspension was subject to the same differential filtration and
boiling combinations as the leaf litter.

2.6 INA testing of individual fungal colonies

Ten-fold serial dilutions were made from the primary sus-
pension described above. One hundred microliters of each
dilution was plated on potato dextrose agar (PDA) medium
supplemented with either streptomycin (20 mg L−1) or lactic
acid (0.1 %) to restrict bacterial growth. Plates were incu-
bated for 7 days at room temperature. Single fungal colonies
were transferred to new PDA plates supplemented with strep-
tomycin (20 mg L−1) and kept at room temperature. For all
fungal isolates, mycelium was scraped off the agar and resus-
pended in 1 mL of DDW, and three drops of 20 µL from each
fungal suspension were tested for INA as described above.
Fungal isolates for which at least one drop froze at any of the
used temperatures were transferred to new PDA plates. To
confirm INA in fungal isolates, new PDA plates were used
to prepare fungal suspensions, and 30 drops were tested for
a second time. For the cumulative ice nucleation spectrum
of M. alpina strain LL118, 1 mg of mycelium was scraped
off the PDA plates and suspended in 10 ml of DDW and pro-

cessed as described in the protocol used for the cumulative
ice nucleation spectrum of leaf litter 70-S-14.

3 Results

3.1 Aspen leaf litter 70-S-14 contains mostly INPs of
submicron size that are heat-sensitive

Differential filtration using a 0.22 µm pore size filter and a
100 kDa filter (approximately 50 nm pore size) in combi-
nation with boiling each filtrate and each retentate allowed
us to determine the concentration of total INPs in the leaf
litter sample and their approximate size and heat sensitiv-
ity (Fig. 2). While there was no detectable INA at −6 ◦C
and above, INA increased strongly when the temperature
was lowered to −8 ◦C, at which temperature we detected
106 INPs per gram of leaf litter. The concentration of active
INPs increased further to almost 107 g−1 at−10 and−12 ◦C.
Based on the earlier tests of ice nucleation on less aged 70-S-
14 by Schnell and Vali (1976), it appears that the sample of
70-S-14 lost between 1 and 1.5 ◦C of threshold ice nucleation
activity and 2 orders of magnitude in total INP concentration
active at −10 to −12 ◦C over the 48 years of storage.

Almost all INPs passed through the 0.22 µm filter, con-
firming the results obtained by Schnell in 1976 that leaf litter
mostly contains sub-micron INPs (Schnell and Vali, 1976).
The retentate of the 0.22 µm filter further confirmed this re-
sult since it had a very low concentration of INPs, approxi-
mately only 1/100 to 1/1000 of the 0.22 µm filtrate. Boiling
the original unfiltered suspension and the 0.22 µm filtrate also
reduced the INP concentration to 1/100 to 1/1000, revealing
that the majority of INPs present in the leaf litter is heat sensi-
tive. Further, passing the 0.22 µm filtrate through the 100 kDa
filter reduced the concentration of INPs active at −8 ◦C ap-
proximately 100-fold, while the concentration of INPs active
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Figure 2. Cumulative ice nucleation spectra of aspen leaf litter sam-
ple 70-S-14. Results are shown for all fractions shown in Fig. 1
based on droplet freezing assays at −6, −8, −10, and −12 ◦C. IN:
ice nuclei.

at−12 ◦C was reduced approximately 10-fold. This suggests
that the majority of sub-micron INPs is larger than 50 nm
and that a fraction of INPs is even smaller than 50 nm. In-
triguingly, resuspensions of the INPs from the 100 kDa filter
revealed a concentration of INPs in the 100 kDa filter reten-
tate that was even lower than that in the 100 kDa filtrate. This
could be due to the majority of INPs strongly binding to the
filter. When the filtrate and the retentate of the 100 kDa filter
were boiled, INPs active at −8 ◦C were almost completely
abolished, further confirming the heat sensitivity of the ma-
jority of the INPs present in the 70-S-14 leaf litter sample. In
summary, the majority of INPs in aspen leaf litter sample 70-
S-14 consisted of heat-sensitive sub-micron-sized particles,
with some being smaller than 50 nm and some being larger
than 50 nm.

3.2 Microbial population analysis of the aspen leaf
litter 70-S-14 sample reveals few known microbial
taxa with INA

To identify the possible biological origin of the INPs present
in the aspen leaf litter sample, the overall composition of
the bacterial and fungal communities was determined. This
was done using a culture-independent analysis by extracting
DNA followed by amplification and sequencing of the bac-
terial V4 hypervariable region of the 16S rRNA gene and the
fungal ITS region (Fig. 3).

The main bacterial phyla found in the leaf litter were Pro-
teobacteria (49 %), Actinobacteria (34 %), and Bacteroidetes
(16 %). Within the Proteobacteria, the genera Pseudomonas
(13 %) and Sphingomonas (12 %) were the most common.
Within the Actinobacteria, the most common taxon was an
undescribed genus in the Microbacteriaceae family (22 %).
Within the Bacteroidetes, Flavobacterium was the most com-

mon genus (14 %). Therefore, of all bacterial taxa known to
include strains with INA, only the genus Pseudomonas was
identified in this culture-independent approach. The fungal
leaf litter community contained 42 % Basidiomycota, 38 %
unidentified phyla, and 20 % Ascomycota. The most com-
mon genus was identified as Cystofilobasidium (14 %), fol-
lowed by Venturia, Ceratobasidium, and unidentified genera
in the Helotiales and Tremellomycetes. None of these genera
is known to include INA strains.

For bacteria, we also performed a culture-dependent anal-
ysis by plating the primary suspension on R2A medium.
Based on colony counts, the leaf litter contained a total of
3.13×105 colony-forming units (CFUs) per gram of leaf lit-
ter. One hundred random colonies were then selected for par-
tially sequencing the 16S rRNA gene. This analysis revealed
the presence of bacterial genera that are known to include
strains with INA. In fact, not only were 22 % of colonies
identified as Pseudomonas, but 1 % each were identified as
Pantoea and Erwinia. However, the genus with the high-
est number of colonies (34 %), the Gram-positive bacterium
Clavibacter, is not known to include any strains with INA.

3.3 INA testing of bacterial and fungal colonies reveals
presence of INA strains belonging to the bacterial
species P. syringae and Pa. ananatis strains and the
fungal species M. alpina

To determine whether any culturable bacteria or fungi with
INA were still present in the aspen leaf litter 48 years af-
ter collection, a total of 1170 bacterial colonies either grown
on R2A (881 colonies, including the 100 colonies described
above) or LEM (289 colonies) and 277 fungal isolates grown
on PDA were tested for INA.

Only three bacterial colonies were found to have stable
INA in all tests starting at −8 ◦C or above. The strains were
identified by sequencing the hypervariable V4 region of the
16S rRNA gene. Two strains were identified as members
of the genus Pantoea: one strain had 99 % DNA identity
over 935 nt with P. ananatis strain Ta030 (NCBI accession
number MH973238), and the other strain had 99 % DNA
identity over 922 nt with P. ananatis strain 12WE (NCBI ac-
cession number MH010898.1). The third strain was identi-
fied as a member of the genus Pseudomonas since it had 99 %
DNA identity over 794 nt with P. syringae pv. syringae strain
CFBP4215 (NCBI accession number LT962480).

Among the fungal isolates, only one was found to have
stable INA at −8 ◦C. This isolate, LL118, was identified as
a member of the species M. alpina based on ITS sequencing
since it had 99 % identity to M. alpina isolate F08ID36 with
NCBI accession number KJ469836.1 (Fröhlich-Nowoisky et
al., 2015).

Unfortunately, the P. syringae and the two Pa. ananatis
strains isolated from the leaf litter were lost and could not
be further characterized. However, we characterized the cu-
mulative ice nucleation spectrum of M. alpina LL118 and
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Figure 3. Analysis of the composition of the microbial communities present in aspen leaf litter sample 70-S-14. (a) Results from the culture-
independent analysis of bacterial diversity based on the V4 hypervariable region of the 16S rRNA gene (considering only classified reads);
(b) results from sequencing the V4 hypervariable region of the 16S rRNA gene of 100 bacterial isolates cultured from sample 70-S-14;
(c) results from the culture-independent analysis of fungal diversity based on the ITS region (considering only classified reads).

of Pa. ananatis strain BAV 3057, which was previously iso-
lated from rain (Failor et al., 2017) and that had over 99 %
identity in its 16S rRNA sequence to one of the two Pa. ana-
natis strains from leaf litter. Because of the genetic similarity
of Pa. ananatis BAV 3057 to the two Pa. ananatis strains
isolated from the leaf litter, these strains can be expected
to have very similar cumulative ice nucleation spectra. The
number of INPs produced by M. alpina LL118 per gram of
fungal mycelium active at −7 ◦C (the temperature at which
drops of the fungal suspension started freezing) was approx-
imately 1× 106. The number of INPs produced by Pa. ana-
natis BAV 3057 at −5 ◦C (the temperature at which drops of
the bacterial suspension started freezing) was approximately
1× 10−5 per CFU. Figure 4 shows how the INPs produced
by both M. alpina LL118 and Pa. ananatis BAV 3057 were
mostly heat sensitive. M. alpina INPs were all sub-micron in
size, and the majority could be resuspended from the 100 kDa
filter and were thus larger than 50 nm. Only approximately
1/10 of M. alpina INPs passed through the 100 kDa filter
and were thus smaller than 50 nm. Pa. ananatis INPs active at
−5 ◦C were mostly larger than 0.22 µm, but 1/10th of the Pa.
ananatis INPs active at−9 ◦C and below were sub-micron in
size. Similarly to M. alpina, more of the sub-micron INPs
could be resuspended from the 100 kDa filter (and were thus
larger than 50 nm) compared to the INPs that passed through
the filter (and were thus smaller than 50 nm).

4 Discussion and conclusions

Aspen leaf litter sample 70-S-14 (Schnell and Vali, 1976)
collected in 1970 has maintained remarkable INA over
48 years. When its characterization was first published in
1976, P. syringae was the only known organism with INA,
and microbial community analysis was not possible. There-
fore, with the discovery of many bacterial, fungal, and plant
INA organisms since then and today’s ease in determining
the composition of microbial communities, this historic sam-
ple represented a great opportunity for re-evaluation of its
INA and identification of the INA organisms possibly still
present and alive in this sample 48 years later.

The cumulative INP spectra of 70-S-14 obtained after a
combination of filtration and boiling (Fig. 2) clearly con-
firmed the result obtained in 1976 by Russel Schnell; i.e.,
the INPs in this sample are submicron in size. Moreover, the
INPs were found to be mostly heat sensitive. Since INPs pro-
duced by Lysinibacillus are heat resistant (Failor et al., 2017),
this result excludes our initial hypothesis that recently dis-
covered INA strains of the genus Lysinibacillus might have
contributed to the INA of 70-S-14. Also, heat-resistant INPs
produced by pollen can be excluded (Pummer et al., 2012).

The result is more in line with secreted INPs produced by
strains of the species Erwinia herbicola (Phelps et al., 1986),
of which most strains were later assigned to the species Pan-
toea ananatis (Walterson and Stavrinides, 2015), and with
INPs secreted by fungi in the genus Fusarium (O’Sullivan et
al., 2015) and in the species M. alpina (Fröhlich-Nowoisky
et al., 2015). In fact, Erwinia/Pantoea cells secrete some of

Biogeosciences, 16, 1675–1683, 2019 www.biogeosciences.net/16/1675/2019/



Y. Vasebi et al.: Comprehensive characterization of an aspen 1681

Figure 4. Cumulative ice nucleation spectra of M. alpina strain
LL118 (a) isolated from leaf litter sample 70-S-14 and of Pa. ana-
natis BAV 3057 (b) isolated from rain, but over 99 % identical in its
16S rRNA sequence to the two Pa. ananatis isolates from sample
70-S-14. The analyzed fractions derived from differential filtration
and boiling are the same as shown in Fig. 1; besides that, instead
of leaf litter, suspensions of M. alpina mycelium and of a Pa. ana-
natis bacterial suspension were used as the starting material. IN: ice
nuclei; CFU: colony-forming units.

the heat-sensitive INA protein as part of sub-micron EVs
(Phelps et al., 1986), and F. avenaceum and M. alpina both
secrete sub-micron INPs that are heat sensitive and proba-
bly proteinaceous in nature (Fröhlich-Nowoisky et al., 2015;
O’Sullivan et al., 2015). However, culture-independent anal-
ysis of 70-S-14 did not identify any of these organisms,
although a high number of bacterial 16S rRNA fragments
(131 796 sequencing reads) and a high number of fungal ITS

fragments (153 546 sequencing reads) were sequenced. This
suggests that these known INA organisms are very minor
constituents of the overall microbial communities present in
this leaf litter sample.

Interestingly though, sequencing a 16S rRNA fragment of
a relatively small number (100) of randomly selected bac-
terial colonies cultured from 70-S-14 did reveal the pres-
ence of Pantoea/Erwinia (two colonies). This may be due
to enrichment of this genus by the employed culture media.
Even more importantly, two Pa. ananatis isolates and one M.
alpina isolate with INA were identified among the 1170 bac-
terial colonies and the 277 fungal isolates, respectively. The
cumulative ice nucleation spectra of M. alpina and Pa. ana-
natis fit the overall ice nucleation spectrum of 70-S-14 (with
the majority of INPs being heat sensitive and in large part
sub-micron in size) and are thus likely sources of the INPs
present in 70-S-14.

Only one Pseudomonas strain with INA was isolated from
70-S-14. However, the typical ice nucleation spectrum of
Pseudomonas species does not fit the leaf litter ice nucle-
ation spectrum since most Pseudomonas species do not shed
the INA protein as part of EVs, but INA of Pseudomonas
species is generally associated with intact bacterial cells that
do not pass through 0.22 µm pores (Failor et al., 2017; Maki
et al., 1974; Morris et al., 2004).

Although Mortierella was the only fungal genus with
known INA identified in 70-S-14, it is possible that other fun-
gal strains are present (and culturable) at very low frequency
in this leaf litter sample since the number of tested fungal iso-
lates was relatively low (277 isolates). Therefore, we cannot
exclude that testing additional fungal isolates could reveal
the presence of additional fungal genera with INA in 70-S-
14. However, it is also possible that some INPs still present in
the leaf litter sample 48 years after collection were originally
produced by bacteria or fungi that are not culturable anymore
and whose DNA has been degraded. In fact, it is interesting
that the number of INPs produced per gram of pure culture of
the isolated M. alpina strain is approximately only 100-fold
larger than the number of INPs produced per gram of leaf lit-
ter. Considering that the total mass of fungi and bacteria with
INA in the leaf litter probably constitutes only a very minor
fraction of the total leaf mass in the leaf litter sample suggests
that organisms that produce a very high number of INPs must
have been present in the leaf litter sample at some point. It is
also possible that M. alpina, Pa. ananatis, and other INA or-
ganisms produced a much higher number of INPs when they
originally grew in the decaying leaves compared to the num-
ber of INPs that they produced when grown on nutrient-rich
agar plates in our lab before INA testing. In fact, low nutrient
availability has been shown to increase production of INPs
by various INA bacteria (Failor et al., 2017).

One important question in regard to the present study is
whether the presence of viable Pa. ananatis and M. alpina
isolates in a leaf litter sample that has maintained INA for
48 years strengthens the evidence for a role of these organ-
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isms as a source of atmospheric INPs. Several lines of ev-
idence support a positive answer to this question. In fact,
106 strains among 593 strains found to have stable INA
among 33 134 strains isolated from precipitation and tested
for INA in our previous work (Failor et al., 2017) were iden-
tified as Pantoea or Erwinia as well. Also, Du and colleagues
recently found submicron INPs in precipitation (Du et al.,
2017). Although Pantoea/Erwinia and M. alpina and other
known organisms with INA could not be identified in the
analyzed precipitation samples using a culture-independent
approach (Du et al., 2017), these organisms could still be
present since we could not identify them in our culture-
independent leaf litter analysis either, but we still found them
by culturing. Finally, Conen and Yakutin recently identified a
large fraction of heat-sensitive submicron INPs in soils from
various continents (Conen and Yakutin, 2018). Since these
INPs were only inactivated through boiling but not by incu-
bation at 60 ◦C, they are more likely of fungal origin than
a product of Erwinia/Pantoea. In conclusion, we think that
combining the results from these recent studies with our new
finding that 70-S-14 still contains viable Pa. ananatis and M.
alpina with INA supports a role of these organisms as impor-
tant sources of atmospheric INPs. Importantly, finding that
heat-sensitive sub-micron INPs are still active after 48 years
in leaf litter suggests that leaf litter might represent an impor-
tant reservoir of atmospheric INPs. The relative importance
of leaf litter compared to live plants and soil as a contributor
to the atmospheric pool of INPs is thus an important question
that warrants further investigation.

What we could not do in the present study and what we
could not do in our previous study of bacterial sources of
INPs in precipitation (Failor et al., 2017) was to directly
determine the presence of different genes coding for dif-
ferent biological INPs in metagenomic sequences. In fact,
while direct culture-independent metagenomic sequencing
of environmental samples is possible today (Behzad et al.,
2015), the limitation is that the only gene known so far to
encode a biological molecule with INA is the INA gene of
the Gammaproteobacteria, including Pseudomonas species,
Xanthomonas species, and Pantoea/Erwinia species (Ed-
wards et al., 1994). Identifying the genetic basis of biological
INPs produced by additional bacteria and by fungi would in-
stead allow determination of the presence of all these various
INA genes in environmental samples, such as soil, plants,
leaf litter, precipitation, and even clouds. Comparison of
presence and abundance of various INA genes between sam-
ples could in turn help infer the migration of microbes with
INA among environments and their relative contribution to
atmospheric INPs.
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