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Abstract

Ice nuclei, which initiate the ice nucleation process at 
a higher temperature than the homogeneous nucleation tem
perature, are essential for the initiation of the ice phase 
in clouds. Unfortunately, no standard method has been 
established for the measurement of ice nucleus concentra
tion. The filter technique is a premising candidate if the 
tendency for ice nucleus concentrations to decrease as the 
volume sampled increases can be explained. For this study, 
an improved ventilation method for the development of ex
posed filters was developed and tested. The results were 
compared with results obtained in a static diffusion 
chamber. The volume effect was observed to be less with the 
new dynamic system. Further work needs to be done to find 
the optimum flow rate in order to reduce the vapor depletion 
problem to a minimum. The ratio of total counts of dynamic 
and static system appears to be a promising evaluation in
dex .
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Introduction

Precipitation, through which water vapor in the air 
reaches the surface of the Earth in different forms, main
tains the balance among the water budgets of our entire 
planet. Basically, it involves phase changes of water, but 
the physical processes responsible for the release of 
precipitation are not yet fully understood. At present the 
best way to explain the observed efficiency of precipitation 
formation is by combining the Bergeron-Findeisen process 
(Wallace and Hobbs, 1977) and the collision-coalescence 
theory (Wallace and Hobbs, 1977).

In tropical regions clouds can extend as high as 5C00m 
before reaching freezing level. These water clouds consist 
of water droplets of different sizes. Because of the rela
tively high temperatures, ice crystals cannot exist in these 
clouds, and the only possible way for cloud droplets to grow 
to raindrops is by mechanical or aerodynamical collision and 
coalescence.

Unlike the tropical regions, the extra-tropical or high 
latitude regions often have a freezing level below 2000m and 
the cloud top temperatures are often below -10°C. Under 
these conditions ice crystals and supercooled water droplets 
will co-exist. Because of the excess saturation vapor pres
sure over water relative to that over ice, there will be a

1

Chapter 1



2

gradient of water vapor pressure from the surfaces of the 
supercooled droplets toward the surfaces of the ice crystals 
which will enhance the ice crystal growth rate. This is 
referred to as the "Eergeron-Findeisen process." In other 
words, the collision-coalescence theory is not sufficient to 
explain precipitation occurring in middle and high 
latitudes, and the Eergeron-Findeisen process works only as 
the cloud top extends above the freezing level and initiates 
the ice crystal growth mechanism. Hence, the existence of 
ice crystals is crucial to weather.

When it changes into an ice crystal, there are two kinds 
of nucleation processes a droplet may follow: homogeneous
nucleation or heterogeneous nucleation. A pure water 
droplet containing no foreign particle will follow the 
homogeneous nucleation process. This process occurs at very 
low temperatures; for example, -37°C is required for 4- and 
6ym-radius droplets to freeze (Ohtake, 1970). The need for 
extremely low temperature reduces the importance of 
homogeneous nucleation in the atmosphere when compared with 
the second process: heterogeneous nucleation.

In contrast, heterogeneous nucleation involves foreign 
particles which provide surfaces on which water molecules 
may easily form ice-like structures at a lower energy level 
than is possible without the foreign particles. These 
foreign particles are known as ice nuclei. As the ice-like 
structure grows, the droplet will be frozen at a much higher
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temperature than it would be under homogeneous nucleation.
In order to understand the relationship between ice 

nuclei and ice crystals in the clouds, we need to know the 
concentrations of effective (active) ice nucleus particles 
in the atmosphere. This is one reason why experimental work 
studying effective ice nuclei is so important. Experimental 
work on artifical ice nuclei is also important to the study 
of weather modification projects. For instance, one very 
common and simple assumption on which current rain-making 
projects are based is that a shortage of effective ice 
nuclei in the air inhibits the start of the precipitation 
process. Consequently, increasing the available ice nuclei 
in the air as a seeding agent becomes the major task of 
seeding projects. However, in order not to overseed the 
clouds, which is generally undesirable unless glaciation is 
expected, meteorologists need to know the efficiency of 
their seeding agents to estimate how much to use. The 
efficiencies of seeding agents under various conditions can 
be learned from laboratory studies only by relating the 
number of ice crystals produced to the amount of seeding 
material used. Another possible application of this 
experimental work is to assist in evaluating the degree of 
success of a seeding operation when the expected weather 
phenomenon does not occur after seeding. That is, measuring 
and comparing the concentrations of ice nuclei before and 
after seeding will tell us the extent of success of the
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dispersion of the seeding material. This experimental tech
nique can also he used to study the diffusion or dispersion 
phenomena of airborne particles if artifical ice nuclei are 
used for tracing (langer, Rosinski and Edwards, 1967).

In the present study, an improved method of measuring 
the concentrations of ice nuclei naturally produced is 
developed. To provide a clear understanding of the charac
teristics of such measurements, a brief discussion of ice 
nuclei per se will be helpful. Generally, ice nuclei are 
categorized into four differens modes:
(a) Deposition (Sublimation) nucleus.
(b) Condensation-freezing nucleus.
(c) Contact nucleus.
(d) Eulk-freezing nucleus.
The difference between a deposition and a condensation- 
freezing nucleus is that on the former, vapor is deposited 
directly as ice with no intervening water phase, while on 
the latter deposited vapor must be transformed from water to 
ice. A contact nucleus will be activated when a pre
existing supercooled droplet hits it by Erownian motion and 
freezes right away. During this rapid freezing, the contact 
nucleus will usually remain on the surface of the droplet. 
If the nucleus does not stay on the surface of the droplet, 
it will be classified as a bulk-freezing nucleus and that is 
the only distinction between those two modes.

Although all four modes (deposition, condensation-



5

freezing, contact, bulk-freezing) may act differently, their 
function is to change water droplets into ice crystals. 
Thus, particles acting in any of the modes above are clas
sified as ice nuclei. This implies that whenever there is 
an effective ice nucleus, its activation may have been 
caused by one or more modes, though we are unable to 
distinguish effective ice nuclei by their activation modes. 
Consequently, measuring effective ice nucleus concentrations 
gives only data pertinent to the temperature and humidity at 
which the measurements are made. For best results, the tem
perature and the humidity during the measuring stage should 
be adjusted to simulate those of the natural atmosphere 
where a cloud forms.

Clear interpretation of the physical meaning of measure
ments of ice nucleus concentrations has its difficulties, 
but there is no doubt that such work does occupy a highly 
significant position in both physical and applied 
meteorology. This is the reason why it is worthwhile to im
prove the techniques of measuring ice nuclei.



Chapter 2 

Various Experimental Methods

Many devices have been developed and used to estimate 
the concentrations of ice nuclei. While each method has its 
own features, generally they can be separated into three 
different groups according to the sampling theory behind 
them: 1 ) the direct cooling chamber method, which uses a 
cloud chamber to process the sample of air directly; 2 ) the 
precipitation and development method, which precipitates the 
aerosols from the sample air onto substrates and processes 
the substrates later; 3) the filtration and development 
method, which collects the particles from the sample air by 
using membrane filters and then processes the filters in a 
developing chamber.

2.1) Direct Cooling Chamber Method:

The general procedure of this method is to draw a known 
amount of sample air into a cold chamber, supply enough 
moisture to ensure the activation of potentially effective 
ice nuclei and cool the sample air until a supercooled cloud 
is formed at a known temperature. The ice crystals, formed 
either by the freezing of droplets containing ice nuclei, or 
by the direct-deposition of water vapor onto nuclei, are 
then counted.

The crystals are counted by means of optical or
6
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acoustic counters or by means of detecting solutions such as 
bubble-forming agents or sugar solutions.

The optical counting system involves shining a beam of 
light into the cold cloud inside the chamber. Eecause ice 
crystals differ from water droplets in brightness and 
scintillation, their number or spacing can be estimated 
visually and used to approximate the concentration of ac
tivated ice nuclei. However, poor eyesight and judgment may 
affect the accuracy of such data.

In an acoustic counting system, as ice crystals of 
detectable sizes fall through a special glass capillary (the 
sensor part of the system) at speeds within detectable 
range, each ice crystal will produce a loud click. These 
clicks can be picked up very easily with a microphone system 
and counted by conventional electronic circuits.

Generally, the detecting solution is a more sensitive 
as well as more accurate technique for counting than the ac- 
coustic or optical method. However, every kind of detecting 
solution has its own reaction when ice crystals settle into 
it. For example, if supercooled•water is used, the whole 
detecting pool will freeze no matter how many crystals fall 
into the water bath. This fast freezing characterisitc of 
supercooled water precludes continuous counting of ice 
crystals that come down. Schaefer (1948) chose soap bubbles 
of polyvinyl alcohol solutions because such bubble-forming 
agents can slow down the crystallization rate of the pool so
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that continuous settling of ice crystals can easily he ob
served. Supercooled sugar solutions were introduced by Eigg 
(1957). Sugar solutions can not only reduce the growth rate 
o f  i c e  c r y s t a l s  but a l s o ,  when concentration is varied, 
su g a r  solutions can be supercooled to different tempera
t u r e s .  These special f e a t u r e s ,  together with the ability to 
respo nd  o n l y  to i c e - c r y s t a l s  falling into them, make sug ar  

s o l u t i o n s  more s u i t a b l e  detectors than the bubble solutions 
f o r  many d i f f e r e n t  t y p e s  o f  ch a m b e rs .

R e g a r d l e s s  o f  t h e  counting method employed, the re
q u i r e d  c o o l i n g  f o r  t h i s  d i r e c t  cooling chamber method can be 
obtained in  two ways: expansion or refrigeration.

A. E x p a n s io n  C o o l i n g  System:
Thermodynamically, the expansion of a fixed volume of 

air inside an insulated closed system will lower the tem
perature of the air at a rate comparable to that of the 
natural atmosphere. However, in order to maintain the dura
tion of the minimum temperature, a well insulated chamber 
having sufficient space must be used. The operation in
cludes sucking air into the chamber, raising the pressure of 
the system to the proper level, allowing the pressurized 
system to return to ambient temperature and releasing a 
valve suddenly to let the pressurized chamber air expand to 
a predetermined temperature. When the chamber air tempera
ture reaches the desired value, the expansion may be stopped 
for a moment to count the number of activated ice nuclei.
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This type of system most often uses a supercooled sugar 
solution as a detector. A broad spectrum of temperature
versus concentration measurements may result from a series 
of gradually increased expansions without changing the 
sample. Warner's (1957) instrument, the United States
Weather Eureau (USWB) version of the Eigg-Warner counter 
(Kline and Brier, 1961) and the Colorado State University 
(CSU) expansion chamber counter (Grant, 1970) are good ex
amples of this type of system.

B. Refrigerating Cooling System:
Most measurements of ice nuclei have been made with 

chambers operating at fixed temperatures. With a 
refrigerating system the temperature of the chamber, into
which the air sample along with sufficient water vapor is 
introduced, will drop down to the desired temperature. A 
cloud will form and any ice nuclei activated inside will 
start to grow. After growing, these crystals can be counted 
with a detecting system.

Two different kinds of ice nucleus counters, based on 
the refrigerating cooling theory, were developed separately. 
They are the mixing chamber and the isothermal chamber. A 
typical instance of the first kind of counter has been 
described in detail by Eigg (1957). The National Center for 
Atmospheric Research (NCAR) continuous counter (Steele _et 
al-, 1967) is also a good representative of the mixing type 
chamber. The settling cloud chamber (SCC) (Ohtake, 1970),

JHE ELMER E. RASMUSON LIBRARY 
UNIVERSITY OF ALASKA
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recommended Toy Bigg (19 70) as the "best method so far, is an 
excellent example of an isothermal chamber. A detailed 
description of the SCO was described by Ohtake (1971)* As 
he points out, the major difference between mixing and 
isothermal chambers is the way in which the water vapor is 
supplied. For a mixing chamber the available moisture from 
a source inside the chamber is well mixed with the sampled 
air during the processing period. The resulting humidity 
with respect to water usually is more than 1CC$. The 
isothermal chamber has its water vapor supplied by either a 
hot wet plate placed above the developing chamber or by 
water sprayed into the upper chamber from the top when the 
temperature of the lower portion has reached the desired 
level. The advantage of the latter method is that due to 
the slow settling of water droplets inside the isothermal 
chamber, the supersaturation with respect to water in the 
lower part of the developing chamber where ice nuclei are 
activated is minimized. This minimized supersaturation 
causes the settling cloud chamber to approximate a natural 
cloud more closely than do the other chambers. This quality 
distinguishes the isothermal chamber as the best of the 
direct cooling chambers.

2 .2 ) Precipitation and Development Method:

In order to precipitate aerosol particles onto a sub
strate for processing, an external force must be used.



Gravity is generally not adequate, but the thermal gradient 
force or the electrostatic force can satisfy this require
ment. These two forces lead to two different instruments: 
the thermal precipitation counter and the droplet freezing 
counter.

In the first case, a pair of parallel plates with a 
temperature control makes up the main part of the system. 
With a hot plate on the top and a cold one at the bottom, a 
strong thermal gradient is created to sediment aerosols down 
to the bottom plate, the temperature of which is maintained 
just above the dew point of the surrounding air. After a 
known volume of sample air has passed through, the heating 
circuit of the top plate is turned off while cooling starts 
on the bottom plate. As its temperature reaches the dew 
point of the surrounding air, the bottom plate is exposed to 
the air for a few minutes to obtain sufficient moisture. 
When the temperature is lowered still more, ice crystals 
will appear and a series of measurements may be made by suc
cessive cooling and counting at different temperatures. A 
more detailed explanation is given by Nathan and Hill (1955, 
1957), followed by Fenn and Weickmann (1959).

The droplet freezing counter uses electrostatic force 
as a method of removing particles from sample air. Before 
sampling starts, many water droplets are spread uniformly 
over the substrate by manual means and supercooled to a 
preselected temperature. As the air sample comes in, the
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aerosols in the air are electrostatically precipitated onto 
the substrate, where these aerosols contact the supercooled 
droplets and freeze them. Thus, the major mode of activa
tion produced by the droplet freezing counter is freezing. 
This sort of counter may provide some information on the in
teraction between ice nuclei and supercooled droplets in 
natural clouds. Although its significance has not been con
firmed yet, a feasible method has been devised this instru
ment to reproduce ice crystals from the residues of previous 
developments. (Vali [1976] gave a thorough discussion about 
his droplet freezing counter and comparisons with other 
techniques.)

2.3) Filtration and Development Method:

Filters have been used for many years to collect par
ticulates from mixed fluids. A similar technique is widely 
applied to collect aerosols and study their characteristics. 
Fiber filters and membrane filters are commonly employed. 
As the names implies, fiber filters are made of various 
kinds of fibers and membrane filters are made of thin 
plastic sheets penetrated by extremely small and regularly- 
sized holes (Cadle, 1975). like aerosol studies, an ice 
nucleus study also needs to have the particles collected on 
filters. This requirement eliminates the usage of fiber 
filters, which will trap the particles not only on the sur
face but inside the filters. Among the different brands of
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membrane filters, Millipore is the most often used. It is 
favored because of its consistent performance and the fact 
that it was the first used for this purpose.

After the filter has had a measured amount of air drawn 
through it, depositing the ice nuclei and other impurities 
on its surface, it must be "developed" to allow counting of 
the ice nuclei. The general scheme of the developing tech
nique is to put the filter on a good thermal conducting 
plate, seal the gap between them and cool them by operating 
a thermoelectric cooler underneath the plate. To simulate a 
supercooled cloud, the temperature of the filter is lowered 
to reach the dew point of the surrounding air, to which 
moisture is supplied continuously by a sheet of ice, an ice 
bath or other means. It has been shown that when the 
humidity of the surrounding air is at water-saturation 
point, all ice nuclei are activated (Stevenson, 1968). It 
takes 10 to 20 minutes for the resulting crystals to grow to 
visible sizes. The result can be photographed so that 
counting may be done later with great ease and accuracy. 
Stevenson's diffusion chamber (Stevenson, 1968) is a stan
dard example of developing devices commonly used in this 
method.

2.4) Comparison of Different Techniques

In the previous section three different methods of 
measuring the concentration of ice nuclei were reviewed.
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There is a need to use one of them as a candidate for a 
"standard field method," which should have the merits of 
easy mobility, wide applicability and reliable results. To 
facilitate evaluation and comparison, Table 1 gives the 
limitations of sampling and developing procedures of each of 
the three concentration measurement methods. The direct 
coding method is preferred by many researchers for its long 
history and adequate reliability of the interpretation 
of their results. However the huge dimensions, long 
processing time and problems of storing the air samples 
restrain its mobility and the simplicity of its operation. 
These difficulities reduce the potential of the direct 
cooling method to be considered as a standard field method. 
The precipitation method not only shares the problems of the 
direct cooling method but has another difficulty about its 
sampling force. That is, .the possibility exists that the 
external sampling force might contaminate or change the ac
tivation habit of the ice nuclei. All such uncertainities 
leave the precipitation method behind the others.

The third way, the filtration method, has many advan
tages as a standard field method. Considering the sampling 
part of this technique, we find that the apparatus consists 
of vacuum pumps, membrane filters and filter holders. The 
operational procedures are simple and comprehensible to 
everyone. Also, the mechanical parts occupy a very small 
space and that allows such a sampling system to be installed



lablc I. Summary of comparison of different techniques for measuring the concentration of ice nuclei.

Name of Method Advantages Disadvantages

i
Direct cooling 
chamber method

1. Expansion chamber, when continuous expansion is 
applied, can give a concent ration-temperature 
spectrum by developing one sample.

2. Mixing chamber can measure ice nucleus concen-* 
tration once at a fixed temperature.

3. Isothermal chamber, the best method so far, can 
simulate the natural cloud conditions very
closely.

1. All three (expansion, mixing and isothermal) 
methods need special equipments which are 
very large and heavy. The mobility is poor.

2. Samples cannot be easily stored for later 
process ing.

3. It takes time to process one sample and that 
interferes the next sampling.

A'. Limited by the size of chamber, large volume 
samples cannot be taken.

5. It is impossible to reprocess the same sample 
with any these methods.

Precipitat ion 
and development 
method

1. Low supersaturation can be controlled for a 
period to study the difference between 
deposition and condensation-freezing nuclei.

2. The same sample can be reprocessed.

1. The surface of the substrate may provide some 
nucleating sites which may affect the final 
results.

2. Ice nuclei may change their activating 
ability due to the external sampling force.

3. Unless many substrates are used, samples can 
not be stored easily with only one plate.

Filtration and
development
method

1. The sampling devices are very simple to operate 
and easily installed, not limited by time and 
space.

2. The temperature and humidity can be governed to 
simulate the natural cloud conditions.

3. Samples can be stored very easily for a long time 
without losing activity.

A. Sampling and developing are two separate steps 
and this feature allows later development to 
he done at another place.

5. Careful control of developing conditions will 
help understanding of different activation modes 
of ice nuclei.

6. Samples can be reprocessed many times.

1. Volume effect disturbs the interpretation of 
results.
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on an airplane, balloon, ship, car or ground station with 
greatest ease. This freedom of installation removes the 
limitations of time and space. With different flow rates or 
sampling times, the volume sampled may vary from a few to 
hundreds of liters. Among the various advantages, perhaps 
the most important one is the excellent capability of 
regulating the temperature and humidity during processing to 
an intended low supersaturation to imitate natural cloud 
conditions.

However, there are problems which have remained un
solved since Eigg, Miles and Heffernan (1961) introduced 
this method. The processing method used initially was very 
simple. Putting a supercooled solution onto a precooled 
filter would activate the growth of ice nuclei. Two years 
later, Bigg _et al. (1 963) found a non-linear relationship
between ice nucleus concentrations and sampled volumes. 
simultaneously exposing filters to various volumes of air, 
they observed a significant decrease of the mean ice nucleus 
concentrations with increasing sampled volumes. This 
finding was confirmed by Mossop and Thorndike (1966), and 
Gagin and Aroyo (1969). Eecause of the non-linear relation
ship between ice nucleus concentrations and sampled volumes, 
which we will refer to as the "volume effect," the advantage 
of sampling with large volumes of air disappears.' Although 
the non-linearity may be intrinsic to every method without 
our knowledge, it disturbs the interpretation of the results
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of the filtration method. In this present study a new 
processing chamber has been designed and tested to eliminate 
the volume effect. The favorable results will be discussed 
later.

Finally, the comparison of three different available 
methods suggests that the filtration method has the greatest 
potential to become the standard field method in the future.



Instrumentation of the New Dynamic System

3.1) Historical Backgrounds:

Many people, such as Eigg et al. (1963), Mcssop and
Thorndike (1966), Stevenson (1968), Eigg end Stevenson 
(1970), Danger (1970), lala and Jiusto (1972), Huffman and 
Vali (1973), Danger and Rogers (1975), Zamurs, Dala and 
Jiusto (1977), King (1980) and Tanaka (1981) have tried in 
various ways to explain the volume effect. A total of 7 
possible causes of the volume effect has been investigated 
by these researchers. Their conclusions are summarized 
below:

(a) The changing collection efficiencies of the filters for 
ice nuclei: It has been postulated that for different
sampled volumes the collection efficiencies of the filters 
might change. Eigg _et al. (1 963) studied this problem and 
concluded that the volume effect is not caused by changing 
collection efficiencies. On the other hand, Mossop and 
Thorndike (1966) considered that membrane filters having 
high retention—efficiency collect particles near the surface 
due to the presence of the electrostatic charge on filters 
as reported by Spurny and Polydorova. in 1961. Mossop and 
Thorndike investigated the possible effect of electrostatic 
charge on the collection efficiency of the filters for ice

Chapter 3
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nuclei. Their conclusion was that the electrostatic charge 
does not affect the collection efficiency for ice nuclei.
(b) The coverage of ice nuclei by inert particles: Because 
there is no way to separate ice nuclei from accompanied 
inert particles during sampling, the coverage of ice nuclei 
by inert particles may be one cause of the volume effect. 
Bigg e_t _al. (1963) estimated the concentrations of inert 
particles necessary to cause a noticable decrease in active 
nuclei and concluded that the required concentrations of 
inert particles were too high to be present in the rural 
areas from which their samples came. Hence, unless very 
heavily polluted air is sampled, it is unlikely that the 
physical coverage of ice nuclei is the cause of the volume 
effect.
(c) Captured particles may be driven deeper into the filter 
by the passage of air. The number of particles left on the 
surface of the filter decreases when the sampled volume in
creases. This may be one cause of the volume effect. Bigg 
et al. (1 963) reported that this theory, based on their 
experimental results, was inadequate to explain the apparent 
concentration decrease. Furthermore, Mossop and Thorndike 
(1966) ruled out the possibility for this phenomenon to hap
pen .
(d) The poisoning of ice nuclei by gaseous pollutants: Many 
kinds of gaseous pollutants in the air can pass through 
filters. As those pollutants pass through the pores along



20

with ice nuclei, the ice nuclei may become inactivated. 
Bigg et _al. (1963) studied this problem and their conclu
sion was that this theory was inadequate to explain the ob
served cencentration reduction. But Georgii (1963) found 
that the presence of ammonia on the filters can cause a 
decrease in the ice-forming ability of a number of inorganic 
or organic ice nuclei. In order to clarify the poisoning 
problem, Mossop and Thorndike (1966) experimented with both 
natural ice nuclei and artificial nuclei. Their conclusions 
excluded the possibility that the volume effect is due to 
the poisoning of collected ice nuclei by gaseous pollutants.
(e) Background count: Bigg et _al. (1 963) found that the 
background count changes from filter to filter and that the 
effect of background counts on ice nucleus concentrations 
also varies. The effect of the background count becomes 
dominant when the background count is comparable to the 
number of activated ice nuclei. Because there is no way to 
remove the backgrounds from the filters, the effect of the 
background count on the resulting concentration should be 
considered for each filter developed.
(f) The activation mode problem: As the moisture available 
to grow ice nuclei in the filter technique is in the vapor 
phase, most of the ice nuclei are activated by the 
condensation-freezing mode. On the other hand, the 
available moisture in the direct-cooling counters is in the 
vapor phase mixed with water droplets. Thus, ice nuclei
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will be activated by the condensation-freezing, contact and 
bulk-freezing modes. The single-activation mode of ice 
nuclei in the filter technique leads to the result that the 
filter method detects the condensation-freezing nuclei only 
and misses ice nuclei activated by the other modes. Al
though the activation-mode problem may not be a direct cause 
of the volume effect, it helps us to realize the importancce 
of the water vapor depletion problem to the volume effect 
of the filter method.
(g) The water vapor depletion problem: Hygroscopic par
ticles collected together with ice nuclei on the filters 
have a tendency to absorb moisture even at subsaturation 
conditions. Due to the hygroscopicity, the vapor pressure 
within a certain distance r around a hygroscopic particle is 
prevented from rising to a value at which an ice nucleus 
would be activated and grow. This radius r is defined as 
the effective depletion radius. By using sodium chloride 
particles, Eossop and Thorndike (1966) proved the vapor 
depletion effect of hygroscopic particles on the measured 
ice nucleus concentrations. They also reported a technique 
to remove those particles without disturbing the natural ice 
nuclei. They suspended filters on the surface of distilled 
water and dissolved these hygroscopic particles before 
processing them. This washing technique was modified re
cently by Tanaka (1981) to study the ice nucleating activity 
of volcanic ash.
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Lala and Jiusto (1 9 7 2) were the first to numerically 
estimate the actual humidity in a static chamber. They con
cluded that:
(1) The actual humidity inside the chamber is unlikely to 
reach water saturation even when the temperature differen
tial is set to give relative humidity higher than 10 with 
no hygroscopic sinks.
(2) As the number of the nuclei on the filter increases, the 
chamber humidity will decrease. The reduced humidity will 
activate fewer ice nuclei.

Although these results are based on theoretical approx
imation, they suggested the use of a dynamic or ventilated 
system to maintain the humidity inside the chamber at a con
stant .

Huffman and Vali (1973) further examined the vapor 
depletion problem and pointed out that the water vapor 
depletion caused by activated ice nuclei is more important 
than that caused by hygroscopic particles. They found a 
simple semi-empirical model to derive a correction factor 
with which the true concentrations of ice nuclei can be 
found from measured concentrations. In an attempt to cir
cumvent the vapor depletion problem, Eigg and Stevenson 
(19 70) first applied a forced ventilation method to measure 
the concentration of ice nuclei. Theoretically, ventilation 
with air of fixed humidity should provide a turbulent field 
of constant humidity to activate every ice nucleus.
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However, due to some errors in structure, the results of 
their ventilation method showed no increase in concentra
tions. Two obvious defects are : (1) The circulated air is
not filtered. (2) The processed air, which has no outlet, 
stays inside the flask and mixes with incoming fresh air. 
Such mixing will lower the dew point of the air in the 
chamber. In other words, the unstable humidity will affect 
the activation of ice nuclei.

At the same time, langer (1970) set up his dynamic 
system in a way different from Eigg and Stevenson (1970). 
He used a laminar flow to prevent the vapor depletion 
problem. Nevertheless, lack of comparison between the 
results of any dynamic chamber and those of the traditional 
static chamber makes it very difficult to evaluate the ef
fectiveness of this dynamic method.

3.2) A New Dynamic System:

One direct cause of the volume effect is the vapor 
depletion problem. In order to eliminate it, a new dynamic 
system is developed here. Eefore the processing chamber of 
the new system is chosen, two processing chambers which are 
different from those of previous dynamic systems are tested 
here. Both of them employ an impact flow instead of a 
laminar flow. The reason for this arrangement is that an 
impact flow should reduce the effective depletion radius of 
each vapor sink. As the vapor-depleted region around a sink
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becomes smaller, ice nuclei once prohibited from growing can 
be activated. Eesides the reduction of vapor-depleted.reas, 
in a laminar flow system the nuclei in the downstream area 
may experience subsaturated vapor pressure and never be ac
tivated. Eut when filtered air of constant moisture impacts 
the filter at a sufficiently high rate, the effective radius 
of each sink, as well as the mixing height of the microscale 
boundary layer, should be compressed to a minimum. If the 
volume effect is caused by the vapor depletion problem only, 
the impact flow method certainly helps in resolving the 
volume effect and giving a much more reasonable result.

In the search for a good nozzle to direct the impacting 
flow, a glass funnel and a regular plastic cap from a Kil
lipore filter holder were tried separately. Figure 1 gives 
the schematics of the dynamic chamber A, which has a glass 
funnel as its flow distributor. At the beginning, room air 
which is very dry (relative humidity about 16$) is pumped in 
by a Gust air pump (1). The air passes through a cotton 
ball filter (2) which removes large dust particles. Then, 
the air comes into a one-liter flask dryer (3  ̂ filled with 
silica gel, a dynamic drying agent (Kirk-Othmer, 1979), to 
be dehydrated. After dehydration the air flows through a 
controllable flow meter (4 ) and goes into the cooling tube
(5)- The cooling tube is located at the bottom of a cold 
chamber .(18) which is set at -10°C. The air coming out of 
the cooling coil has the same temperature as the bottom of
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1 \1I* -

1: air pump
2: cotton ball filter
3:' drying room (silica gel)
4: adjustable flow meter
5: cooling tube
6: humidifier 

(crushed ice)
air filter (0.45um)
valve
dew point hygrometer 
(EG&G)

10: T-valve
11: flow me ter
12: 60° glass funnel
13: aluminum supporter
14: thermocouple
15: sample filter
16: copper plate
17: thermoelectric 

cooler
18: cold chamber

Figure 1, Schematic diagram of dynamic chamber A. The air 
distributor used is a glass funnel which leads the 
ice saturated flow to impact on the’ filter surface 
under developing.
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the chamber. The air then passes through a humidifier cell
(6), which is the key of the whole humidity adjustment 
procedure. As the ice-saturated air leaves the humidifier, 
it goes through a 0 .45um filter (7) which removes any poten
tial ice nuclei or small ice crystals from the flow. A 
small amount of air flow is directed into the sensor of a 
dew point hygrometer while the rest (1.16LPM) proceeds 
either to the developing chamber (1 2 ) or to a f l o w  meter
(11). Inside the developing chamber, a copper p l a t e  (16) 
with a sample filter (1 5 ) sits on a thermoeletric cooling 
stage (17). A carefully made and tested thermocouple (14) 
is attached to the filter to measure its surface tempera
ture .

Before entering the humidifier cell, the air flow is 
very dry, but as the air leaves, its dew point reading from 
the EG&G hygrometer (9) shows that the impacting flow con
tains the desired amount of moisture. Because only one cold 
chamber is used, the humidifier cell is set up at a higher 
position inside the cold chamber than the cooling coil so 
that the temperature of the crushed ice filling the 
humidifier chamber is warmer. Knowing the dew point of the 
impacting air flow, we can adjust the thermoelectric cooler 
to keep the filter surface at the temperature of water 
saturation with respect to the air flow for about 7 minutes. 
If the vacuum pump is operated longer than 7 minutes, the 
heat it adds to the air flow will raise the dew point about
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1 C per minute. A change in the dew point will force a
readjustment of the filter temperature and alter the
developing temperature. However, with careful control of 
all details, 7 minutes is long enough to develop one filter.

Chamber E in Figure 2 uses a plastic cap as its air
distributor. The other parts of system E remain the same as 
in system A. Comparing the results of these two systems, we 
find not much difference when the sampled volume is below 
300 liters. Eut as the sampled volume increases, dif
ferences in results start to appear as can be seen in Figure 
3. In Figure 3a, a misty area in the central sector is ob
served, which does not exist in 3b. This departure shows 
that the growth rate of ice crystals there is faster than in 
other places. The faster growth rate needs a continuous 
supply of moisture which means that the air flowing out of 
the funnel is more concentrated in the center. A comparison 
between the results of the A and E chambers indicates that 
chamber E can distribute the air flow more uniformly than 
chamber A. Therefore, chamber B is used as the developing 
chamber of the new dynamic system in this study.

As this paper is an evaluation of a new system, a com
parison with the regular static diffusion development 
chamber is necessary. Therefore a thermal diffusion 
chamber, as shown in Figure 4, was operated at the same 
time. The distance between the ice pad and the filter, 
which was found to be one critical factor in determining the
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r - 1

1: air pump 10: T-valve
2: cotton ball filter 11: flow meter
3: drying room (silica gel) 12: plastic cap from
4: adjustable flow meter Millipore filter holder

5: cooling tube 13: plexiglass ring

6: humidifier 14: thermocouple
(crushed ice) 15: sample filter

7: air filter (0.45um) 16: copper plate
8: valve 17: thermoelectrie cooler
9: dew point hygrometer 

(EG&G)
18: cold chamber

Figure 2. A sketch of dynamic chamber B. With the use of a plastic 
cap from a Millipore filter holder the ice saturated flow 
of known flow rate is directed to spread over the sample 
filter on the cooling stage.



3b
Figure 3. Different appearances resulting from the use of dynamic 

chamber A (Figure 3a) and dynamic chamber B (Figure 3b).



1: aluminum plate 7: aluminum tube
2: ice sheet 8: hard-paper board
3: thermocouple(1) 9: 15-watt light bulb
4: sample filter 10 plexiglass
5: thermocouple(2) 11 thermoelectric cooler
6: copper plate 12 coolant

Figure 4. A static diffusion chamber used in this experiment 
to compare with the new dynamic chambers developed.
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peak humidity reached (Zamurs, Lala and Jiusto, 1977), was 
maintained at about 6.5mm all of the time. The distance 
from the bottom of the aluminum plate to the surface of the 
copper plate was 27.81mm. Thus, in order to keep the space 
between the surface of ice pad and filter at 6.5mm, the ice 
pad had to be about 21.31mm thick. For a sheet of ice as 
thick as this, the temperature of the aluminum plate cannot 
represent the surface temperature of the ice pad. Using a 
second thermocouple to get the surface temperature of the 
ice cover directly solved this uncertainty.



Chapter 4 

Procedures and Results

A flow chart of the experimental procedures is shown in 
Figure 5*

4*1) Selection of Filters

Four different kinds of Millipore filters (HAHP, HAWP, 
HAWG and HABG) with pore size 0.45ue are available. Ac
cording to the manufacturer, the first two letters, such as 
HA, specify the filter type. HA means that the filters are 
composed of mixed esters of cellulose. The third letter in
dicates the color or the special feature of the filters. 
For example, B (or W) means the filters are black (or white) 
and H tells us the filters are hydrophobic. The last 
letter, either P or G, indicates that the filters are either 
plain or grid-marked. Because of the background count 
problem, Bigg (1ST3) and Zamurs, lala and Jiusto (1977) sug
gested an initial check of the filters to determine the ex
tent of contamination. The test begins with two arbitrarily 
chosen unexposed filters from each box of 25 filters. One 
of them is developed at -15°C in the static chamber with 
calculated water saturation. If the number of ice crystals 
comes out to more than 5, that package of filters will be 
discarded. If the number is less than 5, a second filter
from this batch will be processed at -20°C. If the number
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Figure 5, The flow chart of the procedures of this study.
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of ice crystals activated on the latter filter is more than 
20, its hox is also rejected. Among ten filter "boxes 
tested, only three packages of HAEP filters passed the test 
and they were accepted as clean filters. However, in order 
to evaluate the validity of this contamination check 
procedure, 80 more HAEP filters were used directly without 
an initial check.

4-2) Filter Holder:

It is necessary to know the "background correction for 
each filter used. Assuming that the ice crystals which form 
on a blank filter are uniformly distributed, the filter 
holder can be modified so that only the central portion will 
have sample air pass through, leaving an outer annular area 
blank. If the outer annular region, which is referred to as 
the "control region," occupies half the area of the filter, 
the number of ice crystals grown there should be equal to 
the number of background crystals activated in the sample 
area. This technique was applied by Czys (1978), who found 
that the areal distribution of background counts on Mil- 
lipore filters is smoother than on other brands of filters. 
The same method is used here, but a smoke test indicates 
that the modification of the screen below the filter is as 
important as the cover part. If the screen is not sealed 
well, eddies will diffuse smoke particles upwards and pol
lute the control area. This is shown in Figure 6.



(b)

J Ji
m t i
(c)

Figure 6. Side views of Millipore filter holders: (a) before modification; (b) cover
modified only and (c) both cover and screen modified. The lower filters are 
their corresponding results of smoke samples. When (b) and (c) are compared, 
it is obvious that if the screen below the filter is not sealed, the eddies 
will diffuse smoke upwards and cause a gray ring around the central dark part

VJl
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4*3) Sampling:

A parallel sampling system having one vacuum pump (as 
shown in Figure 7) is used. Two sets of modified filter 
holders are used at one time. Each filter holder is con
nected in series with an adjustable valve. Eefore final 
sampling starts, two flow meters are used to calibrate and 
equalize the flow rate for each testing filter. Using 
another flow meter after the air pump helps to continuously 
monitor any change in the total flow rate. 124 EAEF filters 
were used to collect natural ice nuclei on the roof of the 
Geophysical Institute of University of Alaska, Fairbanks for 
this experiment. The details of sampling are tabulated in 
Table 2.

4.4) Developing and Counting:

After sampling, the filters were stored in petri 
dishes. Eecause the temperature of the cold chamber was set 
at -10°C at the beginning, the resulting frost point of the 
ventilated flow in the dynamic method was -,15*6°C. The cor
responding dew point of this frost point is -17.4°C. In 
order to develop all filters under the same conditions, this 
temperature, -17-4°C, was used as the developing tempera
ture .

The sealant applied here is filtered automotive 
automatic transmission oil from Chevron Corporation. The
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Figure 7
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A sampling system-using two filters simultaneously, having the same flow rates 
and collecting air particles from the air at the same time.



Table 2. Summary of sampling work. Miliipore HAllP filter lias pore size 0.45pin, diameter 
47mm, white plain and hydrophobic features. All the sampling was done on the 
roof of the Geophysical Institute, University of Alaska, Fairbanks. means
that the development of certain sample filters failed.

Sampling Date Filter Used Flow Rate 
(L/min/filter)

Sampled Volume 
(L)

Number
Filters

of
Used 0No.

8/6/1981
1150AM

to
0420PH

Hillipore 
IIA11P 9.0

5* 
10* 
50 

1 50* 
300 
500* 

1000*

2 
2 
2 
2 
2 
2 * 
2

1

2

11/10/1981
1030AM
'to

•1245PM

Hillipore 
11AHP

10.2 
3.7

5
10
50
100
200
300
600

2
2
2
2
2
2
2

3
4
5
6
7
8 
9

12/12/1901
0130PM

to
0400PM

Hi 111 pore 
II All P

10.4
4.2

50
100
250
500

4
4
4
4

10
11
12
13

4/13/1902
1140AM

to
1100PM

Hi 11ipore 
IIAKP

9.4
5.1
4.8

5
20
30
50
100
200
350
500
700
1000

8
8
8
8
0
8
8
8
8
8

14
15
16
17
18
19
20 
21 
22 
23
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automatic transmission oil is chosen because it has the fol
lowing advantages (Fountain, 1980): (a) Compared to the
other sealants used in the filter technique, like silicone, 
STP oil, and Vaseline, transmission oil has a h ig h  p e r f o r 

mance rating. (b) A shorter time period was necessary 
to grow the crystals. (c) The oil remains liquid at the 
developing temperature and when i t  was absorbed by the 
filter, t h e  f i l t e r  became t r a n s p a r e n t .  The c o l o r  of t h e  

c o p p e r  p l a t e  u n d e r n e a t h  t h e  f i l t e r  i s  v e r y  d a r k ,  w h ic h  a l 

lows the counting o f  ice c r y s t a l s  t o  p r o c e e d  much faster and 
with better accuracy.

The filter is transplanted from t h e  p e t r i  d i s h  onto the 
copper plate w i t h  about 2cm3 o f  t r a n s m i s s i o n  o i l  between 
them. The exposed filter absorbs t h e  oil and becomes tran
sparent immediately. With careful operation, the transmis
sion oil will not flood over the surface of the filter. If 
an air bubble forms below the filter, a readjustment is 
necessary to drive the bubble out so that the filter is in 
good thermal contact with the copper plate beneath. The 
whole plate is left on the cooling stage of a thermoelectric 
cooler at the bottom of the cold chamber. A thermocouple is 
attached to the filter surface to monitor its temperature. 
It takes about 15 minutes for the filter to reach the 
chamber temperature. When it does, a quick check to make 
sure that there are no crystals on the filter is important. 
If any crystals appear at this time, it means the filter has
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been heavily polluted already.
The next step in dynamic developing is to start the 

regulated flow and switch on the thermoelectric cooler. 
Eecause the dew point hygrometer needs about 1 minute to 
give the frost point of flow, 60 seconds are allowed for the 
electric cooler to lower the filter temperature down to 
-17*4°C. A suitable cooling rate is found out emperically 
and preassigned to the electric cooler. As time passes, the 
ice nuclei are activated and grow to visible sizes. Pic
tures are taken 5 minutes later to record what is observed 
and to make counting easier.

In the static chamber, as soon as the copper plate is 
placed on the cooling stage, an ice pad is also placed 6.5nsni 
above the filter. After 15 minutes, the filter temperature 
reaches the chamber temperature and a quick check is made to 
assure that there are no crystals on the filter. Continuous 
cooling drops the filter surface temperature to -17.4°C; 
meanwhile, the ice pad still holds a temperature of -15.6°C. 
The temperature differential creates a water-saturation 
vapor field for ice nuclei to grow. Another 10 minutes is 
necessary for the ice crystals to become large enough for 
visual counting. If there are too many crystals to count, 
photographs will be taken to ease the counting later.

An 0-ring is glued to the modified cap of the filter 
holder to seal the sample region from the control region, 
and the depression it leaves on each filter separates the
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surface into two equal areas very clearly. This depression 
makes it easy to distinguish the sample count from the con
trol count. The difference between the sample and the con
trol counts will give the number of activated ice nuclei 
from the sampled volume of air.

4*5) Results

The results from 62 successfully developed filters are 
presented in Table 3* For every filter developed, the 
sample count and the control count are listed. Subtracting 
the background from the corresponding sample count gives the 
number of activated ice nuclei in the sampled volume. The 
concentrations of ice nuclei per cubic meter are computed 
from following equation:

t „ (Sample Count - Control Count) ___Ice Nucleus Concen. =   c   ■- ■ TT    x 1000 (L/1P)Sampled Volume

In the last column of Table 3, the ratio of ice nucleus 
concentrations is computed by dividing the concentration 
detected in the dynamic method by that of the static method. 
A ratio of greater than 1 implies successful development, in 
the dynamic chamber, of ice nuclei that are not activated in 
the static chamber method.



Table 3. Results of successfully processed filters. All filters are developed at -17.4°C with 
relative humidity at saturation with respect to water. The ice nucleus concentrations 
of if 1 to If23 are computed from the following equation:

(Sample Count - Control Count)
Ice Nucleus Concentration - --------- —  ̂  Volume---------  x 1000(L/1I3)

The ice nucleus concentrations of if 14 to If23 are the averages of A concentrations from 
A filters of the same sampled volume.

Sampled 
//No. Volume Sa“PU "8 

(L) Date

Static Chamber Method
Sample
Count

00

Control
Count
(N)

Ice Nucleus 
Concentration 

(N/M3)

Dynamic Chamber Method
Sample
Count

00

Control
Count
(N)

Ice Nucleus 
Concentration 

(N/M3)

Concentration
Ratio

<!>
50

300 8/6/1981 1A
A5

10
0

80
150

22
150

380 
A 83

A.8 
3.2

3 5 1 1 0 0 0 0 _
4 10 7 A 300 10 7 300 1.0
5 50 5 3 A0 14 11 60 1.5
6 100 11/10/1981 11 10 10 18 13 50 5.07 200 A 0 20 31 5 130 6.58 300 6 2 13 27 A 77 5.99 600 3 0 5 25 1 A0 8.0

10 50 2 0 A0 1A 12 A0 1.011
12

100
250 12/12/1981 18

10
10
2

80
32

37
42

2
6

350 
14 A

A.A 
A.513 500 13 6 1A 47 A 86 6.1

14 5 1.5 1.0 100.0 A .0 A.5 100.0 1.0
15 20 A .0 5.0 50.0 A.5 3.0 75.0 1.516 30 2.0 2.5 16.7 6.0 1.5 150.0 9.0
17 50 A.5 2.5 70.0 20.5 9.5 220.0 3.118 100 10.5 2.0 85.0 27.0 12.5 1A5.0 1.719 200 A/13/1982 6.0 1.5 22.5 32.0 11.5 102.5 A.6
20 350 A.5 2.0 7.1 58.5 9.5 137.1 19.321 500 A .0 1.3 2.7 54.0 8.0 92.0 34.122 700 6.0 2.0 5.7 73.3 5.3 97.1 17.023 1000 6.5 0.0 6.5 130.0 7.0 123.0 18.9

4̂



Chapter 5

Discussion

5-1) Background Count

(a) The effectiveness of the contamination test:
In this experiment, the filters used for cases from #1 

to # 13 had been tested for contamination before sampling. 
We will refer these samples as the "tested" group. The rest 
of the samples (from #14 to #2 3) which did not have the con
tamination test before sampling are refered to as the "un
tested" group. The mean background count with one standard 
deviation is 3-69+3.85 for the static method of the tested 
group. The mean background count for the dynamic method and 
the tested group is 5-62+3*92. For the static method and 
the dynamic method of the untested group, the mean back
grounds are 1.83+1.96 and 7.26+4.64, respectively. The mean 
background count of the dynamic method is higher than that 
of the static method. Eecause of the uncertainty of the ef
fect of the contamination on , the background counts, 
statistical analyses have been carried out to check on any 
significant difference between the backgrounds of the tested 
group and those of the untested group for both the static 
and the dynamic methods. As the counting of ice crystals on 
the developed filters was done by the author only, it is 
reasonable to assume that there is no bias in the two sets

43
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of data collected. Also, assuming that the distribution of 
the activated background crystals is normal, the F test is 
used to determine the equality of the variances of the 
tested and untested groups (Davis, 19 7 3)•

For the static method, the F value is 13-32. With a 1# 
level of significance, the critical F value is 7-20, As 
1 3 - 3 2 is much larger than 7 -2 0, there must be a significant 
difference in the background counts between the tested and 
untested groups for the static method. Similar analyses 
gave the F value of the dynamic method as small as 0.74. 
Therefore, the hypothesis is valid at 1$ level of sig
nificance for the dynamic method. Furthermore, even using a 
3& level of significance, 0.74 is much smaller than the 
critical F value of 4-05; hence, the hypothesis holds true 
for the dynamic method. This means there is no significant 
difference in the background counts between tested and un
tested groups of the dynamic method. A further T test is 
used to find the equality of the two group means of the 
dynamic method. The absolute value of computed T is 1 .13- 
The critical T value for 5$ significant level is 1.678. As 
1.13 is smaller than 1 .678, the hypothesis cannot be 
rejected. Hence, the variance and group mean analyses 
suggest that there is no significant difference in the back
ground counts of the tested and untested groups for the 
dynamic method.

The above discussion indicates that the contamination
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test is not necessary for the filters used in the dynamic 
method. This reduces the cost of natural ice nucleus 
measurements if the dynamic method is used.
(b) The effect of the background count on the sample count:

Table 4 explains the importance of the background count 
to the sample count for both the dynamic and the static 
methods. Under each method the third column shows the 
percentage of the background count out of the corresponding 
sample count. Although the background counts stay below 11 
in the static method, the computed percentages vary with 
different volumes. This variability implies an un
predictable influence of the background on the calculated 
concentration. In the dynamic method, when the sampled 
volume of air is less than 200 liters, there is also an 
unstable influence on the concentration caused by the con
trol count. But as the sampled volume of air increases to 
more than 200 liters, the percentage drops down and stays 
below 16$. In other words, as the number of activated ice 
nuclei increases, the importance of the background count for 
the resulting concentration is reduced. This result in
creases the reliability of the measurements of the dynamic 
method.

Another feature of the control count of this experiment 
is that 8 of the 46 cases have control counts above 10. But 
there is no evidence to relate such background counts to the 
sampling or processing procedures. This phenomenon is per-
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Table 4. Relationship between background (control) count and
sample count. 1* 1 specifies those cases with control 
counts below (or equal to) 16% of their sample counts.

!1
j Sampled 

#No. | Volume 
I (L)i
i
|

Static Method Dynamic Method

Sample
Count
(N)

|

Control
Count
(N)

% 1 Sample
Count
(N)

Control
Count
(N)

%

1 ! 50 14 10 71 22 3 14*2 | 300 45 0 0* 150 5 3*
3 1 5 i 1 1 100 0 0 —
4 | 10 i ^ 4 57 10 7 705 ; 50 5 3 60 14 11 796 j 100 i 11 10 91 18 13 72
7 200t '1! 4I 0 0* 31 5 16*8 j 300 6 2 33 27 4 15*9 • 600 3 0 0* 25 1 4*

10 | 50 j 2 0 0* 14 12 86ii ioo ; 18 10 56 37 2 5*12 ; 250 10 2 20 | 42 6 14*
13 S 500 13 6 46 47 4 9*14 ! 5 1.5 1.0 67 4.0 4.5 113 1

1 15 20 4.0 5.0 125 : 4.5 3.0 6716 30 2.0 2.5 125 ; 6.0 1.5 2517 j 50 4.5 2.5 56 ! 20.5 9.5 4618 j 100 10.5 2.0 19 . 27.0 12.5 46
19 ! 2001 6.0 1.5 25 1 32.0 11.5 3620 j 350 4.5 2.0 44 | 58.5 9.5 16*21 1 500 4.0 1.3 33 ; 54.0 8.0 15*22 j 700 6.0 2.0 33 73.3 5.3 7*
23 1000

1
6.5 0.0 0* 130.0 7.0 5*
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haps a coincidence.

5-2) Accuracy of Calculations for Relative Humidity

It is generally believed that humidity has a pronounced  

influence on the activation of ice nuclei (Stevenson, 1966). 
Hence, the change of relative humidity with respect t o  w a t e r  

saturation against processing time f o r  each d e v e lo p m e n t  has 
been checked. Two typical cases are p l o t t e d  in F i g u r e  8 .  

In each case, the solid line connecting ten m easurem ents  ( o )  

represents the static method and the broken one c o n n e c t i n g  

five readings (+) stands for the dynamic method. The other 
two horizontal broken reference lines set up an accuracy 
range for the calculated relative humidities. The FG&G dew- 
point hygrometer gives dew point readings with an absolute 
error of +0.5 C. The thermocouple readings, which give the 
surface temperatures of the filters, are accurate to 
+0.025 C. This amount (0.025), which is one order of mag
nitude smaller than the error cf the dew point measurements, 
can usually be ignored. Based on the Clausius-Clapeyron 
equation, and assumming that moist air follows the ideal gas 
law well enough, this temperature corresponds to a 4$ error 
in relative humidity. Therefore the tolerable range for 
10C$ relative humidity with respect to water is from 96$ to 
104$. In many cases, the regulated humidity varies within 
this range (Figure 8a.),- but sometimes' it exceeds these 
limits. When this happens, the development is still con-
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Figure 3. The change of relative humidity with respect to water 
saturation is plotted against time for cases #1 and 
#9. The broken line connecting plus (+) signs is for 
dynamic processing and the solid line connecting circles 
(0) is for static processing. The two other lines are 
for reference. #
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sidered to be successful. Figure 8b (case #9) is a good ex
ample.

5-3) The Volume Effect

Figure 9 is a graph of data of the static method from 
Table 3> with concentration against volume. The first 
letter of the legend of each curve (A, B, C or D) specifies 
which of the f o u r  different sampling dates a r e  i n v o l v e d  and 

the second letter (d  or s) stands f o r  either the dynam ic  or  

the static method.
As group A has only two observations for t h e  s t a t i c  

method, the A-s line is drawn by connecting these two 
points. The other three lines ( E - s ,  C-s and D - s )  a r e . the 
first order regression lines. Eue to the zero concentration 
of sample #5, this measurement was excluded from the regres
sion analysis of group B data. The correlation coefficients 
of the B-s, C-s and D-s lines are 0.87, 0.52 and 0.66, 
respectively. As can be expected from the discussion in 
section 2.4, the measured ice nucleus concentration 
decreases with increasing volume in all three groups. These 
results of the static method represent a typical behavior of 
the volume effect, which we seek to minimize by using the 
dynamic method.
5.4) The Improved Results of the New Dynamic Method

The discussion in section 3*1 indicates that the water 
vapor depletion problem is possibly the major cause of the
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Figure 9. Ice nucleus concentrations measured using the static method are plotted 
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volume effect. Using the new dynamic system, we hope to 
eliminate or at least greatly reduce the vapor depletion 
problem and solve the volume effect. Since group A has only 
4 observations for both the static and the dynamic methods, 
the data of group A are excluded from further regression 
analysis. The measured ice nucleus concentrations of groups 
E, C and D, together with their first order regression 
lines, are plotted against sampled volumes in Figures 10, 11 
and 12.

In Figure 10, the slopes for lines E-d, E-s are -0.36, 
-0.92. This indicates that the reduction of measured'ice 
nucleus concentrations with increasing sampled volumes is 
smaller in the dynamic method than in the static method.

The same tendency can be found in Figures 11 and 12. 
Especially in Figure 12, the linear regression analysis 
suggests that the best fitting line is the mean concentra
tion of group D measurements. The D-d line means that the 
ice nucleus concentrations stay constant no matter how the 
sampled volume varies. It is clear that the volume effect 
disappears. As to why the volume effect does not diminish 
completely under the same developing process (as in Figure 
10), we postulate the following. The vapor depletion 
problem may be caused by the presence of either hygroscopic 
particles or by the activated ice crystals themselves. If 
the concentration of ice nuclei or hygroscopic particles 
were higher during the sampling period B than during C and
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Figure 10. The first order regress^on lines of data group li. The solid line stands
for the dynamic processing and the broken line is for the static processing.
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D, more ice nuclei or hygroscopic particles would he col
lected. Since the flow rate of the dynamic chamber is fixed 
in this study, the competition for water vapor during 
processing procedures must be more severe in group B than in 
groups C and B. Thus the reduction of the effective deple
tion radius would be less effective for group E samples. 
Accordingly, the volume effect still remains in the results 
of E group to some extent.

In addition to the above qualitative description of the 
improved results of the new dynamic method, a quantitative 
analysis of all data has been attempted, using the "area of 
effect" model developed by Huffman and Vali (1ST3)• Their 
theoretical equation is 
Log( ~  ~v— ) = Log C + N Log( 1 - + P V Log ( 1 - ~ ^ )  (1)

where C : ice nucleus concentration
N : sample count
Nb : background (control) count
A : sampled area on filter
r : vapor depletion radius of ice crystal
R : vapor depletion radius of hygroscopic

particle 
V : sampled volume
P : concentration of hygroscopic particles 

Taking series expansion of equation (1) and considering only 
the first order terms, we may obtain
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S ■ 1  =  C - C N ft/-2 C V P n -R -- (2)V A A
Next, we assume there are only ice nuclei and hygroscopic
particles in air. Considering two sets of samples taken at
the same time and place, C, r, R, A and P are constants. We
define k=( n r2)/A, K=(P nR2)/A and substitute into equation

(2 ),

N ~y--b-  = C - C N k - C V K (3)

If we treat (Ck) and (CK) as two unknowns and run a 
multiple-parameter regression analysis, C will come out as 
the first term on the right side of equation (5)* In order 
to yield k and K, the data have to satisfy the inequality

N - Hb
—  1 = - ( N k  + N K )  < 0C

Prom the filtered input, another multiple regression will 
tell us the values of k, K.

The outcome of analyzing data from groups E a.nd D in 
this experiment are presented in Table 5* It is very en
couraging that k and K are one order of magnitude larger in 
the static method, which means smaller depletion radii for 
the dynamic method. This finding supports prior discus
sions .

5.5) Evaluation of the Dynamic Method

The concentration ratio seems at first glance to be the



Table 5. The results of the regression analysis of the simple model, using data from 
groups B and D as the input.
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simplest way to evaluate the dynamic method, and values from 
Table 3 are drafted in Figure 13* A substantial rise in 
ratio follows the increase in volumes. But, as it happens, 
the intensification in concentration ratios can not show the 
actual improvement of the dynamic concentration. This is 
because the serious volume effect on static measurements 
reduces the static concentrations when the sampled volume 
increases. This reduction in the static concentrations may 
increase the ratio index faster than the real change in the 
dynamic concentrations.

In order to estimate the actual extent of improvement 
of the dynamic method, the measured dynamic concentration 
should be compared with the true concentration of ice nuclei 
in the air. However, there is at present no standard way to 
measure the actual natural ice nucleus concentration. A 
comparison of the total counts of both methods is made on 
the grounds that the total count attests to the maximum 
number of crystals that can grow on the filter under each 
development. Another advantage of using the total counts is 
that if the effect of different flow rates on the total 
counts were studied, we would be able to determine whether 
or not the maximum of the total counts had been reached for 
the assigned setting. The present data are sketched in 
Figures 14, 15 and 16. Figure 14 depicts the results from 
data group B with two best fitting lines, and Figures 15 and 
16 show similar analyses for data groups C and B. In all
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Figure 13. Ratio Index of concentration versus sampled volume plotted for evaluation.
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figures, the static chamber shows a very perceptible tenden
cy to keep the counts below 30, while during the same time 
the dynamic chamber can enhance the counts by about 5-7 
times. The different trends of the two methods demonstrate 
not only the effect of the dynamic flow but also different 
maximums of ice nuclei activated under each technique at 
present conditions. When assigned conditions change, the 
limit may also vary but ideally the trends will remain the 
same.



Chapter 6 

Conclusions and Recommendations

6.1) Conclusions

An evaluation of a new dynamic ventilation system in 
comparison with a static diffusion system has been carried 
out. With the aid of a parallel sampling system, 106 HARP 
Millipore filters were prepared for comparisons. As the 
evaluation of the validity of the contamination test in
dicated, an initial contamination test does have significant 
influence on the background counts if the static method is 
used. Eut when the dynamic method is used, the analyses 
showed no significant difference in background counts 
between the sample filters undergoing the test and those not 
undergoing the test.

Twenty-three sucessfully developed cases having 
reasonable background counts and errors in calculated rela
tive humidity were compared. The volume effect appears, as 
predicted, to be dominant in the results of the static 
processing. For the dynamic method, this phenomenon exists 
with a smaller or even no influence. This can be explained 
by using a simple model, suggesting shorter vapor depletion 
radii for the dynamic method than for the static method. 
This result coincides with theoretical predictions.

To establish an evaluation standard, the ratios between

64
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total counts (rather than concentrations of the two methods) 
are chosen and compared. The comparisons show that (a) the 
dynamic method can activate more ice nuclei than the static 
method, (h) the number of ice nuclei activated by the 
dynamic method increases as the sampled volume increases.

In conclusion, the measured ice nucleus concentrations 
of the dynamic method showed a less important volume effect 
for all data. The expected effect of the dynamic flow on 
the vapor depletion problem definitely occurred. The 
dynamic flow system has been shown to be one way to remove 
the vapor depletion phenomenon and thus improve the measure
ments of ice nuclei in the atmosphere.

6.2) Recommendations

In order that the filtration method may become a con
venient standard way of measuring the ice nucleus concentra
tions, further research is needed to find the best flow rate 
to eliminate the vapor depletion problem.

Several suggestions are made on the basis of this 
study:
(a) When the new dynamic system is used to measure ice 
nucleus concentration, the fresh filters may be used 
directly without running a contamination test.
(b) When natural ice nuclei are 'studied, the sampled volume 
should be more than 200 liters. But if the volume effect 
still appears when the dynamic method is used, a faster
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dynamic flow or reducing the sampled volume is proposed. 
However, it should "be remembered that in order to have con
sistent temperature measurements of the filter surface, the 
flow rate of the impacting stream is restricted by the fluc
tuations in temperature.
(c) Combining the washing technique (Kossop and Thorndike, 
1966) with the new dynamic system may give better results 
than using them separately.
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