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DEDICATION

Jt is with great sonrow zhat we nrecall zhe untimely doss of ourn good friend and
codleague, Professon Rogen Lincodn Steele.
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Workshops such as this one, ftrom his scientific invodvement in the Finst International Work-
shop at Lannemezan, France in 1967, %o his /ze4ponALb4_Lu‘,LeA as Chainman of the Onganizing/
Steening Committee duning the Second Wonkshop held in Ft. Collins, Colorado in 7970.

Professon Steele widl nremain in ourn minds as an individual of uncommon sirength and
unique characten, and it is to his memory that we dedicate these Proceedings.

ROGER LINCOLN STEELE

Februany 12, 1924 - November 10, 1980
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The Third International Cloud Condensation
Nuclei Workshop was held at the Desert Research
Institute, Reno, Nevada, October 6-17, 1980. The
goals of the Workshop were to intercompare CCN
measurement technology and to perform a limited
number of experiments of fundamental scientific in-
terest. A total of 39 scientists representing 20
institutions were in attendance. Twenty-five in-
struments were tested, including size characteriza-
tion devices and two Aitken counters. The test
acroscls supplied to the instruments by an
on-line generation system, thereby eliminating the
need for storage bags. Some of the main conclu-
sions reached during the two-week Workshop were as
follows:

were

(n Test aerosols of pure soluble salts,
both monodisperse and polydisperse, can be provided
with stability in output concentration to about +3%
per hour; -

ABSTRACT

-ij-

(2) Of nine static diffusion chambers (SDC),
the five best units (averaged) agreed to within 20%
of the NRL mobility analyzer and to within 10% at
1% supersaturation;

(3) Four of the five continuous flow diffu-
sion (CFD) chambers agreed with each other to with-
in about 15% at 0.7% supersaturation and about 20%
at 0.3% supersaturation;

(4) The
within about 15%;

(5) Two of four isothermal haze chambers
agreed with each other to within about 40%;

(6) Analysis of the results showed that most
instruments' estimation of the CCN spectral slope,

best CFD's and SDC's agreed to

k, and the known dry aerosol size distribution
slope, B, confirmed the theoretical relationship k=
2/3 8.
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SECTION I,

In 1967 the First International Workshop on
Condensation and Ice Nuclei was convened under the
guidance of Prof. Henri Dessens at his Centre de
Recherches Atmospheriques in Lannemezan, France.
The Workshop provided a unique opportunity for sci-
entists from all parts of the world to exchange
ideas on measurement techniques and to compare in-
struments for observing ice and condensation nuclei.

A number of important Tlessons were Tlearned
from the first Workshop; principal among them was
the need for improved methods of particle genera-
tion and characterization, and also the requirement
to provide a continuous and stable source of nuclei
to the instruments. Solutions to these problems
were provided by the combined efforts of several
scientists, and at the Second International Work-
shop, held at Colorado State University in Ft.
Collins, Colorado, in August 1970, substantial pro-
gress was made 1in generating, storing and deliver-
ing aerosols in the desired size ranges to the more
than 25 CCN and Ice Nucleus measuring devices.

In retrospect, the Ft. Collins Workshop was an
enormous success, providing researchers an opportun-
ity to learn about the strengths and limitations of
the then current instruments used for measuring
atmospheric nuclei. At the conclusion of the Work-
shop, it was determined that, since the needs of
CCN and IN counters are so vastly different in
terms of aersol concentrations, separate workshops
would be preferable in the future for comparing
these two major types of instrumentation. Indeed,
this has been the case and, in 1975, an independent
Ice Nucleus Workshop was held at the University of
Wyoming in Laramie, Wyoming. The objective of that
Workshop was to measure and compare methods of ice
nucleus measurement; additional useful experiences
were gained in methods of generating and delivering
ice-forming nuclei to the instrument.

INTRODUCTION

Ten years were to pass before the present
Workshop was convened at the Desert Research Insti-
tute (DRI) in Reno, Nevada. In the intervening
period, progress has been made in instrument design
technology, and several new measurement concepts
have emerged. Notable among them have been the
various types of continuous flow diffusion (CFD)
chambers, the isothermal "haze" chambers which are
able to operate at extremely low supersaturations,
the highly efficient CFD spectrometers and the auto-
mated static diffusion chambers. Detailed dis-
cussions of each of these types of CCN instruments
are provided within these proceedings.

The advances in CCN counter technology have
been more than matched by the growth and improve-
ments in aerosol size characterization technology.
As just one example, electrical aerosol analyzers
are now an off-the-shelf item in use in laborator-
ies throughout the world, whereas at the time of
the Ft. Collins Workshop, only a few groups pos-
sessed prototype devices.

In view of the many recent innovations in CCN
counters, as well as the vast improvements that
have been made in particle characterization technol-
ogy, it was the unanimous decision of the Ad Hoc
Commission of the Nucleation Committee, Internation-
al Commission on Cloud Physics (ICCP), that a high
quality instrument comparison workshop be conduct-
ed. With the support of the National Science
Foundation and the National Aeronautics and Space
Administration, such a Workshop was conducted at
DRI, Reno, Nevada, October 6-17, 1980, with W.
Kocmond and J. Jiusto serving as sponsor Principal
Investigators. It is the purpose of these proceed-
ings to document the results and activities of the
two-week Reno Workshop.



SECTION II.

In the broadest sense, the Third International
CCN Workshop had two principal objectives:

(1) To intercompare CCN measurement technol-
ogy over a wide range of instrument oper-
ating conditions, and

(2) to perform one or perhaps two fundamental
cloud physics experiments of interest to
the scientific community.

Because of the strong desire to check each
instrument's detection limits and response charac-
teristics under varying operating conditions, most
experiments were directed toward this goal. Delib-
erations by a Workshop Steering Committee (Gagin,
Jiusto, Kassner, Kocmond, Megaw, Ruskin and Radke)
in conjunction with DRI representatives produced
several recommendations with regard to the scientif-
ic details of the experiments that were performed.
The principal recommendations were:

(1) that the composition of the test aerosols
should include NaC1, Agl and (NH4)2504;

(2) aerosol concentrations should be in the
range of a few hundred to a few thousand
per cm3 active at 0.1 to 1.0% supersatura-
tion;

(3) ambient air monitoring should be a part
of each day's runs;

(4) on-line continuous generation of aerosols
with high stability (+2%) would be prefer-
red over use of a storage bag to supply
aerosols to the instruments;

OBJECTIVES

(5) aerosol samples should be forced through
a duct, rather than drawn by suction in
order to avoid possible contamination
from negative line pressures; and

(6) both polydisperse and monodisperse aero-
sols should be generated for the intended
instrument checks.

In addition to these recommendations, the con-
sensus held that a few steep sloped aerosol distri-
butions should be produced for tests of instrument
responsiveness and also one or two experiments of
very high (> 2000 cc-! active at 1.0%) and very
Tow (< 200 cc™! active at 1% supersaturation) aero-
sol concentrations should be performed to test each
instrument's limits of detection.

With such a broad range of instrument calibra-
tion checks, there was less opportunity to conduct
specific experiments of fundamental scientific in-
terest. A number of suggestions were considered
which included e.g. tests of Kohler theory for a
range of particle sizes; comparisons of experiment
and theory regarding condensation on particles of
limited wettability; checks of temperature depen-
dence of CCN activity in terms of S.; and attempts
to identify conditions under which particle multi-
plication may occur.

Partial answers to several of these questions
were obtained from the results of experiments per-
formed during the course of the Workshop. Details
regarding the findings can be found in the individ-
ual summary papers.




SECTION III,

Welcoming Address
by

H.W. Georgii
Institut fur Meteorologie und Geophysik
Frankfurt, Germany

Ladies and Gentlemen:

It is a privilege for me to welcome you to the
Third International Workshop sponsored by the Com-
mittee on Nucleation of the International Commis-
sion on Cloud Physics and supported by the National
Science Foundation and NASA. We are here as the
guests of the Desert Research Institute of the
University of Nevada, and my special thanks and
gratitude go to the host, Professor Warren Kocmond
and his associates who provided these beautiful
facilities for us. To all of you, I want to
express our gratitude. This workshop is mainly
devoted to the measurement of cloud condensation
nuclei. As a matter of fact, the Second Interna-
tional Workshop, held during August 1970 at Fort
Collins had to deal, among other goals, with the
following subjects:

(N Survey of the state-of-the-art in the
field of measurement of CCN, (2) compare the operat-
ing characteristics of various types of CCN count-
ers, and (3) humidity activation characteristics in
various types of CCN counters. While the main
effort of the 1970 Workshop, and also of the 1975
Workshop held at the University of Wyoming in Lara-
mie, was devoted to the measurement of ice nuclei,
six CCN counters were also tested at Ft. Collins.
In the meantime, during the last decade, the impor-
tance of CCN for cloud and precipitation physics
became more evident. We therefore found it appro-
priate to devote this Workshop predominantly to the
measurement of cloud condensation nuclei.

We became aware in the meantime that only
aerosol particles activated at a supersaturation of
about 0.5% are of interest to the cloud physicist.
We have improved our knowledge on the distribution
of CCN in the troposphere and its relation to the
atmospheric aerosol in general. This is important,
since concentration and composition of cloud nuclei
influence directly the average size of cloud drops,
the number concentration of cloud drops, the colloi-
dal stability of clouds and the optical density of
clouds. The importance of sulfate containing par-
ticles as potential cloud nuclei was emphasized
during the Tlast ten years by many investigators,
and it was confirmed that over oceans the sea-salt
particles are only a small fraction of the total
maritime cloud condensation nuclei. It could be
shown that also over the oceans a large fraction of
cloud nuclei 1is composed of ammonium sulfate or
sulfuric acid.

Not long ago, it was assumed that Aitken nu-
clei are of little importance as cloud nuclei.
According to more recent observations, we have to
assume that a certain fraction of Aitken nuclei is
activated as cloud nuclei. However, the results
are still somewhat controversial. A large concen-

WELCOMING REMARKS

tration of Aitken particles does not always lead to
a large number of CCN. While measurements in the
plumes of large cities in the United States showed
an increase of CCN downwind of pollution sources,
this was not observed in Israel. In general, it
can be said that the concentrations of cloud nuclei
over the continent range from 100 to 1000/cc while
over the oceans they range from some tens to a few
hundred/cc. These values are in good agreement
with the drop concentrations in continental or mari-
time clouds. From this point of view, it appears
that the cloud nuclei counters used in these inves-
tigations detect the right fraction of the atmos-
pheric aerosol activated in the process of cloud
formation. One problem, still unsolved, is the
possible long-term trend of the cloud nuclei concen-
tration on a global scale. One major source of
cloud nuclei is probably the emission of reactive
gases and the subsequent formation of secondary
nuclei by gas to particle conversion. A long-term
increase of the cloud nuclei population will cer-
tainly influence the efficiency of the rain-forming
process.

During the 1970 Workshop, five CCN counters of
the thermal diffusion principle showed satisfactory
results and good agreement with natural aerosols.
The agreement among the instruments was less satis-
factory for artificial aerosols. In the meantime,
more sophisticated instruments have been developed
and we are looking forward with interest to the
experimental phase of this Workshop. Cloud nuclei
have become a more and more important fraction of
the atmospheric aerosols. I therefore believe that
this Workshop is very timely and provides the neces-
sary international platform to study and to discuss
the progress which had been made during the last
ten years and to give the necessary directives to
researchers in this field.

Welcoming and Keynote Address
by
Sean A. Twomey*

University of Arizona
Tucson, Arizona

A.  Historical Perspectives

Early workers fe.g., P. Squires) were aware that
there were many more condensation nuclei than cloud
droplets; the realization came that it was impor-
tant to make measurements at low supersaturations
rather than with Aitken counters. Discussions in
the early 1950's turned to the prablem of detecting
and counting the small cloud droplets that would be
produced at small, cloud-like supersaturations.

N

This summary of Dr. Twomey's Welcoming and Keynote
remarks has been composed based upen notes pro-
vided by the author.



The creation of small supersaturations under
isothermal conditions (rather than by adiabatic ex-
pansion) seemed highly desirable, leading to the
conception of the chemical diffusion chamber. At
that time (middle 1950's), Wieland in Switzerland
had constructed a thermal gradient diffusion cham-
ber and used it to nucleate and grow droplets at
small supersaturations. Detection and counting in
Wieland's chamber was accomplished by examination
of a sticky layer on the chamber floor, into which
droplets fell and were hopefully preserved. Twomey
introduced photographic detection, and soon the
thermal gradient diffusion chamber, with large
diameter-to-height ratio, cooled at the base (for
convective stability and to avoid transient super-
saturations), became the standard device. Photog-
raphy became the standard detection method, al-
though problems such as nominally "fast" film being
sometimes slower than nominally "slower," but Tless
grainy films, remained to be sorted out., Encugh
devices were in operation that an early comparison
workshop could be held at NRL's Chesapeake Bay
Annex in 1965.

Whatever the detection method, it will have a
threshold - a minimum detectable size of droplet,
and it is evidently vital to determine or estimate
that, since otherwise one may be counting inacti-
vated (haze) droplets, or not counting all acti-
vated droplets. At very low supersaturations an
inactivated droplet may be several microns radius
and a clear distinction between "haze" and "cloud"
(in terms of size) no longer exists. Under such
conditions, a simple counting procedure 1is hardly
sufficient and some method of sizing is required,
essentially calling for a different technology.

At about the same time, NRL's airborne CCN
studies began, and soon investigators were able to
compare CCN counts to cloud droplet concentrations.
The comparison results were, in general, satisfac-
tory.

B. Points Concerning the Sizes and Composition of

oW

An aspect of typical cumulative CCN distribu-
tions fortunate for cloud physics is that there is
found a convenient and simple proportionality be-
tweencritical supersaturation and numbers of acti-
vated cloud droplets:

N = csk,

where k 1is typically less than unity and often
around 0.5 or so. The parameter k could equally
well have been much larger, or the simple power law
could have been replaced by some less tractable
functional relationship. At very low critical su-
persaturations, k does tend to increase to greater
than unity, creating a more difficult situation
where the number of droplets activated is critical-
ly dependent upon small variations in the ambient
supersaturation, and hence on the detailed time
evolution of temperature before and during the con-
densation processes.

The sizes of natural CCN have been shown by
several experiments to be close to the minimum size
that Kohler's theory (of the critical supersatura-
tion of pure soluble electrolytes) would allow.
Again, it is fortunate that most CCN of interest
seem to be soluble compounds, not simply insoluble,
wettable particles of various contact angles.

It has long seemed that the most likely candi-
dates for these soluble compounds were sodium chlor-
ide, ammonium sulfate, and sulfuric acid. Ammonium
sulfate continues to be regarded as a predominant
constituent.

C. Gaps in the Understanding of CCN

The sources of CCN are not completely under-
stood, although gas-to-particle processes must be a
major contributor. The speaker described observa-
tions of CCN production occurring over several-hour
periods in Arizona, as well as diurnal cycles in
the CCN count at the Robertson site in Australia.
Related observations by J. Hudson and J. Jiusto
were mentioned. CCN are apparently rather transi-
ent in nature, with a lifetime of no more than a
couple of days. Indeed they cannot exhibit a
diurnal cycle if their 1life expectancy 1is much

lonager
longer,

The region of the size spectrum between Aitken
nuclei and CCN 1is another unknown; the ratio of
Aitken particle concentrations to CCN concentra-
tions 1is highly variable, and it seems unlikely
that any simple extrapolation or interpolation to
connect the two will be sufficient. And to complete-
ly understand the progenitors of CCN, it is impor-
tant to obtain information on the size range from
Aitken nuclei on down to molecular clusters, al-
though this region may not be directly relevant to
CCN.

The opposite end of the spectrum - from CCN up
to "giant" nuclei - is sometimes of influence in
cloud droplet growth calculations. It is certainly
the critical range in slow condensation processes
such as many fogs may be.

A critical instrumental shortcoming is the min-
imum detectable size of nuclei; some aerosol work-
ers quote 0.01 uym as the minimum sensitive size for
particular expansion counters, too large to be help-
ful in resolving the problems just mentioned.

Welcoming Address

by

Vincent J. Schaefer
State University of New York
Albany, NY

I am very pleased to have the opportunity to
participate 1in this Workshop on instruments for
measuring cloud condensation nuclei. I am particu-
larly intrigued to see the number of young scien-
tists now involved in this interesting and impor-
tant aspect of cloud physics.

About 25 years ago, Ted Rich of the General
Electric Company and I (then Director of Research
of the Munitalp Foundation) gathered most of the
persons interested in atmospheric nuclei and held a
three-day conference on this fascinating subject.
Only about 20 scientists and engineers could be
found in the United States. During this confer-
ence, we identified most of the problems that are
still with us, but our techniques then were some-
what primitive when compared with the sophisticated
electronic equipment now being used in the labora-
tory, as well as in the field and on aircraft.




I was intrigued with the comments of Dr.
Georgii, which in his absence were read by Dr.
Dieter Stein. I am indeed sorry to learn that due
to illness Dr. Georgii will not be attending this
Workshop. I had looked forward to seeing him and
hope he is well on the road to recovery. Several
statements in his remarks were particularly in-
teresting to me, since I have spent a great deal of
time in many parts of the world in an attempt to
establish the aerosol concentration patterns in a
wide variety of environments. My findings agree
completely with the patterns mentioned by Dr.
Georgii.

Using the portable and highly reliable Gard-
ner counter with which most of you are familiar, I
have found consistent patterns in the concentration
of both condensation and cloud condensation nuclei
in very clean as well as in very polluted air.

It is well recognized that the Gardner count-
er provides a very good indication of the concentra-
tion of Aitken nuclei when used to provide super-
saturations in excess of 300 percent. I have found
that this instrument can also be used to provide
consistent, as well as semi-quantitative measure-
ments of the number of cloud condensation nuclei in
an air sample. If instead of using 20 to 27 inches
of mercury vacuum only one scale division is used,
the Gardner provides a rather good measurement of
the concentration of particles active as water con-
densing nuclei (CCN) at 1 percent supersaturation.

There are several reasons why this method of
using this instrument is frowned upon' Ted Rich
who, as you know, invented the so-called Gardner
counter was the first to tell me that such a
procedure was highly irregular and meaningless. He
cited intricate relationships in the life cycle of
the cloud droplets forming on nuclei at various
supersaturations which he had measured during the
development of his instrument.

Despite this disapproval, I have made many
thousands of measurements using this instrument in
its Tow vacuum mode as well as high and median
settings. I have found that the results provide an
extremely consistent measurement of the concentra-
tion of cloud condensation nuclei in a particular
type of environment. Thus in particle-free air I
read zero particles. In very clean air, such as
the stratosphere, mid-ocean, the Fiji Islands, moun-
tain summits, caverns, deep forests, and similar
places far from man's influence, my measurements of
cloud condensation nuclei (CCN) range from 0 to 150
CCN cm-3 when the Aitken particle concentration
ranges from 200 to 1000 particles per cubic centi-
meter.

At the other extreme, in cities, the plumes
of heavy industries, large airports, superhighways,
vehicular tunnels, and the like, the values I find
range from 800 to 3000 cloud condensation nuclei
and 50,000 to 300,000 Aitken nuclei pe. cubic centi-
meter.

I have classified the natural and anthropogen-
ic aerosol concentration measured mostly in the
Northern Hemisphere and have summarized these find-
ings in three volumes which have recently been
published by our Research Center and which I'11 be
glad to send to participants of this Workshop while
the supply lasts.

I hasten to add that what I have just said
does not in any way suggest that the Workshop which
is starting with this meeting is not extremely
important. If progress is to be made in our cloud
physics studies, it is extremely important that all
measuring instruments used to establish scientific
facts such as the concentration of atmospheric par-
ticles should agree with each other. Only then
will we be able to communicate with each other in a
meaningful way.

As most of you who have worked in the atmos-
phere know, the concentration of airborne particles
varies over a considerable range, no matter where
it is measured. It is necessary when establishing
an aerosol "climatology" at a given geographic loca-
tion to determine the range in concentration over a
period of time, its diurnal pattern and the effects
that appear with wind direction and atmospheric
stability. It is also necessary to measure season-
al variations.

On the west coast of Ireland, for example,
with a southerly or southeasterly flow the particle
concentration pattern shows the characteristic of
continental air (1000 CCN cm-3/40,000 AN cm™3)
while with a northerly or northwesterly flow it is
Polar Maritime (100 CCN cm™3/800 AN cm3). Even
in a region noted for high pollution levels such as
the Los Angeles Basin, a strong persistent flow of
oceanic air will drive the Basin pollution through
the mountain passes and even over the crest of the
Sierra to affect the air quality of Las Vegas,
Phoenix, Flagstaff and more distant places. When
this occurs, the particulate levels which could
have been 3000 CCN cm™3/300,000 AN cm=3 can drop
to 500 CCN cm=3/10,000 AN cm-3. When this hap-
pens, the visibility is greatly improved and it is
possible to see what a delightful place the Basin
would be if its population was reduced by an order
of magnitude!

I hope when this Workshop is ended and we
collectively gain a higher appreciation of the per-
formance of our instruments that extensive field
measurements can be mounted so as to establish
confidence in the meaning of our data as they
relate to atmospheric visibility, the genesis and
nature of storms, the stability of clouds and the
formation of precipitation, as well as the basic
causes of such specific occurrences as acid rain.

I look forward to participating in this Work-
shop and look forward to meeting you all and seeing
your equipment in satisfactory operation.

Have fun!



SECTION IV. WORKSHOP PROGRAM., PROCEDURES AND FACILITIES

In developing a pian for the Third Internation-
al CCN Workshop, initial efforts were carried out
by an Ad Hoc Commission of the Nucleation Committee
of the International Committee on Cloud Physics
(ICCP); this Ad Hoc Commission, appointed by Profes-
sor Georgii, Chairman of the Nucleation Committee,
included J. Kassner, J. Megaw, L. Radke, K. Whitby,
and J. Jiusto, Chairman. The Ad Hoc Commission
returned the recommendation that the Desert Re-
search Institute's offer to host the meeting should
be accepted and that a Steering Committee composed
of A. Gagin, J. Jiusto, J. Kassner, W. Kocmond, J.
Megaw, L. Radke, and R. Ruskin should proceed with
the planning of the specific logistical and scien-
tific details of the meeting.

The Steering Committee functioned until the
end of the Workshop on October 17, 1980, as the
principal scientific decision-making body. A group
completely local to DRI, the '"Local Arrangements
Committee," handled logistical matters such as par-
ticipant travel arrangements and lodging, the ship-
ping of instruments to and from Reno, and the
creation of suitable laboratory space. Individual
members of the DRI staff took responsibility for
technical matters such as design of an aerosol
generation system which would meet the goals set
by the Steering Committee, determinations of instru-
ment power supply and heat rejection requirements,
and tentative placement of instruments along the
aerosol supply duct.

In the meantime, correspondence between the
offices of the Principal Investigators and interest-
ed individuals, together with announcements in the
Bulletin of the American Meteorological Society and
the Journal de Rechernches Atmospheriques, result-
ed in a tentative 1list of over 40 participants,
later to be somewhat reduced to the actual attend-
ees as shown in Table 1.

As the effort proceeded into the summer months
of 1980, it was decided that some members of the
Steering Committee could meet during the Inter-
national Cloud Physics Conference, Clermont-
Ferrand, France (July 1980). Three Steering Commit-
tee members who attended this meeting held discuss-
ions with a contingent of three DRI representa-
tives; out of the talks came a number of important
recommendations that were dincorporated into the
Workshop Objectives (see Section IT).

At DRI, U. Katz took primary responsibility
for the aerosol generation and distribution system
(Figure 1); a more thorough description of the
system can be found in Section V. Aerosol sizing,
also described in Section V, was "officially" pro-
vided by the Naval Research Laboratory at the re-
quest of the Steering Committee.

. The final physical and logistical arrangements
were handled by the Local Arrangements Committee,
mainly through Mrs. Jo Janowski and the staff of
the DRI machine shop. Under their supervision, the
large components of the aerosol delivery system
were installed, provision was made for both 50 Hz
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and 60 Hz electricity totalling over 80 kw deliv-
ered to outlets spaced along the entire length of
the aerosol duct, and 12 new laboratory benches
were built. Travel and lodging arrangements were
finalized for 22 participants from the USA and 7
from overseas. A total of 17 instruments of vari-
ous types had to be transported to DRI; in the case
of instruments from overseas, customs inspections
and clearances were involved.

With most participants and instruments in Reno
by October 6, the Workshop opened with welcoming
remarks by Prof. W.C. Kocmond, Prof. H.-W. Georgii
(represented by Mr. D. Stein) and Dr. V. Schaefer.
A keynote address was given by Dr. S. Twomey. Two
weeks of intense activity then began.

The Steering Committee met daily to plan the
test aerosols to be used; generally their delibera-
tions were conducted at the beginning of each day,
while instrument operators readied their devices
and monitored outside ambient aerosol. Table 2




summarizes the 30 experiments actually performed.
The specifications for each test aerosol varied
day-to-day, in response partly to earlier sugges-
tions originating in the Steering Committee or com-
ing from individual participants:

(a) High CCN concentrations (relevant to the
atmosphere in areas of high pollution, volcanic
plumes, etc.) to establish the practical upper 1im-
it of applicability of various instruments;

(b) Low CCN concentrations (e.g., less than
100 cm-3 at 1%), to check instrument performance
in clean maritime or polar environments;

(c) A bimodal size distribution (two mono-
disperse, soluble aerosols of different nominal
sizes), to check the ability of instruments to
resolve a correspondingly bimodal CCN activity spec-
trum.

With "feedback" from participants, these sug-
gestions were incorporated into the rather tight
experiment schedule (suggestion "a" is reflected in
experiments 9 and 24, "b" in 4 and 23, and "c" in
10). Additional suggestions during the Workshop
led to experiment 21, a test of the ability of
instruments to give a consistent and accurate read-
ing over a prolonged period of time, CCN concentra-
tion being held constant; experiment 25, a test of
the "zero" of instruments sampling particle-free
air, and experiment 29, a test of the possible CCN
activity of a hydrophobic aerosol, paraffin wax.

Daily activities included frequent discussions
between members of the Steering Committee and the
larger body of participants. Steering Committee
members assisted with the presentation of collected
data after each experiment; in addition, partici-
pants presented informal talks on their equipment
on a daily basis.

At the end of the Workshop, the Steering Com-
mittee completed its function by requesting all
participants to supply a description of their in-
struments together with comments on performance dur-
ing these experiments; those reports are assembled
in Section V. In addition, various individuals
were asked to submit reports on special interest
topics, such as reviews of the CCN counters by
generic type; those reports are to be found in
Section VI.

The final action of the assembled group was to
provide verbal and written response to the Steering
Committee's request for criticisms and suggestions
for improvements. The following points resulted:

(a) Although previously debated, the question
of whether or not to standardize data-taking such
that all CCN counters would measure CCN concentra-
tions at a few, given "set-point" supersaturations
should be reviewed again. The practice at this
Workshop was to avoid specific, standard settings
(because of different instrument requirements) and
to provide as complete a spectrum as possible.
“Set-points" would simplify data comparisons but,
of course, not all instruments are designed to
operate at the same supersaturations.

(b) It was intended that the results of each
experiment would be quickly entered onto computer
file. In practice, this effort, which ideally
could have provided data listings and computer
graphics in short turn-around time, was hampered by
difficulties in design and planning as well as

equipment problems. Future Workshops would benefit
from rapid turn-around of the data, but better
control of the experimenter input is also needed.

{c) Power and aerosol supply were in reason-
ably good shape; ambient heat rejection (air condi-
tioning) and physical space had less margin of
comfort but were satisfactory. Noise level was
high at times; one participant suggested that a vac-
uum manifold (replacing numerous individual pumps)
would alleviate this problem.

In summary, most participants felt that the
Workshop proceeded quite smoothly and that the ob-
Jjectives set forth by the Ad Hoc Commission of the
Nucleation Committee were successfully achieved.
In making this determination, special mention must
be made of the close cooperation between partici-
pants, Steering Committee and DRI hosts. Several
social events were held during the 12 day Workshop,
including an open house hosted by Dr. C1iff Murino,
President of DRI. The strong sense of friendship
and good times that develop in a working environ-
ment such as this will always be remembered.



Name/Affiliation

Dr. Jeffrey B. Anderson
Space Science Lab
NASA-MSFC

Alabama 35812

Dr. Greg Ayers

CSIRO

Box 134, Epping, NSW 2121
Sydney, Australia

Dr. Darryl Alofs

Graduate Center for
Cloud Physics Res.

Univ. of Missouri-Rolla

109 Norwood Hall

Rolla, MO 65401

Mr. Randolph D. Borys
Colorado State University
Dept. of Atmospheric Sciences
Ft. Collins, CO 80523

Mr. Jack Dea

Desert Research Institute
University of Nevada System
P.0. Box 60220

Reno, NV 89506

Dr. S. Domonkos
University of Washington
Dept. of Atmos. Sciences
Seattle, WA 98195

Dr. L.R. Eaton

General Electric Company
Box 8555
Philadelphia, PA 19101
Dr. J. Fitzgerald
Atmospheric Physics Branch
Naval Research lLaboratory
Washington, DC 20375

Dr. Abe Gagin

Cloud Physics Laboratory
Department of Meteorology
Hebrew University
Jerusalem, Israel

Dr. Herman E. Gerber
Naval Research Laboratory
Washington, DC 20375

Dr. Edward Hindman II
Colorado State University
Dept. of Atmospheric Sciences
Ft. Collins, CO 80523

Dr. W.A. Hoppel, Code 4320
Atmospheric Physics Branch
Naval Research Laboratory
Washington, DC 20375

Mr. Richard Hucek
Florida State University
Dept. of Meteorology
Tallahassee, FL 32306

TABLE 1.
Instrument Duct No.
STGDCC 13
CFDCC 21
STGDCC 25

Aero. Gen.

4SS CFDCC 20
IHC 1
STDGCC 9
THC 26

Aero. Sizing 12

CFDCC
Impactor

22, 23

CCN WORKSHOP PARTICIPANTS

Name/Affiliation

Dr. James G. Hudson

Desert Research Institute
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Dr. J. Kassner
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Dr. Ulrich Katz
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Dr. Vernon Keller
Space Sciences Lab
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Alabama 35812

Mr. Gary Keyser

Desert Research Institute
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Mr. Malcolm Kitchen

British Meteorological Office

Cloud Physics Branch, M0-15
Bracknell, Berkshire RG122ZS
England

Prof. Warren C. Kocmond
Desert Research Institute
University of Nevada System
P.0. Box 60220

Reno, NV 89506

Dr. G.G Lala

Atmos. Sci. Res. Center
State Univ. of NY at Albany
1400 Washington Avenue
Albany, NY 12222

Mr. R. Leaitch
Dept. of Physics
York University
4700 Keele Street
Downsview, Toronto
Canada M3J1P3

Dr. Ray Mckenzie

Chemistry Building

National Bureau of Standards
Washington, DC 20234

Instrument Duct No.
CFDCC 14,16,18
35S CFDCC
IHC
STGDCC 10
CFDCC 21
Aero. Gen.
DRI-NASA 15
CFDCC
STGDCC 5
DRI-NASA 15
CFDCC
STGDCC 10
Diffusion 7
Tube
Pollak 28
TSI




Name/Affiliation

Instrument Duct No.

Dr. William H. Mach CFDCC 22,23
Florida State University Impactor

Department of Meteorology

Tallahassee, FL 32306

Mr. Thomas°®R. Mee STGDCC 8
Mee Industries, Inc.

1629 S. Del Mar Avenue

San Gabriel, CA 91776

Dr. W.J. Megaw ; ;
Department of Physics $;EZUS1OH 7
York University

4700 Keele Street

Downsview, Toronto

CANADA M3J1P3
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General Electric Company
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Philadelphia, PA 19101
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Hebrew University

Jerusalem, Israel
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Denver Research Institute
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Dept. of Atmos. Science Sizing
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Laramie, WY 82071

Dr. Lawrence F. Radke 4SS CFDCC 20
Dept. of Atmos. Sciences

University of Washington

Seattle, WA 98195

Dr. C. Fred Rogers DRI-NASA 15
Desert Research Institute CFDCC

University of Nevada System

P.0. Box 60220

Reno, NV 89506

Name/Affiliation Instrument Duct No.
Dr. David Rogers STGDCC 1,2
University of Wyoming Aerosol
Dept. of Atmos. Science Sizing
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Laramie, WY 82071

Dr. R. Ruskin STGDCC 17
Naval Research Laboratory
Washington, DC 20375

Dr. V.J. Schaefer
State University of New York
Albany, NY 12222

Dr. R. Serpolay STGDCC 24
Universite' de Clermont

Institut et Observatoire

de Physique du Globe

du Puy de Dome

12, Avenue des Landais

Clermont-Ferrand, France

Dr. Patrick Squires
Convective Storms Division
NCAR

P.0. Box 3000

Boulder, CO 80307

Dr. D. Stein

Institut fur Met. und Geophy.
D6000 Frankfurt a. Main-1
Feldbergstr. 47, Germany

Mr. M. Trueblood CFDCC 21
Grad. Center for Cloud Physics

Univ. of Missouri-Rolla

109 Norwood Hall

Rolla, MO 65401

Dr. Sean Twomey

Inst. of Atmospheric Science
University of Arizona
Tucson, AZ 95721

Mr. C.H. Wilson

NASA Langley Research Center
MS 4048

Hampton, VA 23665

Dr. T. Wojciechowski STGDCC 17
Naval Research Laboratory

Atmospheric Physics Branch

Washington, DC 20375



Table 2. List of Experiments

Aerosol
No. Date A=Ambient; M=Monodisperse; P=Polydisperse
0 Tues 7 Oct AM M - (NH4)2504
1 Tues PM P - NaCl - oscillating concentration
2 Tues PM P - NaCl - higher concentration
3 Wed 8 Oct AM A - quite fluctuating
4 Wed AM M - NaCl - low cohcentration
5 Wed PM M - NaCl - medium concentration
6 Wed PM A
7 Thurs 9 Oct AM A - aborted - duct blockage
Thurs AM M - NaCl - slight drift down
9 Thurs AM M - NaCl - higher concentration
10 Thurs PM Bimodal - NaCl - "flat k"
n Thurs PM A
12 Fri 10 Oct AM A
13 Fri AM P - (NH4)ZSO4
14 Fri PM P - (NH4)ZSO4
15 Fri PM M- (NH4)2504
16 Fri PM A
17 Mon 13 Oct AM A
18 Mon AM M - (NH4)2504
19 Mon AM M - (NH4)2304
20 Mon PM M- (NH4)2504
21 Mon PM M- (NH4)ZSO4 - time variations
22 Tues 14 Oct AM P - (NH,;),S0, - medium concentration
23 Tues PM P~ (NH,;),S0, - Tow concentration
24 Tues PM P - (NH4)ZSO4 - high concentration
25 Wed 5 Oct AM Filtered air - noise check
26 Wed AM A
27 Wed PM P - Agl, "insoluble"
28 Wed PM M - AgI, "insoluble"
29 Wed PM P - paraffin, hydrophobic




SECTION V,

INSTRUMENT DESCRIPTIONS

CONTRIBUTION TO CCN WORKSHOP REPORT FROM
UNIVERSITY OF WYOMING GROUP

David C. Rogers and Marcia K. Politovich

University of Wyoming
Laramie, Wyoming

1. APPARATUS

The University of Wyoming's CCN counter is a
static, horizontal, parallel plate thermal gradient
diffusion chamber of rather conventional design.
Its intended use is primarily for field measure-
ments, hence the small physical size and straight-
forward simplicity of operation. The plate separa-
tion is 0.9 cm, and the inside chamber dimensions
are 8.5 cm x 10.0 cm; aspect ratio is 9.4:1.
Activated CCN grow to visible size droplets which
are photographed with a 35 mm camera (Nikon F,
Micro-Nikkor-P lens f3.5,55mm plus M2 extension
tube, Tri-X film developed at ASA 1600). 1I1lumina-
tion is provided by a Helium-Neon laser (0.6328 um
wavelength, multimode 5 mw) oriented at an angle of
23° from the forward direction of the camera's opti-
cal axis. The multimode character of the 1laser
provides a flat-top intensity profile which serves
to reduce uncertainties about the size of the illu-
minated volume. The angle of 23° in the forward
direction was chosen to take advantage of the first
broad peak in the Mie scattering function for water
droplets which are in the size range 3 to 7 um
diameter. The circular laser beam is 0.18 cm in
diameter and is centered in the chamber to illumi-
nate the middle 20% of the vertical distance. A
fixed width on the film is used to define the
horizontal dimension of the sample volume; this vol-
ume is .034 cm3, in the form of an elongated
cylinder.

The temperature difference between the top and
bottom plates 1is measured by precision thermistors
which are flush-mounted between the aluminum plates
and the surface wicking material (blotting paper).
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This temperature measurement is displayed to +0.1°C

and is also used by an electronic circuit to con-
trol the temperature difference. The measurement
is compared with a value selected by the operator,
and the difference is used to control the current
to thermoelectric modules which cool the bottom
plate. The range of temperature differences normal-
ly used extends from 3 to 7°C; this results in a
range of supersaturations of approximately 0.3 to
2%.

Sample air passes through a temperature precon-
ditioning chamber just before entering the CCN cham-

ber. The preconditioning chamber is maintained
slightly warmer than the top plate of the CCN
chamber. In this manner, transient supersatura-

tions are minimized. Air samples are brought into
the chamber under suction and, after thorough flush-
ing, the chamber outlet is closed. A time delay of
several seconds between this closing time and the
photography allows droplets to grow large enough to
be photographed but not so Tlarge that they fall out
of the illuminated volume; this delay is controlled
and decreases with larger supersaturations.

Earlier calibration experiments using monodis-
perse latex particles determined the photographic
minimum detectable particle size is less than 0.7
um diameter. Aerosol losses in the entrance region
have been measured as negligible by comparing size
distributions of various aerosols before and after
passing through the chamber. Finally, earlier com-
parisons with theory and other CCN chambers have
been performed for monodisperse and polydisperse
salt aerosols as well as natural aerosols. Compari-
sons between the University of Wyoming's (UW) cham-
ber and that of the Desert Research Institute (DRI)
were made during March 1978. These comparisons are
briefly summarized in Tables 1 and 2, and Figure 1.

TABLE 1. CFD-SDL COMPARISONS
Super- Concentration (no. cm'3)
Aeroso] saturation(%) SoL CFD CFD/SDL
Room air .28 95 168 1.77
.36 207 288 1.39
.50 164 219 1.34
.65 243 352 1.43
1.02 1310 3596 2.75
Outside air <35 320 241 0.75
Polydisperse NaCl 1.00 kraj 497 1.52
Polydisperse Ayl .00 In 613 1.6Y
368 544 1.48
Monodisperse Agl 0.2 485 750 1:+55
(0.2 um dia.) 1.0 485 810 1.67

B awv
CFD/SDL avg. 1.57 + .47

Omitting 2 extremes, avg. 1.53 + .14




TABLE 2. CRITICAL SUPERSATURATION

Critical Supersaturation(%)

Aerosol SDL CFD Theory
NaCl1 .03 um diameter .36 .32 .35
NaC1 .05 ym diameter .75 .68 .75
AgI-NH4I complex <0.2 <.25 .07

(0.2 um dia.)

SDL = Static Diffusion Liquid CCN Chamber (UW)
CFD = Continuous Flow Diffusion CCN Chamber (DRI)
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Figure 1. CC/V apectra measured in Laramie, Manch
7978. SDL = Static Diffusion Liquid CCN Chamben
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2. WORKSHOP PARTICIPATION

Our main interests in participating in the
International CCN Workshop were to compare the Uni-
versity of Wyoming's CCN chamber with the others
present and to discuss with and learn from the
participants various aspects of CCN measurement
techniques, their current thinking, and advances in
the ten years since the last workshop.

Unfortunately, problems with the electronics
in our device arose during the Workshop and prevent-
ed us from operating the chamber above about 0.3%
supersaturation, so our comparison experiments were
attenuated.
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3. DATA USAGE

The emphasis of our work with the CCN counter
has been in the application of CCN data obtained
from it, rather than development of the instrument
itself. We have kept the design simple and the
size small to enable us to transport it to remote
sites for in situ sampling. We include here sever-
al examples to illustrate the manner in which the
data are used.

Figure 2 shows a C-K plot of measurements
obtained at and near our cloud observation facility
at Elk Mountain 1in southeastern Wyoming. These
measurements were taken to characterize winter CCN
populations in southeastern Wyoming, particularly
near Elk Mountain. The data suggest a trend of
increas1ng C-values later in the spring while re-
taining similar K-values. There was significant
snow cover in and upwind of the sampling location
during January and February. In later months, snow
cover was sparse if present at all.
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Figure 2. C-K plot of the CCN aspectra measured

duning the winten of 1978-79 nearn ELR Mountain.
Sample months and locations are indicated,
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An important use of our CCN data has been in
comparisons of droplet concentrations derived from
the upwind CCN spectra (using Twomey's, 1959, equa-
tion! and Young's, 1979, cloud model¢) with in
situ measurements from the observatory and instru-
mented aircraft 1in the Elk Mountain cap clouds.
Figure 3 shows the results of such a comparison on
16 January 1979. The CCN predictions track the
actual measurements from the observatory well.
Droplet concentrations measured by the aircraft
(N1OUW) were higher than those from the observatory
(EMO)} on this day, which we attribute to variations
in the vertical structure of aerosol concentrations
in the boundary layer, which were measured by the
aircraft, rather than substantial increases in up-
draft speeds at that level.

These figures are from a paper by M.K. Polito-
vich which is being prepared for publication.

]Twomey, S., 1959: The nuclei of natural cloud
formation, Part II: The supersaturation in
natural clouds and the variations in cloud drop-
let concentration. Geophysics Pura.  Appd.,
43, 243-249.

2Young, K.C., 1974: A numerical simulation of
wintertime, orographic precipitation. Part I:
Description of model microphysics and numerical
techniques. 7. Atmos. Sci., 37, 1735-1748.
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DESCRIPTION AND DISCUSSION OF THE NRL TGDCC

W.A. Hoppel and T.A. Wojciechowski

Naval Research Laboratory
Washington, DC

The NRL thermal gradient diffusion cloud Cham-

ber (TGDCC) is identical to that described in the
Proceedings of the Second International Workshop on
Condensation and Ice Nuclei (Grant, 1971). The
chamber consists of two plates 7.5 cm in diameter
separated by 1.25 cm and covered with saturated

filter paper. The cylindrical wall separating the
plates is glass. The top plate is at room tempera-
ture and the bottom plate is cooled with a thermo-

electric cooler. The temperature difference is
measured with several sets of thermocouples. A
high intensity mercury arc lamp with appropriate

lens and collimating slits which are imaged in the
cloud chamber defines an illuminated volume 0.15 cm
thick and 0.3 cm high by 1.5 cm long. This illumi-
nated volume 1is viewed at 90° scattering angle by
an 8 mm camera and a video camera system.

The video system permits immediate playback
and stopframe counting of the cloud droplet concen-
tration in the chamber. The 12-inch monitor screen
is marked off to identify the viewing dimensions
for ease in counting the droplet images.

At the Workshop, samples for a given experi-
ment were admitted to the TGDCC directly from the
sampling duct which was slightly pressurized. The
count was recorded both on video tape and on a
number of frames of an 8 mm movie film. The 8 mm
Bolex camera is operated manually while viewing the
chamber through the camera. The first frame is
taken one to two seconds after closing the valve
and about 10 to 15 frames are taken manually until
it is clear that the maximum particle count has
passed. The photographic results were not avail-
able at the Workshop. The video data were read
immediately after each experiment. The method for
obtaining the count supplied at the Workshop is as
follows: two (or three) successive samples were
recorded at each supersaturation. The recordings
from these samples were played back and visually
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examined to obtain the succession of frames for
each sample where the maximum count occurred.
Several of these frames were counted and the maxi-
mum count obtained. The maximum counts from two
(or three) samples were averaged to obtain the data
submitted at the Workshop.

The photographic recordings have not yet been
analyzed but it has always been our experience in
the past with atmospheric aerosols that the two
methods track very well but that the photographic
count is always about 10 to 15% higher. We attrib-
ute this to the smaller detectable size obtained
with the photographic method. The minimum detect-
able size for our photographic system is estimated
to be about a half micron whereas the minimum
detectable size for the video system is estimated
to be just under one micron.

There are definite limits on the supersatura-
tion range Tor wnich the results of the TGDCC are
valid The range of validity is usually given as
0.2 to 1%.  However, even within this range there
can be significant errors depending upon the nuc-
lei spectrum (size distribution) being measured.
The accuracy limitations of TGDCC's in general and
our chamber in particular were investigated by
Hoppel and Wojciechowski (1976).

The smaller particles which have critical su-
persaturations about the same as the maximum super-
saturation in the TGDCC are not nucleated until the
chamber has reached its steady state value and then
grow more slowly than the larger particles which
are nucleated before the chamber has reached equi-
librium. The object is to find a period of time
when the Tless active particles have grown to mini-
mum detectable size and the larger (more active)
particles have not yet started to fall out. A time
which satisfies both criteria may not exist for all
size distributions. If such a period of time does
exist, then it should evidence itself by a plateau
in the curve of number detected versus time. A
well-defined plateau was not found to exist in the
data on natural continental aerosols presented by
Hoppel and Wojciechowski  (1976). Alofs and
Carstens (1976) did a numerical simulation of the
TGDCC which predicted Tlarge errors depending upon
the nuclei distribution and minimum detectable size.

Another source of uncertainty in the TGDCC is
statistical in nature and has to do with the fact
that the number of particles in a small volume will
deviate from the true macroscopic mean with a stan-
dard deviation given by the square root of the
mean. The typical number of particles in our
viewing volume varies from about 20 for nuclei
concentrations of 300_cm™ to 200 for nuclei concen-
trations of 3000 cm~ At the lower end there is
therefore a standard deviation (in a large number
of measurements) due to real natural variations of



over 20%. This uncertainty, of course, can be
reduced by averaging more measurements from the
same macroscopic sample of air.

For a monodisperse nuclei sample the plateau
in number versus time should be much more pro-
nounced than in the case of a steep size distribu-
tion as is usually the case for continental aero-
sols. At the Workshop, we had a unique opportunity
to sample nearly monodisperse aerosols as well as
polydisperse and natural aerosols. The Workshop
data, therefore, offered a unique opportunity to
look for a plateau in number as a function of time.

Figures 1 through 4 show the results of count-
ing every tenth frame (every third of a second) on
the videotape starting shortly after the motion in
the chamber subsided. There has been no attempt to
synchronize the starting points to the same time
after the valve was closed. Therefore, there may
be a maximum of a half second offset in the plotted
times from one sample to the next. The supersatura-
tion in all four figures was about 0.72%.

Figures 1 and 2 are for monodisperse NaCl and
(NHg)2S04 with two and three runs, respectively.
Both of these figures evidence more of a plateau
type behavior than we have seen in those ambient
samples which we have previously examined in de-
tail. We assume that the variations from one frame
to the next after the maximum is caused by the
unequal rates at which particles fall into or out
of the sensitive volume. Any difference in the
level of the plateau from one sample to the next
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would be due to natural fluctuations discussed
above and should have a standard deviation equal to
the square root of the number of particles counted.

Figures 3 and 4 are for polydisperse (NH4)2504
and ambient air, respectively. Here the curves are
peaked more strongly as would be expected with
little evidence of a plateau. The arrows along the
right side of the figures indicate the values ob-
tained at the Workshop by the method of analysis
indicated earlier.

For many years, NRL has used the standard meth-
od cited earlier for determining the CCN concentra-
tion from the video recording. This procedure of
averaging the maximum count obtained on several
successive recordings at the same supersaturation
results in concentrations which are somewhat higher
than concentrations calculated from an average
across the plateau. We have persisted in analyzing
our data in this manner for several reasons: (1)
the time required to count enough frames to define
a plateau (or lack of one) is prohibitive on a
routine basis; (2) comparison of results using our
photographic system and video system gives values
for the video system which are 10 to 15% lower than
those obtained with the photographic system, which
has a smaller minimum detectable size; (3) most
importantly, if there is no plateau then the maxi-
mum value should be closest to the correct value;
and (4) our results over many years are internally
consistent since we have not changed this procedure.
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THE CCN COUNTER OF THE 1.0.P.G. OF PUY DE DOME:
MAIN CHARACTERISTICS AND RESULTS OF MEASUREMENTS

Roger Serpolay

University de Clermont, Institut and Observatoire
Clermont-Ferrand, France

1. DESCRIPTION OF THE INSTRUMENT

The experimental device used by the I.0.P.G.
of Puy de Dome for counting CCN during the Workshop
is a cylindrical static thermal diffusion chamber
with horizontal plates, 7.0 cm in diameter and 2.1
in thickness (volume V = 80 cc). The system in-
cludes a multimode laser beam (power > 5mW), illumi-
nating a part of the median volume of the chamber
in which the maximal supersaturation is developing.
A video set (TV camera + monitor) displays a motion
picture of the droplets generated by the CCN and
observed in a volume V = 7.5 10-3cc.  For obtain-
ing a better signal-to-noise ratio (a better con-
trast), the TV tube was selected so that its
current-wavelength characteristic was in good agree-
ment with the (He, Ne) Tlaser radiation. The TV
image is recorded on a video tape recorder, thus
allowing analysis shortly after the time of mea-
surement.

Instead of counting by sight, a device called
"Image Processing Unit", originally provided for
counting in real time, is used. The upper plate is
electrically heated and the lower plate is at am-
bient temperature. Water vapor is supplied by a
wet mineral paper filter. The desired temperature
difference AT (limited at 5°C) between the horizon-
tal plates is displayed and then regulated by an
automatic control system, which includes a series
of eight differential thermocouples imbedded in the
plates. This mounting has the advantage of not
only amplifying the voltage but also of taking into
account an average temperature on each plate.

The air sample under analysis is introduced in
the chamber at a flow rate of 1.0 2/m, and a

section of the air intake tube is heated, allowing
air sample

perature of about 3°C above the lower plate tempera-
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ture. The supersaturation range covered by this
equipment is generally between 0.1 and 1.5% and the
time required for obtaining a spectrum in this
supersaturation range is approximately 30 to 40
minutes. But in conditions of ambient temperature
above 25°C (as occurred during the Workshop), it is
not possible to exceed a supersaturation of 0.8%
because of the AT limitation (see above). Because
the device cannot use another greater value of
observed sample volume, the accuracy of the measure-
ment is poor at the Tow extremity of supersatura-
tion range (about 50%).

2. SELECTIVE DATA ANALYSIS
2.1 Global Survey

With such a device, 20 supersaturation spectra
(plus one point for Experiment No. 13) correspond-
ing to our complete participation in the Workshop
have been outlined and classified according to
their shape and position in regard to the series of
others established for each experiment.

The following main characteristics of our spec-
tra, appearing in Table 1 with the same capital
letter, have been distinguished 1like that: (A)
similar to and well placed among the others in the
series; (B) same type of concavity as for the
majority in the series; (C) close to the upper (or
Tower) extremes of the series; (D) smaller CCN
concentrations at low supersaturation and/or great-
er CCN concentrations at higher supersaturation;
(E) CCN concentrations abnormally high along the
most part of the spectra, with some of them being
higher than those obtained with Pollak or TSI count-
ers; (F) lack of plateau; and (G) type of concav-
ity differing from that of the majority.

For each supersaturation spectrum denoted by
the number of the experiment, one, two or three,
but no more, of these main characteristics have
been summarized in Table 1 by a cross in the
corresponding square. On Line C, we distinguish
respectively by an "s" or "i" index, the fact that
the spectrum is close to the upper or lower envel-
ope of the series. In comparing the measurement
sheet and the TSI recorded graph corresponding to
Experiment No. 16, it can be observed that the
abnormal concavity of the spectrum might corres-
pond to a measurement carried out during a peak of
aerosol discharge (cross in bracket, Line G).

Through this analysis, Table 1 appears to be
divided into two parts: (A, B, C) - grouping the
characteristics which reveals a behaviour not far
from a "supposed mean" behaviour for a CCN counter;
and (D, E, F, G) - grouping the characteristics
which reveals an anomaly of behaviour. It s
obvious that the percentage of crosses shown in the




first group (A,B,C) is higher than that of the
other group, i.e., 62% against 38%.

Character- Experiment n®
ization alel8]9io]nfiz]iz]ia]is]ie]i7]i8]19]e0]22]e3]24]26[27]28
A
B %
¢ % N 5%
° XA
E
F
G

Table 1

Another more realistic analysis consists of
dividing the supersaturation spectra in three cate-
gories:

1. The crosses pertaining to a given spectrum
are shown 1in the upper part of Table 1. This
situation, corresponding to a good behaviour of the
device, concerns 9 spectra, i.e., 43% of the whole.

2. The crosses pertaining to a given spectrum
are shown in the Tlower part of Table 1. This
situation, corresponding to a frankly bad behaviour
of the device, concerns only 3 spectra, i.e., 14%
of the whole spectra.

3. The crosses pertaining to a given spectrum
are distributed on both parts of Table 1. This
situation corresponds to an intermediate behaviour
and concerns the remaining spectra, i.e., 43%.

Moreover, it is possible to point out that:

(a) the number of spectra for which the crosses are
found either on Line C or D is relatively high,
i.e., 13 out of 21; and (b) on Line C, the number
of crosses affected by the "s" index (i.e., 5) is
higher than the number of crosses affected by the
"i" index (i.e., 2). Both factors denote a trend
in the device to overestimate the CCN concentra-
tion, especially in the range of high supersatura-
tion.

2.2 Individual Comparison

Comparisons have been made between our results
and spectra obtained using similar equipment (i.e.,
static diffusion chamber) on corresponding experi-

ments. At times, the spectra were in close agree-
ment, such as: NRL (n° 6-11-12-17); CSIRO (n°®
9-10-14-17-28); SUNY (n° 9-14); Hebrew University

(n® 9-14-17-18-24).  However, the comparison also
revealed differences in the spectra, with the con-
centration ratio reaching 2 to 3 with NRL (n° 9);
CSIRO (n° 4-6-8-20); CSU (n° 4-23); SUNY (n° 6-8-9-
10) and Hebrew University (n° 10-28). The discrep-
ancy with the Wyoming equipment was still larger
(n® 11-12-14-22-23).  Surprisingly, for about 62%
of the experiments, a number of our spectra were
found in reasonable agreement with those resulting
from measurements with .the DRI continuous flow dif-
fusion chamber (n°® 9-12-14-17-18-19-22-27-28) or
the Missouri-Rolla haze chamber (N° 6-10-11-12-13-
18-19-22-27-28).

2.3 Stability of the Measurements

In Experiment No. 21, which tested the repeata-
bility of the measurements, two runs were carried
out continuously during approximately 16 minutes
and 30 minutes at supersaturations 0.50% and 0.26%,

respectively. At the same time, the aerosol to be
analyzed was delivered at a stable concentration
level of 860 cc1 (measured with the TSI equip-
ment) or 1000 cc~1 (measured with the CCN Pollak
counter). After calculating the corresponding stan-
dard deviation, the average concentration values
were 1210 * 105 at 0.50% supersaturation for the
Ist run and 190 + 70 at 0.26% supersaturation for
the 2nd run.

Two features are emerging from these results:

(1) a sensible overestimate of the concentration;
and (2) a standard deviation which reaches an accep-
table percentage (9%) of the concentration values
at mean or high supersaturation, while it is not
acceptable (37%) at low supersaturation. This is
mainly due to the fact that the examined volume
cannot be adjusted to discrete supersaturation ran-
ges.

3.  CONCLUSIONS

In performing the data analysis of the measure-
ments achieved during the Workshop with our device,
a global approach was preferred rather than an
individual analysis, in order to illustrate some
main characteristics in the behaviour of the device
with respect to a "mean behaviour" resulting from a
general survey of all the equipments involved in
each experiment. In this regard, our device seems
to have a behaviour not unlike a "mean behaviour",
although it tends generally to overestimate the CCN
concentrations measured near the high supersatura-
tions and sometimes underestimates the concentra-
tions close to 0.1% or 0.2% of supersaturation.
Despite the fact that it belongs to a type of
static diffusion chamber, it shows, however, simi-
lar spectra to those obtained with other types of
chambers (continuous flow diffusion chamber and
haze chamber).

In the spring of 1980, at the site selected by
WMO for a possible Precipitation Enhancement Pro-
ject in the area of Valladolid, Spain, the CSIRO
device and our static thermal diffusion chamber
were placed side by side for the purpose of analyz-
ing the same natural air sampling. Although at
that time, the air intake of our chamber was not
yet equipped with a heater, the main difference
between the two devices was the way in which the
AT between the plates was achieved. In fact, in
the CSIRO device the lower horizontal plate is
cooled. The comparison of the results displayed
CCN concentrations from twice to three times higher
with our device, so that our CCN measurements on
the P.E.P. site in 1979 and 1980 were questioned.

Such discrepancies between these devices were
again found in some Workshop experiments; however,
it was possible to observe that, in a number of
other experiments at the least equivalent, the cor-
responding spectra were rather close to each other
(see Section 2.2). Neither the difference in the
methods used to obtain AT nor the differences in
the geometry of the chambers suffice to explain
such variable results. Nevertheless, it 1is obvious
that the comparisons made during meetings of a
workshop type are able to greatly improve our know-
ledge of the behaviour of the device involved. As

Personal communication of Dr.

CSIRO.

Warren King from




for our equipment, it seems that the best way to
try to reduce its trend to overestimate the CCN
concentrations should consist in cooling the lower
plate instead of heating the upper one and in
searching for a better diameter-to-depth ratio in
order to improve the stability inside the chamber.
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UMR DUAL MODE CCN COUNTER
(MODES: CFD PLUS HAZE)
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1. INSTRUMENT DESCRIPTION

This instrument and its performance character-

istics have recently been described 1in detail
(Alofs, 1978; Alofs, et al., 1979). Therefore
only a brief description of it is given here.

The chamber consists of two vertical plates

100 cm long in the vertical direction and 13 cm
wide, with a 0.8 cm spacing between the plates.
The sample flows downward between the plates in a
small diameter stream surrounded by filtered air.
The sample flow into the chamber is usually 0.008
liters/min, determined by the pressure drop through
a capillary tubing 0.25 mm diameter. This flow
branches off of a larger delivery flow of 5 liters/
min, to avoid diffusional losses.

The droplets formed on the CCN are counted and
sized using a Climet Model 201 optical particle
counter (OPC) with an 8-channel pulse height analy-
zer (Climet Model 210). An advantage of the Climet
over the Royco 225 is that the response curves
increase monotonically with size (no dips to pro-
duce multivalue sizes for a given pulse height).
The Cooke and Kerker (1978) calculations are used
to correct for index of refraction. A sheath air
inlet was constructed for the Climet OPC, similar
in design to that used in the Royco 225. The rate
of flow into the Climet OPC is 0.35 to 1.0 liters/
min.

The haze mode is used for the nuclei active at
supersaturations (S) from 0.0133 to 0.173%. In
this mode the two plates are kept at the same
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temperature (25°C). The values of S are determined
from the drop sizes, using the relation S = .08/d,
with S in % and with the drop diameter d in um. For
nuclei with .068 < S < .173, the total chamber
flow (sample plus filtered air) is 1 Titer/min,
giving a residence time of 39 sec. For lower S,
the chamber flow is 0.35 liter/min and the time is
110 sec. In either case, all of the flow is drawn
into the OPC.

In the CFD mode the supersaturation is deter-
mined by the temperature difference between the two
plates. This temperature difference is controlled
by water baths, and is measured with a mercury-
glass thermometer immersed sequentially in each wat-
er bath. Separate experiments show that the temper-
ature difference at the plate surfaces (measured
with thermocouples on the air side of the filter
paper) equals the bath temperature difference to
within 5%.

About 40 minutes is required to obtain a spec-
trum (5 values of S in the CFD mode, plus 7 values
of S in the haze mode). About half of this time is
used to adjust the temperatures and flows; the rest
is used in actual counting of the nuclei. Gener-
ally the measurement begins in the CFD mode, with
the hot plate at 25°C and the cold plate at 20°C.
The cold plate temperature is raised in steps (the
baths heat very quickly, 1000 watts of heating
versus about 50 watts of cooling). The chamber
flow rate is usually reduced as S is decreased.
The time for flushing the chamber is quite short in
the CFD mode, but amounts to about 5 minutes in the
haze mode at 0.35 liters/min.

2. PERFORMANCE AT THE WORKSHOP

The analysis that follows was performed based
on the computer printouts of the data, as supplied
to us in February, 1981.

Consider first the monodisperse sodium chlor-
ide and ammonium sulfate experiments. Let Scy de-
note the critical supersaturation determined from
the size given by U. Katz. On a plot of CCN count
versus S, these aerosols show a plateau. At a
count of 50% of the plateau value, let the corres-
ponding S be defined as the measured critical super-
saturation, Sc. Define the parameter X by X =
(Sc - Scy)/Scy- Table 1 shows the average (X) and
standard deviation (o) of X for eight instruments
that we judged to be giving above average perfor-
mance. There are two groups of experiments, with
Scy > 0.1 shown on the top 6 rows, and Scy < 0.1
shown on the bottom 4 rows. In each group the
instruments are arranged according to o, lowest o on
top.

In the top group of Table 1, it can be seen
that our instrument gave X = +0.0296 and o = 0.107
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INSTRUMENT EXPERIMENTS v C_Cu " CU

RANGE | AVERAGE,X |STD.DEV. 0
#18, DRI-CFD
Hudson-Squires §ésiéo,1s, >0.1 | -0.0565 | 0.103
type 4
121, UMR 4,5,10,15
121, UMR 3550015 | >0.1 | v0.0296 | 007
;5Z$ezktype 4,5,10,18 0.1 | -0.171 0.125
412, NRL 4,5,10,15,
12, NRL . 1805 >0.1 | +0.0169 | 0.156
sk DRI-CFD 19:15,18, >0.1 | +0.0067 | 0.158
110, SUNY
static, 5,10,18 »0.1 | -0.0019 | 0.315
scattering
L

pl. um 8,9,10,19 0.1 | +0.109 0.0453
112, NRL s 8,9,10,19 <0.1 | +v.0932 | 0.0897
hag. DRI 8,9,10,19 .1 | +0.221 0.190
s NRL 8,9,10,19 <0.1 | +0.184 0.321

TABLE 1. Critical Supersaturation (SC) of Monodis-
perse Aerosols. Sc = Value from U. Katz
Electrical Classifier.

which 1is about the same performance as we have
reported in the literature (Alofs, et al., 1979).
Except for instruments #17 (X = -0.171) and #10 (o =
0.315), the other instruments (#18, #12, #15) gave
performance of similar quality, with |X| < 0.06 and
s < 0.16.

Now consider the bottom 4 rows of Table 1;
that is, experiments with S¢c < 0.1. A very good
performance is indicated by our jnstrument in the
haze mode (X = +0.109, o = 0.0453). The NRL
electrical classifier showed somewhat higher o
(0.089) and the haze chambers of DRI and NRL showed
considerably higher o. These instruments (#14 and
#11) both gave X = 0.4 for experiments #8 and #9,
and |X| < .05 for experiments #10 and #19. These
instruments also both use Royco Model 225 optical
counters, which have a multiple value response func-
tion for water drops in the range 1 to 2 um
diameter (Cooke and Kerker, 1975). Experiments #8
and #9 give haze drops of about 2 um diameter,
which is within the ambiguous size range of the
Royco and probably explains the decrease in sizing
accuracy.

Table 2 shows another type of comparison. The
concentration ratio (R = ours : other) was comput-
ed for S = 0.03, 0.1, 0.3, and 1.0. The average
(R) and standard deviation (o) of R were then
computed over the available set of experiments for
each instrument.

In Table 2, consider first the Hudson-Squires
type CFD of DRI. At S = 0.3, R =1.04 and at S =
1, R = 1.18. Thus our counts were 4-18% higher
than theirs. This is pretty good agreement in our
opinion. However, o/R = 0.275 at S = 0.3, which
is definitely higher than we expected in view of
the 1% agreement that Hudson and Squires (1976)
obtained with a pair of their CFD's. At S =1, the
value of o/R is considerably lower (0.132), and is
the lowest value of o/R in Table 2.

In the haze mode, our instrument compares well
with the NRL haze chamber (R = .974 at S = .03, R =
1.067 at S = .1) but gives considerably higher
concentration than the DRI haze chamber (R = 2.2)
and lower concentration than the NRL electrical
classifier. The standard deviations at S = .03
and S = 0.1 are higher than in Table 1, but are
still not too bad considering the problems involved
in sizing water drops with optical counters.

Average Ratio, K, Relative Std.
Univ. of Mo. (#21) + Other Deviation o/R
—
omck SUPERSRTURRTION | "7 B N 1 . P N
INSTRUMENT k:XPERIMENTS
#18, DRI-CFD 5,8,9,10,11,12,13, i
Hudson-Squires 14,15716718,19,20, - 104 [2.18 | -- . |o.275} 0.132
type 22.23.26,27,28
#17, NRL TRERINTRTRT . .. 1o0.943]|0.937| -- .. |o.258{0.215
Tuaney type 11,12014,15.18,19,
’ 20,22723.26.27
5,8,9,10,12,13,14
10, SUNY .| 15,18019.20,22,25, ; .. |o.sssli2r | .. - |o0.221] 0.200
static,scattering 26.27 .28
12702
1,2,4,5,8,9,10,13
A, MR s 13715018, 10020022) | 0.678 | 0.032 | 0.899 ] 0,915 | 0.302 | 0.418 | 0.284] 0.200
clect, class. 23,21
1,2,3,6,8,9,10,11
p1l, NRL, 13.12.1%,19.20,22, |0.974 | 1.067 | -- .. ]0.600| 0.382| -- -
aze 23.24,26 i
8,9,10,11,12,14,15
p1i, DRI 16.17,19,20,22,23, {2.17 {z2.18 | -- - lo.72200.3331 -- o
24,26 ! | i

TABLE 2. Ratio, University of Missouri : Other Instrument
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Abstract

vertical
nucleus spectrometer,

A portable, plate cloud condensation
suitable for mounting aboard
a small aircraft, is described. This instrument,
which incorporates several unique design features,
is automated and can provide rapid, simultaneous
measurements of the concentrations of cloud conden-
sation nuclei at four supersaturations.

1. INTRODUCTION

In 1970, at the Second International Workshop
on Condensation and Ice Nuclei, all but one of the
cloud condensation nucleus (CCN) counters were hori-
zontal static-diffusion chambers operating in a man-
ner little changed from those used in the 1950's
[1,2). Only one of the static chambers was fully
automated [3]. A1l of the counters had significant
limitations in time resolution and ail required an
operating time of several minutes or more to mea-
sure the supersaturation spectrum.
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Recently, variations on the continuous flow
CCN counters developed in the 1960's [4,5,6] have
produced a number of automated and semi-automated
CCN counters which wuse single particle optical
counters as detectors. These new devices offer the
potential for both significantly improved accuracy
and time resolution in CCN measurements, although
most have provided only limited improvements in
quickly measuring the CCN activity spectrum.

The CCN spectrometer to be described in this
paper is a simple extension of the continuous flow
diffusion chamber (CFDC) operated in the vertical
mode, much like the instruments described in [7],
[8] and [9]. The principal new design features of
our instrument are its rapid time response and
ability to rapidly measure the CCN activity spect-
rum.  Also, the dinstrument is small enough to be
mounted and operated in a research aircraft of
modest size.

2.  PHYSICAL LAYOUT AND AIRFLOW

The activity spectrum of CCN in an air sample
is measured rapidly by simultaneously operating the
spectrometer at four supersaturations. The CCN
spectrometer consists of four essentially indepen-
dent CFDC's in a parallel array (Fig. 1). Each
CFDC is 61 cm long, 10 cm wide, and consists of two
vertical parallel plates 1 cm apart, maintained at
different temperatures. Each CFDC has a single
particle optical counter located at the center of
its base.

The 1instrument operates
quential manner:

in the following se-

i) An air sample is drawn through the duct at
the top of the CFDC's.

ii) A fraction of the airflow exits the sam-
ple duct through a symmetrical, streamlined slit at
the bottom of the duct. The rest of the sample
flow is discarded.

iii) As the air enters the top of one of the
CFDC's, it is sheathed with two temperature-
conditioned, particle-free "curtains" of air (called
the "sheath flows").

iv) The three airstreams travel in laminar
flow, with negligible intermixing, down each of the
CFDC's where, after 8 cm of travel, they encounter
a saturated felt on the cold plate. At a further
distance downstream, the warm plate is also covered
with wet felt. This results 1in the airstream
becoming supersaturated and CCN are activated to
form droplets. The total length of felt on the
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Figure 1. Schematic showing the ainflow and optics
of the University of Washington's CCN Spectrometen.

warm plate is roughly inversely proportional to the
supersaturation in the chamber.

v) As the airstreams leave each of the CFDC's
they are split along the vertical, central plane of
the sample air, with half of the total flow being
removed on each side at the base of the CFDC. A
small fraction of the airflow is removed as the
stream is divided by a small tube which extends up
into the airflow. The droplets in this fraction of
the airflow are subsequently counted by optical
counters (see 54).

vi) The position of the airstream with respect
to the inlet to the optical counters can be pre-
cisely adjusted by changing the flow rates in the
sheath flows; this allows the airflow to be exactly
centered on the inlet to the optical counters.

vii) The two halves of the total airflow are
then filtered, dried and reinserted on the back
sides of the warm and cold plates. These two
airstreams travel up the plates and are in thermal
equilibrium with the plates; when they arrive at
the top of the CFDC they form the warm and cold
sheath flows.

3.  SUPERSATURATION CONTROL

A novel method is used for providing four
distinct temperature differences between the warm
and cold plates of the four CFDC's. As shown in
Fig. 2, a large aluminum plate is cooled nearly
uniformly by a small mechanical refrigerator. The
warm plate, which is made of copper, is connected
to the cold plate by a brass end plate and at the
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opposite end it is heated by the hot refrigerator
gases.  The copper plate is vertically segmented
between each CFDC with a thin insulator. The four
copper segments stabilize at four distinct, and
nearly uniform, temperatures. From measurements of
these temperatures, and the temperature of the cold
plate, the supersaturation in each of the CFDC's is
computed by a microprocessor. Note that the super-
saturations in all four CFDC's are adjusted by a
single control. The four supersaturations normally
achieyed are approximately 0.2%, 0.5%, 1.0% and
1.5% ~.

4. OPTICAL DETECTION AND DATA PROCESSING

The CCN activated in the CFDC's are detected
as droplets in an optical box (Fig. 2). The opti-
cal box contains a three mW He-Ne laser and four
identical photo-detectors placed each of
the sample outlet tubes from the four CFDC's. The
streams of droplets pass through the laser beam and
are viewed by the photo-detectors at a forward
scattering angle of 45° + 5°, The photometers
readily detect all droplets greater than 0.5 um in
diameter. The available growth times in the CFDC's
(5-20s) are more than adequate to grow the activat-
ed CCN into droplets that are much larger than any
unactivated haze droplets. Thus, by appropriate
sensitivity adjustments, activated droplets are de-
tected but the unactivated haze droplets are not.

Aircraft Dota
Recording System

CCN Concentration and E
Supersaturation Display Condensor _ vmve7
Refrigerator
) e
| JL2jt 3 J4
olOmm
10mm
CCN Spectrometer Az
] Micro processor Spacer il
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700y
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Resistor °1e
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Optical count
° o
° °

Optical box

Figure 2., Schematic of thewmal and electrical
components of the CCN Spectrometen.
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During the CCN Workshop the range of supersatura-
tions achieved was limited by a malfunction of the
refrigerator unit.




A microprocessor is programmed to process the
data in several ways. It can display the super-
saturation and CCN concentrations measured in each
of the four CFDC's on command from the aircraft's
central computer. Alternatively, the microproces-
sor can delay output and accumulate data until
certain statistical counting criteria are met.

5.  CONCLUSIONS

We have designed and built a compact and rea-
sonably simple CCN spectrometer for airborne use.
In its first full-scale testing, at the Third Inter-
national Measurement Workshop on CCN, it compared
well with both conventional CCN counters and large
continuous flow CCN counters designed for use on
the ground. This instrument s currently under-
going final laboratory testing and modification be-
fore flight testing.
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STATIC DIFFUSION CLOUD CHAMBER

Greg Ayers

C.S.I.R.0.
Sydney, Australia

1.  CHAMBER GEOMETRY

The thermal diffusion chamber is based upon an
earlier design of Twomey and Davidson, the cylindri-
cal glass walls of which have been replaced by an
annular perspex (plexiglass) spacer 12.5 mm in
height, which is fitted with a very thin stainless

steel Tliner that contacts both top and bottom
plates so as to linearize the edge temperature
gradient. Gagin and Terliuc (1968) used a somewhat

thicker liner for this purpose.

The optical arrangement is similar to that
used by Lala and Jiusto (1977). In the present
design heated windows have been installed at appro-
priate places to allow a waisting light beam from a
projector - lamp/lens combination to pass through
the chamber. A window is placed at 45° with
respect to the beam to view the forward scattered
light with a photocell and lens. A further window
at 90° to the beam allows the number of drops in
the illuminated cloud to be recorded photographic-
ally.

Summary of Chamber Geometry:

Inside diameter 75 mm

Height 12.5 mm

Scattered 1light at 45° recorded with a peak
detector

Cloud droplets recorded photographically at 90°
Sample volume 10mm x 3 mm x 3 mm

2.  SAMPLING SYSTEM

Air 1is drawn continyously through the equip-
ment at about 1 - 1.25 dm®/min by means of a sim-
ple aerator (aquarium) pump. The flow bypasses the
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chamber until a measurement is required, at which
point air is admitted by turning a four-way selec-
tor valve to the "sample" position. A two-way
selector valve in the air circuit enables the sam-
ple air to be passed through an absolute filter so
that periodic zero checks can be made.

Sampled air enters the chamber from six periph-
eral holes in the underside of the top plate after
passing twice around the edge in a gallery to
attain the same temperature as the top plate.

The chamber and associated air lines are seal-
ed from the ambient atmosphere so that, if re-
quired, the equipment may be operated at pressures
below ambient. A prototype of this design has been
successfully operated in the Division's pressurized
aircraft.

2.1 Supersaturation Range

Readings are taken at five fixed
0.25%, 0.5%, 0.75%, 1.0% and 1.25%.

points:

2.2 Detection System

Light source: Sylvania EJV Projector Lamp

150W - 21V operated at approximately 19V, illu-
minating at a distance of 45 mm a 2.4 mm square of
ground glass screen. Light from this screen is
passed through infrared absorbing glass and focused
by means of a Bell and Howell projector lens (F1.2;
focal length 51 mm) to give a beam waisting down to
a 3 mm square section over a 15 mm length at the
center of the diffusion chamber. The central 10 mm
is used for droplet detection.

Canon AE-1 fitted with a Vivitar

55 mm Macro F2.8 lens, power-winder and data
back. Film used is Tri-x (400 A.S.A.) processed
for 600 A.S.A. Photographs are taken at 1/4 sec.
and F4, though the effective aperture is much smal-
ler (higher F number) since the camera views the
chamber through a small window set in a short tube.
Photographs of a mm graticule placed at 45° to the
incident 1light beam and camera window confirmed
both the beam cross sectional area and that depth
of field was sufficient to encompass the 3 mm width
of the beam.

Camera:

Photocell detector: An EG and G Electro-
Optics Silicon Photovoltaic Detector type PV-215
coupled to a two-stage amplifier having an output
gain of 100V per micro-amp of cell currrent.
Amplifier output is fed to a peak detector having a
digital panelmeter readout. A manual reset is
used. The photocell views the scattered light from
virtually the same sample volume as the camera, but
at an angle of 45°, and through an 8 mm focal
length lens. A mask in front of the lens serves to
define the viewed sample volume.



3.  TEMPERATURE CONTROL

Temperature of the top and bottom plates is
measured using semi-conductor transducers (National
Semiconductor type LM3911 or similar). The trans-
ducers are coupled to amplifiers to give outputs of
100mV per K and have been set to within 1 or 2
hundredths of a K at ice point and at 293-15K.
Digital panelmeters read the top plate temperature
to 0-1K and the top-bottom temperature difference
to 0°01K, though the bottom plate temperature var-
ies by +-04K due to "hunting" of the controller.
Thermocouples have been built into both plates to
provide an independent check on the performance of
the temperature measurement and control circuitry.

Bottom plate cooling is by means of a Komatsu
thermoelectric cooling element, type KSF-2012. Sim-
ple circuitry uses the temperature transducer out-
puts to establish and maintain automatically the
required AT, regardless of top plate temperature
variations.

4.  CALIBRATION

Calibration amounts to relating the peak value
of scattered light intensity to the number of drop-
lets in the sample volume at the time at which the
peak occurred. In the present case, a chart record-
er was used to register, simultaneously, variation
in scattered light intensity and the time at which
photographs of the scattering volume were ‘taken
(usually a series of 5-7 frames at 1 per second).
It was then a simple matter to determine which
frame corresponded most closely in time to the peak
in the scattered light intensity. In this way,
calibration curves were constructed for each super-
saturation_ in the form of plots relating "film
count (cm™2)" to “"peak reading".

The simple analysis of a thermal gradient cham-
ber discussed by Lala and Jiusto (1977) suggests
the peak value in scattered light intensity is
dependent on supersaturation and droplet concentra-
tion only and, in particular, that the number of
droplets present in the sample volume at the time
the peak 1is reached 1is only two-thirds of the
initial nucleus concentration, independent of super-
saturation. Thus our final estimate of CCN concen-
tration is made by multiplying the "film count" by
a factor of 1-5.

Calibration curves used at the workshop were
derived from room air samples by blending varying
amounts of filtered and unfiltered air to obtain a
range of peak readings.
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AN AIRBORNE ISOTHERMAL HAZE CHAMBER

Edward E. Hindman

Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado

1. INTRODUCTION

Thermal gradient diffusion cloud chambers
(TGDCC) are used to determine the concentrations of
cloud condensation nuclei (CCN) with critical super-
saturations (Sc) greater than or equal to about
0.2% (Hoppel and Wojciechowski, 1976). The concen-
trations of CCN active at Sc £ 0.2% can be deter-
mined using an isothermal haze chamber (IHC) follow-
ing the work of Alofs (1978), Hoppel (1979) and
Hudson (1980). They have shown that CCN spectra
over a supersaturation range 0.01 < S. < 1.0% can
be obtained from simultaneous measurements with a
TGDCC and an IHC. Their instruments are designed
to operate either in the laboratory or in the field.

The IHC discussed in this paper and operated
at the CCN Workshop was designed for use in a light
aircraft. It is based on the IHC design of Hudson
(1980). The objectives of our participation in the
Workshop were to (1) compare the response of the
airborne IHC to the theoretical response (based on
accurate sizes, numbers and compositions of aerosol
particles), (2) compare the response of the IHC to
the response of the larger Tlaboratory IHC's, and
(3) compare the response of the IHC to the response
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of the CSU-Mee TGDCC (Borys, 1980) in the region of

overlapping supersaturations. The Mee instrument
resembles that constructed by Lala and Jiusto
(1977).

2. DESCRIPTION OF THE CHAMBER

Hudson (1980) provides a schematic of the IHC
and the operating principles. Here we will provide
details of the airborne version of Hudson's chamber
which we have constructed. The Tline drawings for
the chamber are given in Figure 1. The air flow
and water flow through the chamber are given in
Figure 2.

The supersaturation range of the instrument is
determined by the size range of the solution drop-
lets (in equilibrium at 100.0% RH) which the ROYCO
sensor can detect. The equilibrium droplet size is
related to its criticail supersaturation as follows:

_ -6
"100 ° 4.1 x 10 /SC (1)
where r is in centimeters and Sc is in percent,
after Laktionov (1972), Hoppel and Fitzgerald
(1977), Alofs (1978) and Hudson (1980). The ROYCO

sensor latex-sphere calibration was revised for wa-
ter droplets by Fitzgerald (1980, private communica-
tion) following Cooke and Kerker (1975); see Figure
3. The sensor was adjusted such that the critical
supersaturation thresholds corresponding to the
droplet sizes from (1) were 0.15%, 0.11%, 0.041%,
0.027% and 0.016%, respectively.

The ROYCO Model 225 optical particle counter
which is described by Liu, e¢ al. (1974) was used
to size and count the solution drops produced in
the IHC. The instrument was operated at a 60 s
sampling interval. Consequently, it took 1 minute
for a CCN spectra to be obtained.

The maximum flow F to permit droplet equilibri-
um in the chamber was estimated following a proced-
ure outlined by Hudson (1980). The results of the
variations in particle concentrations as a function
of F were similar to the results reported by Hud-
son. We found the maximum value of F should be
~ 35 cm3s™l.  Values of F greater than this value
would provide insufficient time for droplets to
reach equilibrium size before passing through the
ROYCO sensor.

The volume sampled for a CCN spectra corres-
ponds to the flow rate f through the sensor multi-
plied by the sample period: ~ 1 cmds~l x 60 s =
60 cm3.” This result is valid because the main
flow F is essentially particle free.

There is no cooling or heating requirements
for the chamber; the chamber is isothermal.
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The minimum detectable drop size is 0.62 um
diameter {see Figure 3). This is the minimum size
setting before electronic noise interferes.

3. RESULTS

During Experiments 1 through 13, the IHC was
operated in the same fashion (f = 1.3 cm3s~1, F =
35 cm3s~1). It was clear from these early experi-
ments that the concentrations of CCN detected by
the airborne IHC were significantly below the con-
centrations detected by the laboratory IHC's (see
the Table). For example, in the Table, the airborne
IHC detected an average of 94 times fewer CCN
active at S¢ < 0.05% than did the laboratory IHC's.

One reason for the CCN concentration differ-
ences between the Tlaboratory and airborne IHC's was
thought to be a malfunctioning CSU ROYCO 225 sen-
sor. The sensor was checked with the York Univer-
sity ROYCO 225 sensor and no significant difference
was found between the dry particle size distribu-
tions measured by the two instruments. Further,
during Experiments 14 and 15, the spare NRL ROYCO
225 sensor was connected to the CSU IHC and the CCN
concentrations continued to be too low. Consequent-
ly, the CSU ROYCO 225 sensor appeared to be operat-
ing normally.

Another reason for the CCN concentration dif-
ferences was thought to be a subsaturated chamber.
Consequently, a humidifier (courtesy of Dr. Fred
Rogers) was placed in the main-flow air line down-
stream of the filters during Experiment 17. The
humidifier remained in the line from Experiment 18

TABLE
Selected CCN Concentration Measurements for Sc

to the end of the Workshop. The results in the
Table show that the humidification reduced the dif-
ferences in concentrations between the 1lab IHC's
and the airborne IHC. For example, the factor of
94 difference mentioned earlier reduced to a factor
of 7.5 following humidification. The Table pre-
sents a comparison of the results from theory and
from the airborne IHC. Following humidification,
the airborne IHC measured 9.0 times fewer CCN ac-
tive at 0.05% and 7.9 times fewer CCN active at
0.14% than predicted to occur by theory.

Figure 4 illustrates the results obtained from
the simultaneously operating CSU IHC and CSU TGDCC.
Also plotted are the results obtained using mea-
sured particle sizes and the theoretical relation-
ship between the dry (NHg)2 SO4 particie size and
its critical supersaturat1on from Fitzgerald (1973):

' ‘2/3 10y
r.=183x10 "5
d : “c 12}
where ry is in centimeters and S in percent.

It can be seen from Figure 4 that the results from
the two instruments tracked the theoretical re-
sponse but with concentrations significantly less
than the theoretical response. Further, the super-
saturation ranges of the two instruments did not
overlap because the lowest value of the TGDCC range
was 0.2% as established by Borys (1980) and the
smallest droplet detected by the ROYCO was 0.62 um
diameter which 1is equivalent to a S. of 0.13%.
Nevertheless, it can be seen the ﬁopes of the
curves in this region approximate the theoretical
slope.

< 0.05 and < 0.14%

Humidity? Experiment Theory* NRL UMR DRI Csu Theory/CSU Lab IHC's**/CSU
. 8 300 120 100 80 1.5 200 67
‘e No 9 600 270 250 200 5.0 120 351 48 { 94
©] Humidity 10 66 30 17 8 0.09 733 203
=2 n - 90 26 - 1.0 - 58
o
=
vl 19 110 - 65 25 4.0 28 11
o 20 0.4 2 2 2 0.1 4 20
| Humidity 22 5 1 1 1 1.4 3.6 9.0 0.7 7.5
= 23 1 0.5 1 0.5 0.15 6.7 4.4
24 10 5 7 4 4 2.5 1.3
- 8 420 290 300 240 120 3.5 2.3
= No 9 800 600 850 350 300 2.7 4.1 2.0 4.1
9| Humidity 10 270 240 210 100 30 9.0 : 6.1
BN 1 - 350 460 - 70 - 5.8
3| 19 1000 - 1000 350 250 4.0 2.7
ol No 20 140 190 140 58 30 4.7 4.3
vl Humidity 22 150 100 100 30 17 8.8 7.9 4.5 3.9
= 23 28 17 13 5 2 14 5.1
24 400 170 230 70 50 8.0 3.1

* Thedry-particlesizes and numbers were known and their S could be calculated using theoretical

relationships developed by Fitzgerald (1973).

** The Lab IHC value is the average of the NRL, UMR and DRI measurements.
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4. DISCUSSION

How subsaturated must the airborne IHC have
been to account for the differences between the
theoretical results and the measurements? From Fig-
ure 4 it can be seen that if the Sc values were
shifted from 0.1% to about 0.05% then the theoreti-
cal results and measurements would be identical.
The rjgg corresponding to these two S¢ values are
0.41 um and 0.82 um, respectively, using (1). Conse-
quently, we may have been measuring the concen-
trations of droplets with radii > 0.41 um at an
unknown RH. The unknown RH can be estimated from a
graphical representation (Figure 5) of the relation-
ship between Sc, reguilibrium and RH (< 100.0%) pro-
vided by Hoppel (1980, private communication). As
can be seen from Figure 5, droplets > 0.82 um at
100.0% RH become droplets > 0.41 um at 99.1% RH.
So, if the chamber achieved only 99.1% RH, this
subsaturation would explain all of the differences
between theory and measurements.

How long a growth time is required for the
largest solution drop measured (rygg = 2.5 wm) to
closely approximate its equilibrium size? Hoppel
(1980, private communication) has calculated the
growth times to reach the critical radius (r.); re
is greater than rygg. The times are shown “in
Figure 6. Interpo?ating between his worst case
values (condensation coef. = 0.036) the growth time
to reach 2.5 um is about 280 s. The growth time
available in the chamber is about 307 s (35 cm®s~1/
126 cm? x 83 cm). Consequently, sufficient time
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exists for the 1largest solution drops to reach
equilibrium. Insufficient growth times cannot ex-
plain the differences between theory and the mea-
surements.

Could the water droplet calibration for the
ROYCO sensor account for the differences between
the theoretical results and the measurements? To
do this, the droplets with diameters indicated to
be 0.62, 0.82 and 2.0 um, according to the calibra-
tion in Figure 3, would have had to indicate 1.13,
1.64 and 3.56 um, respectively. These latter val-
ues are a dramatic departure from the calibration.
The calibration works adequately with the NRL ROYCO
225 which is connected to their IHC. Consequently,
it is believed the sensor calibration cannot ac-
count for all of the differences between theory and
measurements.

The only particle losses in the system occur
across the limiting-orifice (Figure 2). The losses
were measured to be at most a factor of 1.3. This
loss cannot account for much of the factors of 3.9
and 7.5 reported in the Table.

What is the possibility that droplets entering
the ROYCO sensor at equilibrium size (RH = 100%)
shrink in size by the time they pass through the
optics? It can be seen from Figure 1 that the
sensor inlet protrudes into the IHC. Therefore,
the time for a particle to travel from the inlet to
the optics is ap?roximately 1.1 ms (7.9 x 1073
x 5.1 cm/37 cm3s~1). Since the sheath air enter-
ing the sensor was slightly warmer and dryer than
air entering the sensor from the IHC, conditions
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for droplet evaporation were present. Alofs (1978)
calculated effects of droplet shrinkage on S_. for

different droplet residence times. Applying our
1.1 ms time to his worst case situation (95% RH in
the optics) it was found that the effect would be
confined to Sc > 0.1% and at most would change the
inferred S, of 0.16% to about 0.15%. Consequent-
ly, droplets will not shrink significantly due to
the extremely short residence time.

T T T T 711717 T T

—— CONDENSATION COEF « 0.036
== CONDENSATION COEF » .0
) DRY PARTICLE RADIUS

50
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Figure 6.
thein critical siges (2.).
vate communication).

Finally, errors in the theoretically derived
CCN response should be negligible. Gerber, et al.
(1977) demonstrated experimentally the soundness of
the theoretical relationship between ry and S¢ giv-
en by (2). The same particle sizing and counting
equipment wused by Gerber, et al., was used by
Hoppel during the CCN Workshop to provide the mea-
surements for deriving the CCN concentrations.

5.  CONCLUSIONS

The following conclusions can be made based on
the results obtained from the CCN Workshop. The
CCN concentrations measured with the airborne IHC
were lower than theoretically predicted by factors
ranging between 7.9 and 9.0. The CCN concentra-
tions measured with the airborne IHC were lower
than the concentrations measured. with the larger
laboratory IHC's by factors ranging between 3.9 and
7.5. The bounds of the supersaturation ranges of
the airborne IHC (Sc < 0.16%) and the CSU-Mee TGDCC
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(S¢ > 0.2%) do not overlap. Nevertheless, the
slopes of the interpolated data between the bounds
agree favorably with the theoretical slopes.
Slight subsaturations in the IHC plus uncertainties
with the sensor calibration are the most probable
causes for the discrepancies between the measured
and predicted CCN concentrations.
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A DESCRIPTION OF THE UK METEOROLOGICAL OFFICE
CCN COUNTER

M. Kitchen and E. Stirland

Meteorological Office
Bracknell, United Kingdom

(b) The temperature of the top and bottom
plates is monitored using precision surface mount-
ing thermistors (YSI 400) bonded directly to the
back of the sintered bronze plate. Horizontal
temperature gradients across the lower plate are
minimized by placing a brass disk, into which water
drainage channels have been machined, directly be-
low the plate and on top of the Peltier cooler.

(c) The new control circuits enable a sam-
pling sequence in which an activation spectrum con-
sisting of CCN measurements at a predetermined num-
ber of supersaturations and over any desired range
to be made. AT is stepped up and back down through
this range automatically. There is also a circuit
which monitors AT and prevents new air samples
being taken until the desired level of temperature
stability in the chamber has been reached At
present, this is set to d(aT)/dt §0.01°Cs'1. A
typical portion of this sequence is shown in Figure

2 below.

The Meteorological ,0ffice CCN Counter is a (d)  The chief use of the instrument is on-
modified Mee Industries Model 130 CCN Counter board the Meteorological Research Flight C-130 air-
which was purchased in 1977. craft. To make the instrument suitable for this

use, it has been repackaged and is powered by a
1. THE CHAMBER 115V, 400 Hz aircraft supply. For use in ground-
based field projects, data logging is performed by

The chamber is a thermal gradient diffusion an HP9830 calculator.
type with the upper plate at room temperature and
the 1lower plate thermoelectrically cooled. The

light from a 25W projector bulb is focused in a
beam of approximate dimensions 1x3 mm in the cen-
tral part of the chamber. The light scattered by
drops is viewed in the forward direction (40°) by a
microscope and a sensitive photodetector.

Experiments have been performed to relate the
peak output from the photocell with the maximum
number of drops in the beam recorded photographical-
ly. The microscope is used to check the calibra-
tion at Tow concentrations of CCN.

2. ANCILLARIES

Modifications to the original Mee design are
as follows:

(a) In order to reduce the time necessary to
obtain an activation spectrum, the thermal capacity
of the cooling system has been reduced by mounting
the thermoelectric cooler adjacent to the bottom
plate. In order to reduce the temperature differ- /

Wat
ence between the plates (aT) and hence the supersat- 5"'?005' Blower Sample Re:;f,oir
uration, the current is reversed through the cool- alve Fan
er, instead of a separate heater being employed.
Figure 1. A view of ithe chamber; the controd
electronics, powen supplies, etc. arne in a separate

e —
Mee Industries Inc., Rosemead, CA 91770 box, not shoun).
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Figure 2. A typical sampling sequence. The "dis-
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3.  PERFORMANCE

From experience in the operation of the modi-
fied Mee counter at the CCN Workshop and during
field projects, it has become clear that there are
a number of deficiencies in the design which have
yet to be corrected.

(a) The low intensity light source results in
a poor signal-to-noise ratio in the photodetector
output.

(b) Calibration is difficult because photog-
raphy of the drops growing in the chamber is hinder-
ed by the Tow illumination.

{(c) The high fall speed of the drops viewed
through the microscope is evidence of flow inside
the chamber air sample. This raises doubts about
whether a quasi-thermodynamic equilibrium is achiev-
ed.

(d) The sintered bronze plates are difficult
to clean and may be subject to contaminants.

(e) Condensation occasionally occurs on the
chamber windows, reducing the amount of scattered
light focused onto the photodetector.

4.  CONCLUSION

The modifications made to the Mee CCN counter
have improved the temperature control and stability
and also reduced the time taken to produce an
activation spectrum. However, measurements of CCN
concentration using this instrument have shown that
its performance is still affected by design defi-
ciencies.
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CLOUD CONDENSATION NUCLEUS COUNTER BY
IMPACTOR SAMPLING TECHNIQUE

Takeshi Ohtake

Geophysical Institute
University of Alaska
Fairbanks, Alaska

Unlike typical CCN counters, this device
counts the numbers of water droplets condensed on
aerosol particles sampled on a microcover glass at
various different relative humidities. The rela-
tive humidities ranged from 75% to a calculated
value of 110%. A schematic of the apparatus is
shown in Figure 1. The individual CCN can be
identified in an optical micrograph and scanning
electron micrograph and may be inspected for their
chemical composition later.

Sampling is made by means of an impactor and a
vacuum pump of about 3 liters or less air volume
onto an area of 3.35 mm by 0.25 mm of a microcover
glass (0.2 mm thick). Then the cover glass is
transferred to a small humidifying chamber where
temperature is controlled by a thermoelectric cool-
er at the bottom of the chamber. The chamber has a
closed glass top, and the circular side wall of the
chamber has a blotting paper soaked with a saturat-
ed aqueous solution of sodium chloride, giving an
equilibrium relative humidity of 75% in the tempera-
ture range between 20° and 70°C.

As the cover glass is cooled down by applying
a direct current to the thermoelectric cooler, it
is chilled to a lower temperature producing a rela-
tive humidity of 100%. Additional current produces
relative humidities beyond water saturation. The
exact saturation point is identified by the observa-
tion of dew on the cover glass which was previously
coated with aluminum, using a vacuum evaporation to
form a mirror. Simultaneously, the temperature
difference between the cover glass and the air is
observed by means of a thermojunction and a micro-
volt meter from the starting point of cooling,
giving the "0" reading.

Humidity values are determined from interpola-
tion and extrapolation of the microvolt reading at
the point dew forms. A usual microvolt reading at
the dew point is about 150 microvolts for a 25%
humidity difference. In this case, every 6 micro-
volt change indicates a 1% relative humidity
change. Consequently, a 12 microvolt reading high-
er than that necessary to obtain the dew point
gives a nominal 2% supersaturation. Due to various
cooling water temperatures, the reading at the dew
point has been found to change slightly.

The water drops condensed are photographed for
counting by a Polaroid micrograph camera or a nor-
mal microscope camera. Since the sizes of the
water drops on a cover glass are larger than 5
microns, the resolution of an optical microscope is
adequate.

The greatest advantage of this technique is to
allow the inspection of sizes and chemical composi-
tion of the individual nuclei by an electron micro-
scope combined with an X-ray energy spectrometer
with a specimen cooling device to prevent possible
heating on volatile nuclei. Such analysis is in
progress for the aerosols sampled over the Arctic
Ocean. The second advantage is that the aerosols
sampled can be stored for a long time and their
condensation ability can be examined later.

IMPACTOR
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However, as it has probably been seen, this
technique may not give an accurate absolute concen-
tration of cloud nuclei. The poor collection effi-
ciency on the sampler may limit the collection of
aerosol particles smaller than 0.1 microns diam-
eter, although this may be improved by use of a
better sampling technique (possibly by a micro-
orifice impactor). If the vacuum or air speed at
the nozzle 1is reduced, small particles will be
missing from the cover glass. Thermal precipitator
will result in the particles being evaporated. Cool-
ing thermal precipitator using liquid nitrogen will
result in frosting on the substrate.

Another problem is the humidity value on a
substrate where the aerosols were sampled. Water
vapor molecules tend to diffuse to the particles
and some condensed water drops will restrict many
adjacent aerosols from condensing to water drops as
pointed out by Lala and Jiusto (1972) for the case
of ice nucleation. Effective relative humidity on
substrate may therefore never reach water satura-
tion. For CCN counts at room temperatures, humid-
ity reaches saturation values confirming by observa-
tions of visible dew on a very clean mirror.
However, the actual degree of supersaturation may
not exceed by more than 0.1%, even though the
calculated value of supersaturation may be 2%. The
real supersaturation degrees for calculated humid-
ity values remain unknown. In order to break the
microscale boundary layer over hygroscopic parti-
cles, circulation of humidity-controlled air should
be adequate. Preliminary experiments have confirm-
ed this procedure to be successful.

REFERENCES
Lala, G.G. and J.E. Jiusto, 1972: Numerical esti-

mates of humidity in a membrane-filter ice
nucleus chamber, 7. Appl. Meteorn., 77, 674-683.
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DIFFUSION TUBE
R. Leaitch and W.J. Megaw

York University
Downsview, Ontario, Canada
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Figure 1. Relative humidity profile, average supen-
satunation = 0.11%. Z = tube length = 87 cm.

1. EQUIPMENT DESCRIPTION

The diffusion tube is designed to operate be- 105 # 7%

low about 0.25% of water supersaturation. It is
simply a long tube lined on the inside with a damp
chamois cloth, and heated isothermally to a few -1
degrees centigrade above the incoming air.

(log d)
-3)

The diffusion coefficient for water vapour is
slightly larger than that for heat, making it possi-
ble to supersaturate the airflow. This is the same
principle by which transient supersaturations may
occur in parallel plate cloud chambers. Our elemen-
tary analysis considers only the diffusion of vap-
our and heat from the walls into the moving air.
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The droplet sampling tube which inserts into
the main diffusion tube draws the central 4 or 5%
of the total volume from the tube. It is only
necessary then to compute the supersaturation for
the air stream in the centre of the tube. A .
typical supersaturation profile is shown in Figure 3 005 L T o T o
1 (solid line). It is dependent upon the relative ' "DIAMETER (pm)
humidity and temperature of the incoming air and
the temperature of the tube walls. The abscissa
represents the tube length divided by the total Figure 2. Numenical growth study for profidle shown
fiow rate. The cutoff is chosen at 2.0 to permit in Fig. 7. Day distribution ia neanly monodiapenaie.
reasonably isokinetic droplet sampling and because
the relative humidity is reduced to nearly 100%.
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TABLE 1

(NH

Royco Channel NaCl 4)2504 Channel
Channel Threshold D100 Value D100 Value Used Down
No. Dia. (um) Cr.S.S.(%) Cr.S.S.(%) to S.S.(%)
1 1.25 0.066 0.088 0.08
2 1.5 0.055 0.073 0.07
3 2.0 0.038 0.056 0.05
4 2.5 0.025 0.037 0.035
5 3.0 0.016 0.024 0.02
In order to define a single supersaturation lem may be somewhat alleviated by beginning with
from this transient, we average the water in excess higher initial humidity Tevels.
of 100% relative humidity over the period from the . .
point of reaching 100% to Z/flow equal to 2.0. The computed operating supersaturations for

This we define as the operating supersaturation.
The dashed Tline in Figure 1 indicates this average
for this curve. The validity of this approach has
been investigated numerically. A dry salt distribu-
tion was grown along both paths in Figure 1. The
resulting distributions are given in Figure 2.
Studies have indicated agreement between droplet
distributions is good below 0.1% supersaturation
and adequate up to 0.2% at least.

The most serious difficulty occurs with the
interpretation of the CCN. Since the available
growth time (about 10-12 seconds) is short, for
small S.S.'s, the droplets are small (1-4 ym dia.)
and confusion may result with inactivated haze drop-
lets, whose DIO0 values are greater than our thres-
hold. During the Workshop, only one channel on our
Royco 0.P.C. was used to count the droplets. The
threshold level was set at 1.5 um dia.; as a result
some haze particles were counted at supersatura-
tions below about 0.06%. This was noted in Experi-
ment 22 and particularly during our second run in
Experiment 26. We have tried to overcome this by
evaluating the CCN according to Table 1. The CCN
are determined from the counts in Channel 1 down to
an operating supersaturation of about 0.08%. Chan-
nel 2 is then used to 0.07%, etc.

Experiments with monodisperse aerosols gener-
ated with our own classifier have suggested the
following:

1. Very good resolution is possible at low
supersaturations, down to at least 0.05%.

2. Our estimation of the operating supersatu-
ration is high by about 30% of our value.

3. Results for similar conditions are very
reproducible.

The combination of 1 and 3 are encouraging,
but work must be continued to assess the proper
supersaturations. The high values are thought to
be attributable to free convective activity and a
slight temperature gradient between the wall temper-
ature sensor and the actual wet surface. Both are
béing investigated. We expect that at higher super-
saturations the free convection will be a greater
problem because of larger temperature gradients in-
volved. This is in agreement with a general de-
crease in accuracy with increasing supersaturation
noted during our classifier experiments. The prob-
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different wall temperatures and humidity condi-
tions, with an incoming air temperature of 20.0°C,
are plotted in Figure 3. It is quite obvious the
supersaturation is dependent equally upon the ini-
tial relative humidity as well as temperature dif-
ferences between the wall and air. The dependence,
on both parameters, lessens towards the lower super-
saturations thus indicating better accuracy, in
terms of temperature and humidity measurements, for
the small values.
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Figune 3. Openrating supersatunations as a function

of the temperatune difference between the wall and
ambient, for different incoming relative humidities.




2.  OPERATION

The total flow rate is 2.55 L/m; there are two
input flows. Humidified filtered air is mixed 3 or
4 to 1 with the air to be measured. A Royco 225
samples about 250 cc/m from the centre of the air
stream (0.2 of the radius). The sampling tube
extends 12 cm into the tube bottom (see Figure 4),
with the remaining flow (about 2.3 L/m) being drawn
out by two tubes at the very bottom. The residence
time in the sampling tube is no more than 0.1
seconds.

The relative humidity of the incoming air is
kept between 65 and 80%. The water bath is heated
to about 8 or 9°C above the ambient. Measurements
are taken in between adding cool water to lower the
wall temperature. Initially it was hoped to vary
the incoming humidity while keeping the temperature
gradients constant but we encountered some difficul-
ty with the response time of the humidity sensor to
large changes.

The temperatures are recorded with YSI precis-
ion thermistors (+0.1°C).  There are six located
in the tube walls. The measured temperature appears
stable and quite isothermal. The humidity is mea-
sured with dry and wet bulb thermistors. The wet
bulb thermistor is encased in a cotton wick and
thoroughly wetted.
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AN AUTOMATIC LIGHT SCATTERING CCN COUNTER

G. Garland Lala

Atmospheric Sciences Research Center
State University of New York
Albany, New York

1. PRINCIPLE OF OPERATION

The ASRC cloud condensation nucleus counter is
a static thermal diffusion chamber which has been
modified to include an optical system for the deter-
mination of droplet concentration by the measure-
ment of scattered light. The principle of opera-
tion is the same as that described by Lala and
Jiusto (1977). The determination of concentration
is made by measurement of the peak scattered light
signal from the cloud of growing droplets which is
a function of both the droplet concentration and
chamber supersaturation. Because the formation of
the peak is related to the rate of growth of the
droplets and sedimentation, both of which are deter-
mined by supersaturation, the system calibration
can be uniquely determined by comparison with an
absolute counter such as a static diffusion chamber
with a photographic recording system. This ap-
proach to the measurement of droplet concentration
in the cloud chamber has made possible the design
of a compact system with Tlow power requirements
which can be operated automatically under elec-
tronic control to provide real time measurement of
cloud nucleus concentration.

2. CCN SYSTEM COMPONENTS

2.1 Diffusion Chamber

The cloud chamber is a cylindrical volume
bounded by temperature controlled wet plates at the
top and bottom of a cylindrical plastic wall. The
chamber diameter is 7.6 cm with a plate separation
of 1.0 cm with a volume of 45.6 cm3.
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The temperature of the top and bottom surface
of the chamber is measured by means of integrated
circuit transistor thermometers (Analog Devices,
Inc. AD590) which have a high sensitivity with excel-
lent linearity and Tong term stability. The sensors
are embedded in the center of the aluminum plates
approximately 0.1 cm below the surface. The differ-
ence in the plate temperature, as sensed by the tran-
sistor thermometer, is used as the feedback signal
for a closed loop temperature regulator which main-
tains the temperature difference at a fixed refer-
ence level by controlling the current to a thermo-
electric cooler attached to the lower plate. This
system has been designed to have a long term stabil-
ity of +0.02°C, while having the capability of rapid-
ly changing the plate temperature by heating or
cooling (8 sec to stabilize to within +0.05°C  for
a 1°C change in plate temperature).

The moisture supply for hath the top and bot
surface is provided by water saturated blotter
per. Complete saturation of the upper surface is
insured by a connection to an external reservoir
through holes in the plate with capillary forces
providing the flow of water required. A water supply
is not provided for the lower surface because once
wet, the normal operation of the chamber maintains
saturation of the blotter by the vertical diffusion
of water vapor from the upper surface.

P
Lo
pa-

2.2 Illumination System

The original design of the system described by
Lala and Jiusto (1977) used polychromatic illumina-
tion from a tungsten halogen lamp. At that time, it
was thought that broadband illumination was neces-
sary to insure the smoothing of the Mie scattering
peaks required to produce a scattered light signal
which was monotonically increasing with droplet
size. Subsequent calculations of the scattering of
monochromatic light has shown that the angular inte-
gration over the scattering volume and collection
aperture provides sufficient smoothing of the scat-
tering peaks. The present design, taking advantage
of this, uses monochromatic illumination from an
infrared-emitting diode (General Electric F5D1) with
a nominal emission wavelength of 880 mm. In order to
provide sufficient illumination, the diode is operat-
ed in the pulsed mode at 6.25 kHz. The diverging
illumination from the diode is collimated by a sim-
ple lens to form a cylindrical beam with a diameter
of 0.4 cm. The principal advantages of using the
infrared diode are that its emission wavelength mat-
ches the peak sensitivity of the scattered Tlight
detector, the power requirements are small in compar-
ison to the tungsten lamp, and the long lifetime of
the diode.



2.3 Scattered Light Detection System

The scattered 1light detection system is identi-
cal to that used in the previous design. A lens
located at a 45 degree scattering angle forms an
image of the cloud on a slit which serves to
eliminate stray light to define the length of the
scattering volume (1.5 cm). Directly behind the
s1it is a hybrid photodetector-amplifier (Bell and
Howell 529) which converts the scattered light to a
voltage signal. The low level light signal is ampli-
fied and converted to a D.C. voltage signal by
means of a synchronous detector. The overall sys-
tem gain produces a sensitivity of 500 uv/droplet
at a supersaturation of 0.5%.

2.4 Measurement and Control System

A1l data handling and timing requirements of
the system are handled by a single board microcompu-
ter (Rockwell International AIM65). Communication
between the computer system and the temperature
control and light scattering system is performed by
analog to digital and digital to analog converters.
By means of this interface, the computer is able to
control all of the system functions, as well as the
processing and display of the data. A1l user
control of the system is handled through computer
software, making it possible to alter the system
operating parameters without having to configure
new control circuits for special applications. The
use of computer control allows for the optimization
of the overall system performance, as well as com-
plete flexibility in the application of the system
for CCN measurements.

3.  SYSTEM OPERATION

A measurement cycle can be initiated either by
the computer or by an input from the operator.
After receiving the start command, the computer
determines the chamber top plate temperature and
calculates the necessary temperature difference re-
quired to produce the desired supersaturation. By
means of the digital to analog converter, the com-
puter establishes the temperature reference and
waits for the actual temperature difference to set-
tle to within *0.05°C for two seconds before pro-
ceeding. After temperature stabilization, the com-
puter opens the sample valves and purges the cham-
ber by means of a small pump. During the last
second of the six second sample cycle, an average
value of the background signal is determined. The
sample cycle is terminated by stopping the pump and
closing the valve after a one-half second delay.
During the period which follows, the computer con-
tinuously samples the scattered light signal and
waits for the occurrence of a peak defined by the
signal falling below 80% of the highest previous
reading. At this time, the peak value minus the
background signal is converted to a concentration
and displayed along with the chamber operating con-
dition. The complete cycle is completed in 20 to
45 seconds, depending on the supersaturation used.

4.  SYSTEM CALIBRATION

. The calibration of the system is obtained by
direct comparison with a second thermal gradient
diffusion chamber equipped for photographic record-
ing. The chamber and temperature control system
for the photographic unit are identical toc the
automatic system. The illumination for the photo-
graphic system is provided by a 100 watt mercury
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arc lamp and a large aperture lens system which
forms a rectangular beam with an 0.2 cm by 0.4 cm
cross section. Droplets in the illuminated volume
are photographed at right angles to the beam with a
modified oscilloscope camera.

The calibration procedure consists of taking a
200 liter sample of ambient aerosol which is used
as a source for both systems during simultaneous
measurements. Concentrations are adjusted by dilut-
ing the sample with clean air and repeating the
measurement after stabilization. Figure 1 shows a
plot of the scattered 1light signal against the
concentration determined by the photographic system
at a supersaturation of 1%. This procedure is
repeated at five supersaturations between 0.25% and
1% which is used to determine the system calibra-
tion in terms of concentration and supersaturation.
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DESCRIPTION OF THE NRL ISOTHERMAL HAZE CHAMBER

William A. Hoppel

U.S. Naval Research Laboratory
Washington, DC

and rationale for
isothermal haze chamber (IHC) concept to extend the
range of CCN measurements to lower supersaturations

The background using the

than is possible with the thermal gradient diffu-
sion chamber is given in the overview section. In
the IHC the critical supersaturation is inferred
from the measurement of the size of particles which
have grown to their equilibrium size at exactly
100% RH. Here the Naval Research Laboratory (NRL)
isothermal haze chamber will be described, and the
reason for its unique design will be explained.

There are three major design constraints which
had to be met:

1. Calculations of the equilibrium size as a
function of relative humidity show that the humid-
ity in the IHC must be within about 0.01% of
saturation if the inferred critical supersaturation
is not to be significantly in error.

2 The smaller the critical supersaturation

of the particle, the larger is its equilibrium
size. The larger its equilibrium size, the longer
it takes to reach that size. Over 100 sec of

growth time is needed for a particle with a criti-
cal supersaturation of about 0.015% to reach 95% of
its equilibrium size at saturation. Much longer
times are necessary for particles with smaller crit-
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ical supersaturation. The second design criteria
was that the chamber must provide over 100 sec of
residence time at high humidity. It is this limita-
tion which places the lower 1limit of about 0.015%
on the critical supersaturation of our IHC.

3. The commercial optical counter (Royco)
which was available has a sample flow rate of 47 cc
per sec. Our decision to stick with the manufactur-
er's flow rate determined the third major design
constraint.

The NRL IHC has cylindrical symmetry as is
shown schematically in Figure 1. The design is a
two-tube design. The sample first enters a small
tube lined with ceramic saturated with water. The
pressure drop across the small inlet orifice is
less than a quarter of an inch of water and this
pressure drop is used to monitor the sample flow
rate. The sample flow rate which is about 3 cc per
sec was recalibrated at the altitude of the Work-
shop prior to 1its start. Fiitered air enters
through four ports on the outer circumference of a
humidifier which consists of passages ‘between con-
centric cylinders lined with saturated, sponge-like
material (see Figure 1). The filtered air, after
leaving the humidifier, flows downward through the
annular ceramic-lined passage between two tubes and
forms a sheath flow around the sample flow beyond
the point where the sample emerges from the small
tube. At the bottom of the IHC the sample, togeth-
er with sheath flow (47 cc per sec), enters the
optical particle counter where the humidified parti-
cles are sized into five size channels between
about 0.25and 3 um radius.

The distance required for air passing through
a wet-walled tube to reach saturation depends only
on the volume flow rate and length of tube and not
on the radius of the tube. The reason for using
the small tube for initial humidification of the
sample is to bring the sample to high humidity in
the shortest distance possible. This can best be
accomplished by keeping the sample flow, which is
very small, isolated from the Tlarger sheath flow
until both are fully humidified. The small tube in
our IHC 1is 45 cm long, has a diameter of 1.27 cm
and a volume flow rate of 3 cc per sec. Solutions
to the diffusion equation show that a sample enter-
ing at 50% RH is within 0.004% of saturation by the
time it has passed 10 cm down the tube. The resi-
dence time in the small tube is about 20 sec.

When the sample joins the sheath air, there is
an increase in the cross-sectional area of about 36
and an increase in flow of about 15, resulting in a
net increase in residence time per unit length of
2.3. The total residence time in the large tube is
about 90 sec, giving a total residence time for
growth at high relative humidity of about 110 sec.



SAMPLE

10"
FILTERED FILTERED
AR AR
48" CERAMIC LINER
OPTICAL PARTICLE
COUNTER
J
Figure 1. NRL Jsothewmal Hage Chamben

The value of the filtered sheath flow is multi-
ple: (a) the filtered sheath flow helps prevent
gravitational fallout by confining the sample to
the central region of the chamber; (b) sheath air
is necessary for dilution. The 1large number of
small particles which swell to optically detectable
sizes at high humidities will swamp the optical
detection system and cause coincidence counting
problems if the sample is not diluted with sheath
air; and (c) the total air flow required by the
optical particle counter is supplied with the mini-
mum overall Jlength by introducing the humidified
sheath air after the sample has already reached
high humidity.

During a measurement period, the optical coun-
ter was on a one-minute counting cycle controlled
by its internal timer. However, resetting, start-
ing and reading the BCD output was accomplished
with the same HP 9825 computer used to control the
NRL mobility analyzer described elsewhere. During
each size distribution taken with the mobility ana-
lyzer, 12 individual one-minute readings of the NRL
IHC were taken and printed out and, at the end of
the size distribution, the average of the 12 read-
ings for each size channel was printed out. For
most experiments, it was the average of the 12
one-minute samples that was supplied to the Work-
shop.

The factory calibration of the optical counter
was done with Tlatex spheres which have a much
different index of refraction than does the water
droplets. A size calibration for water droplets
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was estimated from the factory calibration and the
work of Cook and Kerker (1975).

It is our opinion that the NRL IHC functioned
well throughout the Workshop with only a minor
problem created by the failure of one of the meter-
ing pumps which wet the ceramic. This failure
required periodic, partial disassembly and manual
wetting on a schedule less frequent than would have
been done if the pump had been functioning.

The absolute accuracy of the measurement is
difficult to assess. The biggest source of possi-
ble error in our system is thought to be the
stability and accuracy of the calibration of the
optical particle size spectrometer.

The largest size channel corresponds to a cri-
tical supersaturation of 0.014%. The growth time
required for particles of this size to reach their
equilibrium size exceeds the 110 second residence
time in our IHC. Since the supersaturation spectrum
is always very steep in this region, the contribu-
tion of these larger particles which have not yet
attained their equilibrium size to smaller size
channels is negligible. However, failure of these
particles to reach their equilibrium size could
result in a significant lowering of the count in
the size channel corresponding to the smallest cri-
tical supersaturation.
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MODIFIED MEE INDUSTRIES STATIC THERMAL
GRADIENT DIFFUSION CLOUD CHAMBER
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1. EQUIPMENT DESCRIPTION

The purpose of attending the CCN Workshop was
to calibrate and determine the usable operating
range of the cloud chamber. The instrument consist-
ed of a Mee Model 130 Cloud Condensation Nucleus
Counter (Serial #3). The original optical bench,
light source, and detection components were removed
and replaced with a simple laser illumination-
photographic counting system. The purpose of the
modification was to permit discrete droplet count-
ing rather than the original method of scattered
light detection and to extend the minimum concentra-
tion detection limit to approximately 10/cm3 for
use in remote areas where aerosol concentrations
were expected to be low. The system consisted of a
5 mw HeNe laser with an operating wavelength of
0.65 microns. The laser beam was incident to the
camera field of view at a 40° angle, the same angle
used in the original instrument configuration util-
izing a photo diode as a scattered light detector.
In both arrangements, the detector, in this case
the camera, sensed the forward scattered light at
the given angle from the center of the parallel
plate thermal gradient diffusion chamber. The film
used was Kodak 2475 recording film developed at
3000 ASA. Photographs were made at 1/2 second
exposure through a microscope attachment to the
chamber producing a magnification of 3.47 x on the
film negative. The observed volume was 0.011 cm3.
Temperature and AT were controlled by thermoelec-
tric cooling of the bottom plate with the upper
plate at ambient temperature.

The operation procedure consists of flushing
the chamber for 10 seconds at a sample flow rate of
4 liters per minute. An observation is then made
through the eyepiece to determine the time required
for maximum droplet number concentration to occur.
This time is then used for subsequent measurements
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at the same selected chamber conditions. One to 30
exposures are made on each frame to obtain 50-100
droplet images per frame, depending upon the CCN
concentration. This produces uncertainties of 10-
15% in the CCN concentration determination. At the
upper limit of 30 exposures used, concentrations of
10 cm™3 can be determined with uncertainties of
50%. The time to determine a four-pgint CCN spec-
trum of low concentrations (<500 cm™3 at 0.5% SS)
is 90 minutes. At high concentrations the time
reduces to about 30 minutes. Since the droplet
counting is from images of droplets on film, the
minimum detectable concentration and uncertainty
can be selected by the operator with the subsequent
loss or gain of time resolution. The instrument in
its present form can only be operated manually.

2.  RESULTS OF THE WORKSHOP

The experiments performed at the Workshop were
undertaken to confirm the calculated sample volume,
determine the usable range of supersaturation, and
minimum detectable size.

Problems with chamber leaks were discovered
for the experiments 0-10. Hence the data from
these experiments cannot be used for comparison.
Comparison of absolute CCN concentrations with oth-
er state-of-the-art continuous flow diffusion cham-
bers at supersaturations near 1% indicated that the
volume used produced CCN concentrations well within
the range of CCN concentrations determined at the
Workshop. This agreement is interpreted to mean
the sample volume was correct. Direct measurements
of the beam geometry done in the laboratory indi-
cated a factor of 4-5 error. This error is appar-
ently due to the larger apparent visible beam diam-
eter versus the actual usable beam diameter given
the droplet illumination, chamber optical geometry,
microscope optics and film characteristics. It is
therefore suggested that the only way in which the
sample volume should be determined is by experimen-
tation with known droplet sizes and numbers via
known aerosol generation and sampling.

By comparison of the results from experiments
19 and 15, it was determined that the minimum
usable supersaturation for this chamber was between
0.09% and 0.22%, respectively. By using the dry
aerosol data from experiments 15, 18, 19 and 20,
and the number of droplets detected at indicated
supersaturation of 0.1%, the minimum supersatura-
tion the instrument was able to achieve was 0.11%,
0.17%, 0.09%, and 0.19%, respectively. Therefore,
0.20% was determined as the lowest usable supersatu-
ration.

A minimum detectable size of about one micron
radius was determined, based upon the smallest ob-
served image on the film, the known magnification



of the image by the microscope attachment, and the
artificial enlarging of the image by diffraction of
the relatively long wavelength monochromatic Tlight
through the small diameter Tlenses of the micro-
scope. This agrees roughly with a droplet size of
0.7 microns radius at which the maximum in light
scattering efficiency occurs for the wavelength
light used.

The chamber response to known aerosol at dif-
ferent supersaturations compared favorably to the-
ory, both in the predicted slope for polydisperse
aerosol and the determination of the critical super-
saturation for monodisperse aerosol. However,
there appears to be some tendency to undercount at
mid-range supersaturations giving an anomalous con-
cave upward appearance to the curve for some experi-
ments, but not all. The cause of this effect is
unknown. Further testing will be required to look
more closely at this effect.

TABLE 1. INSTRUMENT PARAMETERS

Detection System:

Laser light source 5 milliwatt
0.65 micron wavelength
Photographic counting 2475 recording film
ASA 3000
Minimum detection size ~1 um radius

Sampling:

Flow rate 4 1pm for 10 sec

Sample volume 0.017 cm

Time for spectra 30-90 min

(4 pts)

Chamber Specifications:

Aspect ratio 4.6:1

Temperature control Thermoelectric cooling
of lower plate

Usable supersatura- 0.2 - 2.0%

tion range
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SIMULTANEOUS OPERATION OF THREE CCN COUNTERS
AND AN ISOTHERMAL HAZE CHAMBER AT THE
1980 INTERNATIONAL CCN WORKSHOP

James G. Hudson, C.F. Rogers, and G. Keyser

Desert Research Institute
University of Nevada System
Reno, Nevada

1. INTRODUCTION

The Desert Research Institute (DRI) operated
four devices for the detection and characterization
of cloud condensation nuclei (CCN) and fog conden-
sation nuciei (FCN) during the International CCN
Workshop, Reno, Nevada, October 6-17, 1980. In
chronological order of development, the CCN devices
are the conventional continuous-flow diffusion cham-
ber (CFD), the rapid-cycle CCN spectrometer, and
the instantaneous CCN spectrometer. The FCN detec-
tion device is an isothermal haze chamber (IHC).
These four instruments will be discussed in se-
quence, and general comments on their performance
at the Workshop will be given.

2.  CONVENTIONAL CONTINUOUS-FLOW DIFFUSION CHAMBER

2.1 Instrument Description

One of the DRI Continuous Flow Diffusion (CFD)
Chambers (Hudson and Squires, 1973, 1976) was used
in this Workshop. Since this instrument is largely
unchanged since 1976, only the more important fea-
tures will be described here, along with the values
of some of the operating parameters used during the
Workshop.

The CFD was operated in the vertical mode;
that is, the parallel plates were vertical although
the sample traveled in a horizontal direction. The
plate separation was 1.3 cm while the width of the
plates (this is actually a vertical distance when
the chamber is operated in the vertical mode) is 30
cm. The sample enters the working volume of the
chamber through a slit in a transverse tube which
is at one end of the chamber midway between the
plates. It is confined to a 1 mm thick zone about
the central plane by the two particle-free air
flows which go around each plate. The sample slit
is about one-third of the chamber width so that in
the other dimension, the sample comes no closer
than 10 cm from the "side" walls of the chamber.
This allows a minimum aspect ratio of 8. The
length of the plates is 40 cm which is the total
distance the sample travels through the instrument
while the length of the wet paper on the cold plate
is 38 cm which allows a 2 cm dry space for the
sample after its introduction. The wet paper on
the warm plate does not begin for another 10 c¢m as
it is 28 cm long.

2.2 Qperation

The main flow of particle-free air enters the
chamber at two ports on the backsides of the diffu-
sion plates. These flows then pass over the plates
and then turn 180° at their ends where these two
flows merge with each other and with the sample
flow. By this time, the air should have attained a
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reasonably complete temperature equilibrium with
each plate. The total flow of air then moves
between the plates to the end of the chamber where
all of the air is pulled through an optical parti-
cle counter (OPC). It is actually the pump in the
OPC which produces the air flow through the chamber
and the slight underpressure (+8" of Hy0) within the
chamber. A valve on the flowmeter which measures
the main flow, F, can be adjusted to change F
which, during the Workshop, varied from 20 to 58
cm®/sec. Thus the velocity in the central plane of
the chamber was v = 3/2 F/A, where A = 39 cml is
the cross-sectional area. Thus, v ranged from 0.77
to 2.23 cm3/sec so that the time which the sample
spent in the supersaturated volume of the chamber
varied between approximately 12 and 36 seconds.
The lower flow rates (longer times) were generally
used for the lower supersaturations where longer
growth times are necessary while faster flows or
shorter times were used for the higher supersatura-
tions where fallout could be a problem.

The sample flow rate is controlled by a glass
capillary tube which restricts the flow to specific
values depending on the pressure difference across
the tube. The rate of flow through a given capil-
lary was calibrated for the pressure differences to
be used while it is in operation. For most of the
Workshop experiments, the sample flow rate was
abgut .6 cm3sec”! although it varied from 0.1
cm3sec™! to 1 cm3sec™! during the course of the
Workshop.

Supersaturations in this chamber during the
Workshop ranged from 0.02% to 1.5%. Although super-
saturations below 0.1% are normally beyond the use-
ful range of the instrument, certain monodisperse
aerosols may yield useful results at such low super-
saturations. The time required to complete a spec-
trum depends on how many supersaturations are used.
Although a smaller number of steps generally re-
quires less time, if more steps are used, the time
required to change plate temperatures 1is reduced
since the steps are smaller. Typically, it takes
at Tleast five minutes to change plate temperatures
and at least three minutes to acquire useful data
at a given supersaturation.

The drops exit the chamber along with the
total air flow. A11 of this passes through the
active volume of the Royco 225 optical particle
counter (OPC). In this instrument, the drops (or
particles) are counted individually as they scatter
light when they pass through an incandescent 1ight
beam. The scattered light is gathered by a PM tube
which produces a signal which is roughly proportion-
al to the amount of light scattered which is some-
what proportional to the particle size. Since the
light beam is larger than the cross-sectional area
of the particle stream, all particles which enter




77

i

\\l /....._ T cooum PATh

2

3

Figune 1.
7. Cannien fdow entrance
2. Entrance manifodd
3. Codd plate wicking surface
4. Diffusen screen
5.  Codd thewnal plate
6.  Sample infection tube

Dimensions:

the OPC scatter light. The chances of more than
one particle being within the beam s1mu1taneous]y
are insignificant unless the OPC count is more than
100,000/min so the drops are usually counted and
sized individually. When count rates were higher
than this, lower sample flows were used.

The plate temperatures are controlled by circu-
lating fluid from constant temperature baths.
Plate temperatures are monitored by stainless steel
thermisters which are imbedded in the plates just
below the wet filter paper on its surface.

This instrument participated in and yielded
valid data for all of the Workshop experiments.

3. RAPID CYCLE CCN SPECTROMETER

This instrument was built as a prototype for
the NASA low gravity Atmospheric Cloud Physics Labo-
ratory (ACPL). Rapid changes in supersaturation are
accomplished by injecting a surge of fluid into the
temperature-controlled plates. This displacing
fluid is at a temperature different from the origin-
al plate temperatures. Thus the change in tempera-
ture of the plates is accomplished by proper mixing
of an appropriate amount of fluid from a reservoir
at an extreme temperature. A hot and a cold reser-
voir are on hand for this purpose. Microprocessor
control is used to inject the fluid into the plates
so that a smooth cycle of supersaturations can be
obtained. Thus four or five supersaturations can
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be examined within a period of 5 to 10 minutes,
depending upon the desired accuracy and the parti-
cle concentration. This same period of time is
required just to make one change in supersaturation
with the conventional CFD's.

Figure 1 is a schematic diagram of the rapid
cycle CCN spectrometer. It is quite similar even
in dimensions to the earlier versions of the CFD's.
A notable exception to this 1is the elimination of
the flow around the back sides of each plate. In
this version, the carrier flow enters the chamber
at the opposite end of the chamber from the optical
bench (Royco 225) unlike the previous CFD's, where
the carrier flow entered at the optical bench end
of the chamber behind both plates only to flow
toward the other end of the chamber around the
plates and back between the plates. The laminar
flow so accomplished is obtained in the spectromet-
er by the use of a diffuser screen. A stainless
steel wicking surface is used instead of filter
paper as the wet surface on the inside of the
plates.

A hypothetical experiment 1is shown in Figure
2. Each supersaturation can be maintained as long
as desired; each subsequent supersaturation can be
established and stable within about 30 seconds.

Each thermal plate is accurately controlled in
temperature such that the temperature difference
between the two plates 1is stable and known to
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within about $0.01°C for each supersaturation.
Figure 3 is a schematic of the hydraulic circuit
for the warm thermal plate. A centrifugal pump
circulates water through the thermal plate and a
housing containing four electrically resistive immer-
sion heaters in a coolant flow of about 60 cm3/sec
The coolant is also circulated over a small glass
bead thermistor just downstream of the pump; this
method of temperature measurement provides an accur-
ate estimate of the average temperature because of
the thorough mixing present at the pump exit. The
thermal plate consists of a covered channeled metal
surface with large distribution manifolds at both
ends. The large manifolds assure that flow through
each of the 18 water channels is uniform. Placing
the exit and entrance ports on the same side of the
thermal plate assures kinematic mixing of the water
in the primary circuit. The time required for a
parcel of water to flow completely around the pri-
mary circuit is one to two seconds.

Temperature control is provided by a secondary
hydraulic circuit consisting of a thermoelectric
module (TEM) powered "cold source" heat exchanger
and a small gear pump. Since this is a closed
hydraulic system, operation of the gear pump (trick-
le pump) displaces cold water into the primary
circuit and returns warmer water to the cold source
heat exchanger. By correctly metering the proper
water flow, any equilibrium temperature of the ther-
mal plate above the cold source temperature can be
maintained. Very fine temperature control can be
achieved by metering slightly more cold water than
is required (slightly overcooling the primary cir-
cuit) and adding electrical energy with the use of
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devel in the experiment protocod. The computen
controd aenvos around the value Tw defined by
this varniable. Time nequined fon this step is
~vo-5 sec.

4. "PAUSE":  Allows time fon system to stabilize
at new Zemp. setiings. This has been a period
of ~30 sec in preliminary e peniment. The end
of "PAUSE" initiates anothen "UAIT" period at
a new asupersatunation. The instrument contin-
ues 2o sequence until AT nreaches a predetermin-
ed minimum.

the immersion heater. Both immersion heater output
and flow of water through the trickle pump are
under servo control of the control computer.

A second pump is included in the secondary
hydraulic circuit in order to provide rapid changes
of thermal plate temperature during the "TSTEP"
period shown in Figure 2. The surge pump is oper-
ated full on for a period ranging from about 1 to 7
seconds, depending upon the magnitude of the de-
sired temperature decrease in the warm plate. A
relatively large parcel of cold water s displaced
into the primary circuit during this period, caus-
ing a rapid drop in temperature. A period of about
10-30 seconds is required for temperature equilibri-
um. The surge pump is not used again until another
change in plate temperature is desired. The hydrau-
lic circuit for the cold plate is similar to that
described above except that the surge pump for the
cold plate is attached to a separate TEM-powered
heat exchanger (Hot Source), controlling the tem-
perature of the water above the mean temperature of
the experiment. Operation of the surge pump for the
cold circuit raises the temperature of the cold
plate, such that the temperature difference between
the plates is reduced in steps as the experiment
progresses.

The AT measurement 1is accomplished with the
use of a ten-element thermopile mounted on the back
surface of each thermal plate. The thermocouple
Junctions are chromel-constantan and are potted in
good thermal contact with an aluminum-base with
thermally conductive epoxy. The thermopile is as-
sembled in the form of a yoke; the thin thermo-
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couple leads are sandwiched between two layers of
grounded copper foil tape for support and electri-
cal shielding. The entire bundle is mounted on a
thin (0.04 cm x 2.5 cm) strip of fiberglass that
forms a yoke around the two thermal plates. The
base of the yoke mounts on the thermopile amplifi-
er, located at the bottom edge of the CFD chamber,
reducing the lead length of the thermocouples to a
minimum. The resolution of measurement is 0.0024°C.

Carrier flow and sample flow rates are similar
to those used in the earlier model CFD's. The high
degree of precision and accuracy achieved with the
earlier models 1is preserved in the spectrometer.
In fact, the increased temperature uniformity and
measurement sensitivity allows for increased accur-
acy. Moreover, this accuracy holds true during the
supersaturation cycles of the spectrometer. Thus,
the entire spectrum can be monitored with precision
and accuracy limited primarily by statistics.

Figure 4 displays an example of an F-plateau
in the rapid cycle CCN spectrometer. This shows
that the nucleus concentration is independent of
the time the sample is exposed to the supersatu-
ration. Thus all particles are allowed to activate
but not fall out. This is more fully explained in
Hudson and Squires (1976). Figure 4 also displays
a comparison in particle concentration between the
rapid cycle spectrometer and the earlier model
CFD's. Agreement was within 3% which is about the
same as the experimental uncertainty.
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Figure 4. Relative concentration of CCN detected

by the napid cycle spectrometer v4. carnier (mainl
fdow through the chambern. Herne the count is noamal-
ized to the deduced concentration in a conventional
CFD openating side-by-side. The supersaturation in
both instauments was Lixed at 0.80%.

The rapid cycle CCN spectrometer operated very
well during the International Workshop; during many
of the experiments, it was actually operating under
computer control with no operator present. There
were three problems, two of which were instrument-
related, and a third which may be classified as
operator error. First, the chamber had been newly
cleaned and reassembled at the time of the Work-
shop, and was operating with a background count of
order 10-20 cm-3 (at 1% supersaturation).  This
count 1is about an order of magnitude higher than
the normal background for this device; after the
Workshop it was found to be entirely due to a
slightly loose fitting on the carrier flow inlet.
Second, the Tlosses of CCN in the sample inlet
system were higher than designed for, due in large
part to the presence of charged aerosols in many of
the experiments. This problem is discussed in
greater detail by Hudson and Alofs in a companion
paper discussing CFD design and performance. Fin-
ally, due both to occasional, necessary operator
absences and operator unfamiliarity with CFD opera-
tion at low supersaturations, the main, carrier air
flow was not always adjusted properly as the micro-
processor stepped the chamber through its range of
supersaturations. The result generally manifested
itself in a tendency to undercount.

4.  INSTANTANEOUS SPECTROMETER

4.1 Equipment Description

This instrument was built along the same lines
as the DRI continuous flow diffusion (CFD) chamber
(Hudson and Squires, 1976). The most dimportant
feature of this instrument is that it uses the
sizes of the drops detected by the optical counter
to deduce the critical supersaturations of the nu-
clei. Since several size thresholds can be used,
this allows the possibility of simultanously deter-
mining the number, N, vs. critical supersaturation
Sc, for several S¢'s. This is difficult in a
conventional CFD where the drops usually achieve a
nearly monodisperse size distribution regardless of
the )range of Sc.'s in the sample aerosol (Hudson,
1976).



4.2 Theory of Operation

The instantaneous spectrometer, however, con-
tains three supersaturation steps which disperse
the drop spectrum over a wider size range. This
range is further widened since the sample is expos-
ed to these supersaturations in ascending order.
The device, which is shown in Figure 5, is a series
of three CFD's inside one chamber. It contains a
sequence of three pairs of temperature controlled
plates so that a sample aerosol can be exposed to
three separate supersaturations (Sy, Sz, S3). This
means that in the first zone only the Tlargest
nuclei become activated drops. That is, only those
nuclei with S¢'s below S1 grow into droplets while
the remaining nuclei remain as unactivated haze
drops. After being exposed to this constant super-
saturation, these drops approach a monodisperse dis-
tribution.
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Figure 5. Schematic of zhe instantaneows CCN spec-

trometen.

Legend: L7 = 48 cm; Lo = 8.4 cm; Lj = 10.4 cmy;
Ly = 38.4 'em (14t supersatunation zone - S7, 13,
Tyly Ls = 12 em (2nd supensaturation zone - Sp,
72, Z5)),' Lg = 8 am (32d supensatunation zone - 53,
1, 1/«

Supersaturation:
Plate Temp: - T7<T 5<T 3<T)<T 5<T¢

(1) Carnien fdow entrnance; (2) Diffuser scrneen; (3)
Sample ingection tube; (4) Codd plate wicking sun-
face; (5) Wawn plate wicking sunface; (6) Finst
warm section, Tu; (7] Firnat codd section, T3;

(8) Second wawm 4section, Ts; (9) Second codd sec-
tion, Tp; (10) Third wawn section, Tg; (11) Third
codd section, Ty; (12) Temperature bath at T4; (13)
Temperatune bath at T3; (14) Temperature bath at
T5; (15) Tempenatune bath at T); (16) Tempera-
turne bath at Tg; (17) Temperature bath at Tq1; (18)
Exhaust to OPC.

S7<S2<53

In the next zone nuclei with $7<S.<Sp become
activated and grow into cloud droplets with similar
sizes. In the meantime the drops which were al-
ready activated in the first zone grow even larger
in the second zone. In fact, their growth rate is
speeded up due to the higher driving supersatura-
tion in zone two. Thus, the nuclei with Sc<Sy grow
even larger and somewhat more monodisperse and at
the end of the second zone a bimodal drop distribu-
tion should result. Finally, the third zone acti-
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vates the smallest nuclei (largest S¢) with Sp<Sc<
S3 and a trimodal distribution should result.

The most significant result is not the trimod-
al distribution but the fact that the drop size
spectrum has a wider spread than it has in a CFD.
In the spectrometer the drop concentration is less
sensitive to drop size and it is easier to discrimi-
nate nucleus Sc's based on drop sizes. Therefore,
a small change in the drop size thresholds results
in a smaller change in apparent concentration than
would be the case with the monodisperse distribu-
tion in a CFD. Thus it is much more feasible to
relate drop sizes to Sc and to establish size
thresholds which correspond to certain S¢'s. If
there were no other factors than S. affecting drop
size, then a trimodal drop distribution with clear
separations between modes would always result. In
that case, size discrimination could be made bet-
ween the modes and a definite N vs. S. spectrum
could be made which would correspond to the three
supersaturations used in the chamber. In such a
case, a cumulative distribution would have three
plateaus where the number concentration would be
constant over a range of sizes. In the CFD there
is one drop size plateau which ensures that all
nuclei are activated but that none fall to the
floor so that a direct determination of N vs. S can
be made with S¢c being the applied supersaturation in
the chamber. There are some situations when the
instantaneous spectrometer has three drop size pla-
teaus which then allow direct determinations of N
vs. Sc for the three S¢'s. However, in most situa-
tions the modes are not completely separated (Fig.
6) and instead of plateaus in the cumulative distri-
bution, we find decreases in the slope of N vs. r
(Fig. 7). Although this is a much better situation
than in the CFD, the lack of a plateau limits the
accuracy of direct measurements of N vs. Sc.
Accuracy can be increased by setting the voltage
thresholds so that the number concentration in the
spectrometer matches that in a CFD monitoring the
same sample at a specific supersaturation.

INSTANTANEOUS SPECTROMETER
NUMBER VS SIZE

SUPERSATURATIONS

0.93% 060% 023%
Figure 6. Relative numben of drops vs. nelative
4izes (volitages) forn zhe instantaneous spectromet-
exn. Note that this is a differential and not a
cumulative plot.

Although this can also be done with two CFD's
(Hudson, 1976) (where one of the CFD's takes the
role of the spectrometer and the other one is used
to calibrate the first CFD), the process works much
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better with the instantaneous spectrometer where
there is nearly a constant concentration over some
parts of the size range. This considerably reduces
the requirement for stability of the various operat-
ing parameters. With the instantaneous spectromet-
er it has been possible to keep the operating
parameters constant enough that voltage settings
can be used for many days or weeks with continued
good accuracy.

4.3 Description

Figure 5 shows most of the dimensions of the
instantaneous spectrometer. The plates are separat-
ed by 1.6 cm while the plate width is 29 cm. This
chamber was also operated with the plates vertical
and sample moving horizontally. The main flow

through the chamber was 50 cm® sec™' throughout
the Workshop. This resulted in a particle velocity
of v = 1.62 cm sec™! so that the sample spent

about 31 sec in the chamber; 18.6 sec at Sy, 7.4
sec at Sy, and 5 sec at S3.

As with the DRI CFD, a Royco 225 optical
particle counter is used as the detecting device
for the instantaneous spectrometer. In addition a
512 channel analyzer (MCA) (Northern Scientific,
Inc.) is also interfaced to the Royco to increase
particle size resolution so that greater detail in
the concentration vs. size spectrum can be display-
ed.

The plate temperatures were roughly the same
for the entire Workshop so that the supersatura-
tions were nearly constant at Sy = 0.30%, Sp = 0.55%
and S3 = 0.90%. The droplet size thresholds were
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set by matching the number concentrations in the
instantaneous spectrometer with the concentrations
measured with the CFD set at the three different
plate temperatures in the instantaneous device. The
largest drops corresponded with the lowest super-
saturations, etc. A1l of the drops which could be
detected down to the smallest sizes (~0.2 um radius
water drops) corresponded to the number of CCN
active at the highest supersaturation in the spec-
trometer.

Channel 2 was set for about 1.42 um radius
water drops while Channel 3 was set for 1.75 um
radius water drops. A slight number vs. drop size
plateau was observed here and the concentration of
CCN in the CFD at 0.55% supersaturation {which was
S2 in the spectrometer) was found to be always less
than the number of drops in Channel 2 but more than
that found in Channel 3 of the instantaneous spec-
trometer. This meant that nuclei with S¢ of 0.55%
produced drops within the size range of 1.42 um and
1.75 um radius in that particular configuration of
the instantaneous spectrometer. Thus, the average
of Channels 2 and 3 were used to deduce the number
of CCN active at 0.55% in the spectrometer. Chan-
nel 4 was set at 2.77 um radius water drops and
Channel 5 was set for 3.0 um water drops. In a
similar fashion, these corresponded to 0.30% Sc. It
was found necessary to make a small adjustment in
the size thresholds only once during the Workshop.

The sample flow rate was usually the same as
the CFD, 0.60 cm3sec™1, although it was at times
as low as 0.1 cm3secl. The plates were also
controlled by the same regulator baths and the same
types of thermisters were embedded in the plates.
This chamber differed from the CFD in three other
respects: (1) There were no flows of particle-free
air around the backside of the plates. Instead, a
diffuser screen was used to eliminate any turbu-
lence; (2) A metal mesh screen was used instead of
filter paper for the moist plate surfaces; and (3)
Instead of dripping water onto the plates as in the
CFD's, water was fed to the metal screens by capil-
lary action from a reservoir of distilled water.

4.4 Qperation

Several tests can be performed to check the
performance of the instantaneous spectrometer.
When the upstream lowest supersaturation, Sy, is
increased, the larger sized droplet peak increases
and becomes larger as it should. When the higher
downstream supersaturation, S3, is increased, the
magnitude of the smaller sized peak is increased
and there is an increase in its size. Under these
conditions, the larger sized peak is only shifted
to a slightly larger size. These observations are
all in keeping with the operating principles.
Thus, sizes which allow separations between the
peaks can be chosen. Moreover, the Royco voltage
thresholds can be set so that certain size channels
can be used to monitor the concentration at specif-
ic supersaturations. The size channels can be
adjusted so that an individual drop size plateau
can be obtained for each supersaturation (see Hud-
son and Squires, 1976). This assures that all
drops which should have been activated at a certain
supersaturation were activated and counted.
Changes in the downstream supersaturation, S3, do
not affect the detected concentration active for
instance at Sy or Sp.



The spectrum of three supersaturations was
available simultaneously as soon as the OPC counted
and printed out the numbers. Agreement with the
DRI CFD was very good and consistent throughout the
Workshop as shown by the results.

5.  ISOTHERMAL HAZE CHAMBER

The measurement of CCN can be extended to
lower values of supersaturation by using the iso-
thermal haze chamber (IHC) first described by Lak-
tionov (1972). The basic operating principle of
the IHC relates to the fact that the equilibrium
size of a haze droplet, rygg, at 100% RH (supersatu-

ration = 0) 1is uniquely related to the critical
supersaturation Sc of the nucleus. Following Lak-
tionov (1972) and Alofs (1978), at T = 20°C the
relationship is
_4.1x 107

Moo T TS, (1)
where r 1is in centimeters and S¢ is in percent.
According to Hoppel and Fitzgerald (1977), this

relationship is unique if the particle is at least
1% soluble. Eq. (1) can be applied if drops are
grown to their equilibrium sizes in a saturated
environment and then counted as a function of size.

The Desert Research Institute IHC is a device
which subjects sample aerosol to 100% relative humid-
ity for 100-200 s. In most cases, this is enough
time to allow the drops to attain their equilibrium
sizes at which time they are counted and sized by
an optical particle counter (OPC Royco 225). The
size is then related to the critical supersatura-
tion S¢ so that an N vs. Sc curve can be drawn.

This instrument was built along the same lines
as the continuous flow diffusion (CFD) chamber (Hud-
son and Squires, 1976), in that the sample occupies
only a small volume of the cloud chamber which is
made up mostly of particle-free air. Figure 8 is a
schematic diagram of the DRI IHC. The geometry, of
course, is different from the CFD in that the IHC
is a right circular cylinder, while the CFD is a
rectangular parallelepiped. In the IHC, the sample
travels vertically downward {the sample always trav-
els horizontally in the DRI CFD) so that fallout of
the large drops still carries them into the optical
counter instead of onto the walls where they would
be lost.

As with the CFD the total flow F of air can be
changed without altering the sample flow f. This
allows the capability of changing the time which
the sample spends in the saturated volume of the
chamber. Therefore, 1like the CFD, it is possible
to give the sample nuclei various growth times
before counting and sizing by the OPC which is
attached at the outflow end of the cylinder which
is the bottom of the chamber.

Using this device, it is possible to experi-
mentally determine whether the drops have had suffi-
cient time to reach their equilibrium sizes. If a
plateau exists in the relationship between F and
the number of drops larger than specific threshold
sizes (Fig. 9), then it is reasonable to assume
that these drops have reached their equilibrium
sizes According to calculations made by
Laktionov (1972), 100 s are required to grow nuclei
with S. = 0.02% to within 95% of their r100 which
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Figure 8. Schematic diagram of the DRI isothermal
haze chamber (JHC) and associated apparatus.

is 2 ym. The available time in the DRI IHC usually
approaches 200 s. The existence of an F plateau
ensures that drops have enough time to grow to
their equilibrium size and that they do not evapo-
rate in the OPC.

Various flows of air through the IHC imply
various velocities through the optical counter. In
theory, this should not affect the size calibration
of the instrument which should only depend on pulse
height and not pulse width. Although Alofs (1978)
has found that this dependence is not always true
at extremely Tow flows, the flows used in the DRI
IHC were never that low. In fact, the size calibra-
tion was found to be the same within experimental
error for the various flows which were used.

The response of the Royco OPC depends on the
index of refraction of the particles. The instru-
ment is calibrated with latex spheres which have an
index of refraction of 1.59. Calculations for
various OPC's including a Royco have been made by
Cooke and Kerker (1975). Although this is probably
the best treatment of the subject, it has many
shortcomings in this application. The limits of the
scattering angles are slightly different for the
Royco 225's used in this study and the values for
the Royco 245 referred to by Cooke and Kerker. The
largest discrepancy is the angle 8 (the upper lim-
it of the scattering cone) which Cooke and Kerker
refer to as 25° for the Model 245; the manufacturer
quotes a value of 28° for the Model 225 while the
author measured 27.4° on one of the 225 instru-
ments. This discrepancy may or may not be enough
to change the results of the Mie scattering calcula-
tions. Moreover, Cooke and Kerker did not perform
a calculation for index of refraction 1.59 which is
the index of refraction of the latex spheres used




r Sc
X 025um 0.16%
O 038um O.11%
+ 1.0pm 0.041%
A 28um  00I5%
X X X
2 X
-~ 0%
2 o]
- o
s o
2
o
(8]
o
W
~N
]
b
=
[
e
10
ot +
+
A
A A +
A
| 1 1 1 4
20 30 40 50
Fem3 sec!

Figure 9. Number of drops exceeding various size
thnesholdds as a function of the total flow in the
JHC. The numbers were nonmalized to the concentra-
tion in a simultaneously operating CFD at 0.75%
supersaturation. This fLigure iddustrates a plateau
in numben concentration for various growth times
for various critical supersaturations.

to calibrate the device. The best one can do is to
interpolate between the 1.54 and 1.70 curves and
compare this with the response curve for index
1.33. A correction curve can then be developed so
that the instrument calibration performed with lat-
ex spheres can be applied to water drops. This
index of refraction correction was then applied to
the IHC.

This device operated fairly well during the
Workshop, but there are indications that the small-
est droplets, those grown on FCN of highest criti-
cal supersaturation, may have suffered evaporation
in the Royco OPC. The consequence of evaporation
of this sort is that the IHC tends to undercount in
the region of operation overlapping CFD chamber
operation, or about 0.1% to 0.2% supersaturation.
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STEADY GENERATION OF AEROSOLS WITH AN IMPROVED CONSTANT OUTPUT ATOMIZER

Jack Y. Dea and Ulrich Katz

Desert Research Institute
University of Nevada System
Reno, Nevada

1. INTRODUCTION

It is common practice to generate laboratory
aerosols of soluble materials with pneumatic atomi-
zers. In a typical device, a solution of the sub-
stance to be aerosolized is injected into a jet of
air and the 1liquid is broken up into very small
droplets. After forced evaporation, a dry aerosol
of the solute is produced. In most atomizers, a
solid surface is placed into the droplet-laden jet
such that the Tlarger droplets are impacted and a
narrower size distribution is produced.

In preparation for the Workshop, a number of
commercially available devices were tested that op-
erated on the above Erincip]e. Devices included
the DeVilbiss No. 644", the Nano-Mist** and oth-
er inhalation nebulizers, and the TSI*** Model 3076
Constant Qutput Atomizer (COA), specifically intend-
ed for laboratory use. The schematic example (Fig-
ure 1) shows a vertical cross-section of the TSI-
COA which amounts to a slightly modified version of
the Collison Atomizer (May, 1973). Its distinctive
feature is the ducted portion of the jet within
which the 1liquid is injected, in contrast to the
open jet mostly used in various other inhalation
nebulizers (as shown schematically in Figure 3).

Despite differences in design, all the atomiz-
ers tested suffered from short- and/or long-term
fluctuations of their output particle number concen-
trations. Some of the devices displayed a constant
unsteady behavior while others, such as the TSI-
COA, occasionally performed well but then flipped
into a very unstable mode for prolonged periods.
For many types of laboratory investigations, espe-
cially where several instruments are involved as in
the case of the CCN Workshop, it is essential that
temporal stability of test aerosols be maintained
within a few percent. The aim of the present study
was to elucidate the mechanisms responsible for
atomizer instabilities and to find methods for al-
leviating these problems.

2. STUDY OF OUTPUT INSTABILITIES

In most atomizers, it 1is not possible to
observe the critical nozzle area during operation
nor can the nozzle geometry be modified to effect
changes in the performance. In order to overcome
these difficulties a variable geometry atomizer
{VGA) with a transparent housing was designed.
Using this device, the relative position and the
size of the air jet, liquid feed tube and impaction
surface could be varied. Atomizer performance was

DeVilbiss Company, Somerset, PA.
*%k

Eastfield Corporation, Noroton, CN.
***TSI Incorporated, St. Paul, MN.
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assessed by analyzing its output in an electrostat-
ic classifier (EC, TSI Model 3071) and an electri-
cal aerosol detector (EAD, TSI Model 3068) the
signal of which was recorded on a stripchart.

Initially, it was thought that build-up of
electric charges on non-conductive components of
the aerosol flow system were responsible for the
sometimes very abrupt changes in aerosol output.
However, this interpretation had to be ruled out on
the basis of experiments with systems that were
made totally conductive.

A series of tests in conjunction with other
aerosol measuring devices and with various atomiz-
ers confirmed that the observed output fluctuations
were not artifacts of the aerosol instruments but,
indeed, originated in the atomizer system. The
same tests also indicated that the output varia-
tions occurred over the entire particle size range,
though not necessarily to exactly the same extent.
In the case of the TSI-COA, the average output in
the unstable operating mode contains a considerably
higher proportion of larger particles than in the
steady mode as Figure 2 attests.
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enated by TST-COA at 30 psi with a 0.01% solution
in stable and unstable operating modes.

Visual observation of the VGA in operation
uncovered several phenomena causing unsteady aero-
sol outputs. By monitoring the impact area of the
jet on a transparent plate, it was found that the
size and position of that area was fluctuating in
correlation with the particle output fluctuations.
Measurements, on the other hand, showed a strong
dependence of the output from the mutual position
of jet and liquid feed tube. Closer scrutiny (by
stereo microscope) indicated:

(a) that in case of wide (~1 mm diameter)
liquid feed tubes, the jet and associated turbu-
lence caused the liquid surface to oscillate and,
as a consequence, to release liquid at irregular
intervals into different portions of the jet, thus
generating output irregularities as observed, e.g.,
in the DeVilbiss nebulizer. This is schematically
depicted in Figure 3a, while a narrow tube as in
Figure 3b alleviates the problem;

LIQuUID LIQuID

Figure 3. Schematic of open-jet atomiger, (a) wizth
wide liquid feed tube causing innegular output; and
(b) with narrow liquid feed providing improved oui-
put stability.
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(b) that salt deposits at the rim of 1liquid
feed tubes were forming after a period of operation
- sooner when working with concentrated solutions,
later for dilute solutions. Both the liquid dis-
charge into the jet as well as the jet itself are
influenced by the presence of the salt accumulation
resulting in erratic output behavior. Removal of
the minute salt obstacle immediately restored a
steady output; and

(c) that gradually accumulated solution from
spray droplets being whirled around between nozzle
and impaction surface or solution directly from the
liquid feed tube 1is periodically entrained, or
drips into, the jet resulting in temporary output
maxima. Concentrated solutions aggravate the prob-
lem due to their tendency for foaming, as fre-
quently observed in the TSI-COA where the narrow
vertical cavity promotes this undesirable effect.

3. DESIGN AND PERFORMANCE OF THE IMPROVED CON-
STANT OUTPUT ATOMIZER (ICOA)

With temporal stability being the main criter-
ion, a new atomizer design was considered essential
in order to eliminate or minimize the above mention-
ed causes of fluctuations found in other units.
Thus in a succession of test models, a geometrical
arrangement of air jet, liquid feed tube and impac-
tion surface evolved that showed none of the pre-
viously described problems.

The top of Figure 4 depicts a cross-section
and face-view of the air nozzle and liquid feed
combination that evolved. By allowing the liquid
to travel 1in a short, open channel from the tube
end to the air nozzle (aided by capillarity and
Venturi effect), the formation of salt deposits as
well as entrainment of spilled-over liquid was elim-
inated. A sufficiently large housing ?typically
~1 2 volume) and the impaction surface positioned
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Top: Schematic of JCOA nozzle.
Bottom:  Schematic of JCOA operational
assembdy.

Figure 4.



(~4) centimeters from the nozzle provided
enough space for the spray to dissipate without
forming deposits that would drip into the jet. The
exit cone of the 0.41 mm nozzle allowed the liquid
to enter the jet from all sides and thus further
prevented accumulation of liquid near the nozzle.

several

By operating the unit with a liquid metering
pump (such as FMI-RHOCKC*) as shown in Figure 4,
bottom, at a rate of 0.05 to 2.0 ml min-1, size
spectra as shown in Figure 5 could be obtained at
less than *1% deviation from the average particle
number concentration for periods of one hour or
more. An illustration of this can be seen in
Figure 6 which shows concentration data for the
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Fluid Metering, Inc., Oyster Bay, NY.
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beginning and end of a six hour run. Occasional
minor long term drifts of the output (typically
under 2%) have tentatively been traced to the lig-
uid metering pump. The atomizer has been operated
successfully at air pressures between 10 and 100
psié] below 10 psi, the output is slightly less
stable.
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ABSTRACT

Nine CCN counters of the static diffusion
(SDC) type were compared with one another and with
continuous flow diffusion (CFD) chambers. The nine
SDCs showed a considerable amount of variation,
largely attributable to newness and/or Tlack of
prior calibration of some units. The five more
consistent instruments agreed quite well, to within
at least 20% of the NRL mobility anlayzer and to
within 10% at 1% supersaturation. There was satis-
factory agreement between the more reliable SDC and
CFD chambers.

1.  INTRODUCTION

At the first International Workshop on Cloud
Nuclei in Lannemezan, France (1967), it was not
necessary to distinguish between types of instru-
ments for measuring CCN concentrations. Only a few
were in existence and present, and all were of the
Twomey-type (1963), based on a method of Wieland
(1956). In these thermal gradient diffusion cham-
bers, nucleated droplets were detected individually
on photographic film. Even at the second Workshop
in Fort Collins, Colorado (1970), five of the six
units present again were of the thermal diffusion
(static) chamber type.

As is evident from the instrument descrip-
tions, a whole host of CCN counters were represent-
ed at this Workshop in Reno. They may be classi-
fied by type as static diffusion chambers (SDC),
continuous flow diffusion chambers (CFD), and Tow
supersaturation "haze" chambers. In this prelimi-
nary analysis, we will concentrate on the perform-
ance of the static diffusion chambers, although
some brief reference to the other instrument types
may be appropriate.

At the 1970 Fort Collins Workshop, the five
thermal diffusion chambers (excluding one commer-
cial unit) agreed quite well, to within +30% of the
mean (Ruskin and Kocmond, 1971). Chamber operation
and expansions were essentially at three super-
saturations S: 0.3, 0.75 and 1.0%. By contrast we
operated at Reno over a broader supersaturation
range, included more S points, and did not pre-
scribe standard S values. In retrospect, the lat-
ter was unfortunate and made the data analyses from
computer printout data quite Tlaborious and time
consuming. The dinclusion of many S levels did
enhance the data base and allow for, among other
things, consideration of CCN supersaturation spec-
tra shapes (e.g., Jiusto and Lala article).
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Some of the basic questions that such an analy-
sis can address are as follows:

a. How well did the SDC units intercompare?

b. Where discrepancies occurred, were there
logical explanations?

c. Was there general agreement between SDCs
and the more sophisticated CFD units?

d. Has the science of CCN concentration mea-
surements advanced during the past decade?

Clearly in 1light of the wealth of data pro-
duced and time limitations involved, we will only
touch on some of these complex questions. Hope-
fully, more definitive answers will emerge after
further analyses of the data and future experiments
stimulated by this International Workshop.

2.  CCN INSTRUMENTS

The static diffusion chambers operated at the
Workshop are 1listed in Table 1. 0f the nine
instruments, only one - the NRL counter - was essen-
tially the same as that used at Fort Collins. This
instrument has been used extensively over the years
in field programs and in comparisons with other
counters. Thus it is considered a useful reference
for intercomparisons. The Hebrew University count-
er was present at all three workshops, though at
Reno it employed a different detection method.

As is evident, there has been a trend in re-
cent years away from individual droplet counting in
static diffusion chambers to measuring the total
scattered light from a sample volume of droplets
and transformation to CCN concentrations. Some of
the advantages and disadvantages of each approach
are discussed in Section 3.4.

Five of the nine SDCs employed a scattered
light principle. A related approach apparently was
first used by Radke and Hobbs (1969) but with
"side" scatter detection over a broad angle, nec-
essary recording of the Mie peak, and a sizable
chamber geometry. The commercial unit of Mee, Inc.
introduced near-forward light scattering which al-
lows for considerable counter size reduction and
portability. Lala and Jiusto (1977) established
the theoretical relationship for forward scatter
chambers 1linking supersaturation ({drop growth),
light scatter intensity and drop concentration;
full automation and data reduction via microproces-
sor control were achieved.



TABLE 1

CCN Counters - SDC Type

Instrument Figure Droplet (Nuclei) Light
No. Symbol Organization Operator Detection Source
2 0 U. of Wyoming Rogers/Politovitch Photographic He-Ne Laser (5 mW)
5 B British Met. Office Kitchen Light Scatter 25 W Tungsten
8 E Mee, Inc. Mee Light Scatter 25 W Tungsten
9 H Hebrew U. Gagin/Nuzitsa Light Scatter 100 W Halogen
10 S SUNY Lala/Jiusto Light Scatter I.R. Emit. Diode
(25 mW)
13 1 CSIRO Ayers Light Scatter 150 W Tungsten
17 N NRI. Wojciechowski Video Camera 200 W Mercury Arc
24 F France Serpolay Video Camera He-Ne Laser (5 mW)
25 C CSu Borys Photographic He-Ne Laser (5 mW)

In essence the CCN instruments of SUNY, Hebrew
University and CSIRO are reasonably similar in prin-
ciple and all incorporate a back-up standard photo-
graphic method for calibration. The British Met
Office and CSU units are modified Mee, Inc. commer-
cial counters. The instrument from France employs
a laser light beam and a video camera detector,
while the Wyoming counter utilizes laser illumina-
tion and records droplet images with a 35 mm camera.

Several of the SDCs had undergone recent re-
design or modification, partly in preparation for
the Workshop. Others were newly assembled and
admittedly brought to the Workshop to test their
performance and obtain first-time cross calibra-
tions. This was counter to the original plan of
comparing “proven" instruments, but the more open
approach undoubtedly added to the overall learning
process. Under such circumstances, one might ex-
pect a fair spread in the data obtained, and indeed
it occurred.

The NRL mobility analyzer (electrical classi-
fier) provided accurate aerosol size information
from which supersaturation spectra could be com-
puted with aerosols of known chemical composition
(see Hoppel article). These derived spectra also
served as a useful reference for instrument com-
parison.

3.  RESULTS

3.1 Overall SDC Performance

One method of evaluating the data was to ex-
amine the CCN concentration measurements made with
all SDC instruments on all experiments at desig-
nated supersaturations. The supersaturations con-
sidered were 0.2%, 0.5% and 1.0%. As noted pre-
viously, not all counters operated at these spe-
cific S values, so a good deal of judicious extrapo-
lation was necessary. The 0.2% supersaturation is
at the lower bound of reliability for static diffu-
sion chambers because of problems associated with
haze discrimination, non-uniform drop sizes (light
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scatter method), and temperature control. As one
approaches 0.5 to 1.0%, higher reliability should
be expected.

Table 2 lists by experiment the coefficient of
variation, and the average CCN concentration N of
all SDCs (5 to 9) participating in a given experi-
ment compared with the NRL SDC, the NRL mobility
analyzer (MA), and the UMR continuous flow chamber.
The coefficient of variation V is a dimensionless
function of the standard deviation and the arithmet-
ic mean, i.e.,

V= o/N or V(%) = 100 o/N.

V is a relative measure of the dispersion of the
data and, in a very loose sense for these data, can
be thought of as the percentage to each side of the
mean that will encompass most of the CCN concentra-
tion values.

Table 2 reveals a number of noteworthy items:

1. The three classes of experiments - involv-
ing polydisperse salts, monodisperse salts, and am-
bient air - were not too dissimilar in terms of the
presented variables. Thus for simplicity one can
concentrate on the overall averages of the bottom
row.

2. o/N values of about 0.5 at 0.2% and 0.5%
S were comparable and not overly satisfying. At 1%
S the degree of dispersion had reduced to 0.32.

3. The concentration ratios (N divided by the
count of each of the three indicated instruments)
show that, on average, the SDCs were under-estimat-
ing CCN concentrations. This was graphically evi-
dent at the Workshop where certain instruments were
obviously registering low counts. Inadequate light
intensity or an inefficient optics system are usu-
ally the sources of such difficulties. Possible
calibration error, depending on the standard used,
can also introduce discrepancies.




TABLE 2

Average Performance of All SDC Instruments
(Coefficient of Variation and Concentration Ratios vs. S)

0.22' s 0.5% S 1.02 S

a. Polydisperse Salts o/N N/NRL N/MA N/UMR o/N N/NRL N/MA N/UMR o/N N/NRL N/MA N/UMR

Exps. 1, 2, 10, 13,  0.51 0.80 0.84 1.01 0.50 0.70 0.58 0.72 0.33 0.86 0.73 0.79
14, 22, 23, 24+*

b. Monodisperse Salts

Exps. &4, 5, 8, 9, 0.46 0.75 0.89 0.87 0.54 0.70 0.80 1.02 0.31 0.87 0.91 0.95
15, 18, 19, 20*

c¢. Ambient Air

Exps. 3, 6, 11, 12 0.54 0.67 - 0.91 0.57 0.76 - 0.71 0.33 0.8 - 0.84
16, 17, 26
Overall Average 0.50 0.74 0.87 0.93 0.54 0.72 0.69 0.82 0.32 0.86 0.8 0.86

*0.25% S rather than 0.20% S

TABLE 3
Average Performance of Five SDC Instruments:
NRL, CSIRO, SUNY, Hebrew University, and France
(Coefficient of Variation and Concentration Ratios vs. S)

0.22 s 0.5Z S 1.0%2 s

a. Polydisperse Salts o/N N/NRL N/MA N/UMR o/N N/NRL N/MA N/UMR o/N N/NRL N/MA N/UMR

Exps. 10, 13, 14, 0.42 0.79 0.95 1.09 0.29 0.77 0.68 0.84 0.19 0.85 0.83 0.89
22, 23, 24%

b. Monodisperse Salts

Exps. 5, 8, 9, 15, 0.36 0.84 0.98 0.97 0.30 0.84 0.90 1.08 0.31 0.93 0.99 0.97
18, 19, 20%*

c. Ambient Air 0.48 0.74 - 1.03 0.35 0.91 - 0.89 0.22 0.94 - 0.99

Exps. 6, 11, 12,
17, 26

Overall Average 0.42 0.79 0.97 1.03 0.31 0.84 0.79 0.9 0.24 0.91 0.91 0.95

*0.25% S rather than 0.2% S
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Because of problems with some instruments, a
degree of smoothing was in order. Table 3 presents
identical information for just five of the SDC
counters whose performance was considered more reli-
able at the Workshop; these were the units from
NRL, CSIRO, SUNY, Hebrew University and France.
Even these units on certain experiments registered
values that were out of the mainstream. For inclu-
sion of an experiment in this analysis, at least
four of the five instruments had to be participat-
ing.

The coefficient of variation (Table 3) im-
proved considerably, decreasing to 0.42, 0.31 and
0.24 as supersaturation increased from 0.2 to 0.5
to 1.0%. o/N was somewhat better (smaller) for
the laboratory aerosol tests than for ambient air,
due largely to greater ambient aerosol fluctua-
tions. Such temporal fluctuations (even with lab
aerosols at times) can introduce misleading scatter
in the data because the CCN counters possessed
different sample processing times and also could
not readily be synchronized in time to common S
levels.

The overall concentration ratios of Table 3
present a similar but more consistent picture than
Table 2 data. At 0.2% the SDC's appeared to
underestimate (0.79) with respect to the NRL count-
er but were within 3% of both the NRL mobility
analyzer (0.97) and UMR CFD (1.03). At 0.5% the
SDC's apparently underestimated concentrations by
about 6 to 20%. At the higher 1% supersaturation,
the concentration ratios were all quite respect-
able, reaching 0.91 to 0.95 values. In general,
the SDC's were in somewhat better agreement with
the UMR counter than with the other two references.
Note that similar agreement would have been obtain-
ed with the DRI CFD (instrument #15) which tracked
very closely with the UMR counter.

3.2 Individual Experiments and Comparisons

Figures 1-5 depict some representative SDC ex-
periments (not necessarily the best nor the worst
cases, but ones that were reasonably well control-
led with many participants). The CCN concentra-
tions vs. S data were taken from the printout
sheets provided each participant after the Work-
shop; then averaged where appropriate if several
runs were made; and plotted by computer in the
fashion shown. The solid lines represent CCN-S
spectra computed by NRL from particle size data
obtained with the NRL mobility analyzer. Refer to
Table 1 for instrument symbol designation.

In the monodisperse aerosol experiments shown
in Figures 1 and 2, the critical supersaturations
were <0.2% so that CCN concentrations should be
uniform over the indicated S range. Indeed, most
data points were within 20% of the plateau. In
three other monodisperse aerosol experiments, Sc
fell within the SDC operating range of 0.2-1%4 S. A
glance at the Workshop data indicates that most
instruments were capable of detecting Sc to with-
in £0.1% S.

It should be noted that in Figure 1 the Brit-
ish Met Office instrument data were not plotted and

in Figure 2 the CSU data were ignored. Both
instruments were experiencing difficulties and
undercounting. While the Mee, Inc. instrument is

represented in Fig 1 (E symbols), it was periodi-
cally malfunctioning during the limited days it was
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Experiment 14 Ammonium Sulphate-Polydieperes
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at the Workshop. It was a new factory unit and
reportedly rushed to the Workshop without the custo-
mary time for checkout.

Figures 3 and 4 illustrate polydisperse aero-
sol experiments. Most points in these two experi-
ments lie below the mobility analyzer curve, with
considerably more data spread in Experiment 24 (Fig-
ure 4). In these and several other cases, the NRL,
CSIRO and SUNY instruments tracked reasonably close
to one another, with the Hebrew University unit
also close at the higher supersaturations. Overall
the consistent NRL chamber data matched most clos-
ely the NRL mobility analyzer data.

An ambient air case is shown in Figure 5 with
considerable data spread. Both the "B" and "C"
point instrument are presumably in an early stage
of development. The remaining data points cluster
reasonably well.

3.3 SDC and CFD Chambers

Figures 6-8 represent CFD chamber data for
three of the same experiments just described.
Instrument symbols are as follows:

Experiment 24 Ammonium Sulphate-Polydieperee

1%

LB

T

+
-

—
1]

T T T 17171

CCN Concentration (om™3)

10"
Y
187 L4
a.1 1.0 2.8
Supersaturation (%)
Figure 7. CFD Inatrument Values and Mobility Analy-

zen Cunve.

62

Experiment 1] Ambient
18"
& s
&
2
c n "
0 " ]
3 N
8 «3 | o d
% 10 N N o d
- i p dn v
O
U -
R o
1302 1 | 1 i J1 1 11
8.1 1.0 2.8
Supersaturation (X)
Figune 8. CFD Instnument Values in Ambient Ain.
Instrument
Symbol No. Group
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d 16 DRI (Spectrometer)
D 18 DRI
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W 20 Univ. of Washington
Y 7 York University (different
concept/see Leaitch
and Megaw)

One cannot help but be impressed by the re-
Tatively small degree of data spread, particularly
in the ambient air case (Figure 8). The fact that
only five CFD instruments are involved, that three
of these were developed at one institution, and
that all have benefitted from extensive engineering
and intercomparisons certainly are constructive fac-
tors. The results perhaps contain an instructive
message for those wishing to develop CCN units.

Comparing Figures 6 and 7 with Figures 1 and
4, it is seen that most CFD points were also just
below the NRL classifier curve. By carefully ex-
amining these figures (and the ambient case), it is
evident that the CFD data and more reliable cluster
of higher SDC data points overlapped quite well.
In short, we sugest that a well-designed SDC and a
well-designed CFD will both perform well. That is
evident from the concentration ratios of Table 3




(five SDC's vs. UMR CFD) and from Alofs' determina-
tion (described elsewhere in this report) that the
UMR CFD and NRL SDC systems agreed on average to 6%
at 0.3 and 1.0% S.

3.4 SDC Types

As mentioned previously, SDC instruments now
take two principal forms: individual droplet imag-
ing and counting via TV monitors and regular camer-
as or total light scattering from an ensemble of
droplets. The results from this Workshop are not
definitive in terms of whether either class is
inherently superior. At least one or two of each
type appeared to give above average performance
while others did not.

An objection to the light scattering method is
that at the lower supersaturations, drop sizes are -
less uniform and less apt to yield accurate concen-
tration data. Similarly with individual droplet
detection methods at low S, it is very difficult to
discriminate haze from activated droplets. Also
with low nucleus concentrations, some subjective
judgement can enter as to what frame or portion of
a sample volume to count. With either type system,
very small sample volumes (light beams) can produce
erratic results in low concentration aerosols.

Allowing that Twomey-type chambers with an ex-
perienced operator may possess higher inherent ac-
curacy, there is much to be said for the light
scattering technique. The latter approach Ilends
itself to more miniaturization, portability, and
automatic operation and recording of data. This
facilitates field studies of CCN concentrations
(and spectral slopes k) on fine time and spatial
scales that otherwise would be formidable. A flexi-
ble compromise configuration, in evidence at the
Workshop, 1is an SDC that incorporates both the
optical and light scattering concepts with the cam-
era operation used at 1least for periodic cali-
bration.

4.  CONCLUDING REMARKS

In summary, the International CCN Workshop pro-
vided a wealth of data and information on different
classes of instruments and their performance. In
view of the massive quantity of data available,
much of which could not be thoroughly:covered, this
report contribution should be considered prelimi-
nary.

In general, the more reliable SDCs performed
acceptably most of the time. Some are clearly in
need of modification and further development. Even
those with above-average performance were occasion-
ally out of the mainstream and improvements were
undoubtedly suggested to their instrument develop-
ers.

The combined average CCN concentrations from
five SDC's agreed to within at least 20% with the
NRL mobility analyzer, and to within 10% at 1%
supersaturation. Agreement between the NRL SDC and
the mobility analyzer_was even closer. The coeffic-
ient of variation (¢/N) of the five instruments was
0.42 at 0.2% S, 0.31 at 0.5% S and 0.24 at 1.0% S.

The spread of SDC data was considerable and in
excess of that at the prior Fort Collins Workshop.
We Tlargely attribute this to the greater number of
instruments present, many of which were relatively
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new and untested previously. By contrast, four of
five CFD units present showed closer agreement with
one another, in part for just the opposite reasons
cited above as well as for indispensible long-term
engineering. The above-average SDC's agreed most
satisfactorily (within about 10-15%) with the UMR
and DRI CFD's over their common S range.

We began by posing the general question as to
whether the science of CCN concentration measure-
ments has advanced over the past decade. We be-
lieve it has! Certainly the capability of measur-
ing at supersaturations lower by about an order of
magnitude with haze chambers and certain CFD's is
an all-important achievement; now virtually all
cloud and fog condensation nuclei can be discrimi-
nated. CFD instruments have ushered in a high
degree of engineering sophistication and accuracy
for many applications. The Twomey-type counter, as
represented by the NRL SDC, continues to maintain
an enviable level of performance. It will undoubt-
edly remain a useful standard for SDC units. The
introduction of 1light scattering techniques for SDC
performance, while not necessarily adding to accur-
acy, provides for much simpler operation and data
processing. The net result may be CCN information
with a time and spatial resolution heretofore un-
available.
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CCN-SUPERSATURATION SPECTRA SLOPES (k)

James E. Jiusto and G. Garland Lala

Atmospheric Sciences Research Center
State University of New York, Albany, NY

ABSTRACT

Theoretically the slope k of a CCN-supersatura-
tion spectrum (N = ¢sk) should equal two-thirds
of the slope of the total (soluble) aerosol size-
distribution. Workshop results tended to verify
this relation. As has been noted before, the k
values are markedly different depending on whether
one is measuring ambient CCN concentrations at su-
persaturations S above or below ~0.1-0.2%. The
larger k values for S £0.1% is consistent with the
greater decrease in large particle concentration
with increasing size. Over the S range of 0.02% to
2%, two power fits (and k values) may sometimes
suffice for a reasonable approximation of the CCN
distribution. At other times, and with laboratory
generated aerosols, such an approach is inadequate
and requires refinement.

1. INTRODUCTION

Since the inception of cloud condensation nuc-
leus measurements, it has been observed experi-
mentally that nucleus concentration N versus super-
saturation S can be expressed reasonably well by
the power function

N = csK (Twomey, 1959). (m

With thermal gradient diffusion chambers operating
above ~0.2%, slope values k typically range from
about 0.4 to 1.0. Early indications were that
lower values are associated with maritime aerosols
and the higher values with continental aerosols
{Twomey, 1959; Kocmond, 1965; Jiusto, 1967). Two-
mey and Wojciechowski (1969) in an extensive air-
craft measurement program over various parts of the
world reported average k values aloft of 0.5 and
0.7 (0.2 to several % S) for continental and mari-
time air, respectively.

From Kohler theory for droplet growth, it is
evident that the critical supersaturation and size
of soluble nuclei are related by S = r~ Simi-
larly a Junge power-function relStion exists bet-
ween particle size and cumulative particle con-
centration: Neym = r™8- Combining these relations
with expression T]) above lead to:

k =2/3 8 (2)

where 8 is the slope of the total soluble aerosol
size distribution. Junge and McLaren (1971) demon-
strated that the shape or slope k of a CCN super-
saturation spectrum is more dependent on aerosol
size distribution than on aerosol composition, pro-
vided the particles are at least 10% soluble. Added
confirmation was provided by an analysis of data
from the 1970 Fort Collins Nucleus Workshop (Fitz-
gerald, 1973).

Because Junge total aerosol size distributions
often have slopes g8 4 3 for particle radii >0.1 um,
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CCN k slopes of 2 are sometimes mentioned: This
misconception is occasionally encountered in the
literature. At chamber supersaturations of 0.2-1%,

nuclei much smaller than 0.1 um radius are activat-
ed as well. Because of their much greater abun-
dance, the resultant k values should be weighted to
the flatter portion of the Junge curve and hence
yield values less than 2 and generally less than 1.

Conversely, at low supersaturations <0.1-0.2%,
where larger condensation nuclei are activated, one
should expect higher k values. Such evidence was
first reported via direct measurements by Laktionov
(1973). Subsequently, the development of "haze"
chambers operating at 1low supersaturations con-
firmed the trend (e.g., Hoppel, 1978; Hudson, 1980).

Clearly, the topic of CCN spectra shape over a
broad range of supersaturation deserves further res-
olution. This International CCN Workshop, with its
variety of chambers, offered an opportunity to ex-
plore such questions as:

a. Is the relation k = 2/3 8 generally valid?

b. Over what S range can one safely apply the
empirical function N = cSK with a single k value?

c. For ambient air, will two k values suffice
for the respective supersaturation ranges less than
or greater than about 0.2%?

2.  APPROACH

Detailed particle size distributions were ob-
tained at the Workshop by NRL with their highly
advanced mobility analyzer. (See section by Hoppel
and 23 size spectra so produced). From the NRL
cumulative size distributions, one can readily cal-
culate slopes (8;) between two size increments and
also average 8 over any desired size range. Fig-
ure 1 illustrates the equivalent k (2/3 8) values
versus size for the polydisperse NaCl aerosol gene-
rated during Experiment 2. The critical supersatu-
ration S. scale corresponding to NaCl dry particle
size is also shown. For the two salts employed at
the Workshop, the approximate function relations
between critical supersaturation and dry particle
size are:

sc = 1.31 x 1071 e 732 (nach)

-1 =372
Sc = 2.01 x 10711 r "% (NH,),S0,

For experiments with ambient air, it was tentativ-
ely assumed that aerosol composition could be ap-
proximated by ammonium sulfate particles.

CCN spectra values of k were calculated for
selected instruments and experiments, based on fi-
nal Workshop data printouts provided each parti-
cipant. Slopes k were determined for rather narrow
supersaturation increments (three successive § val-
ues) as dictated by each instrument's operating




levels. Also k was caluclated for broad S ranges
over which each instrument normally functions,
j.e., ~0.2-1.5% for static diffusion chambers (SDC)
and continuous flow diffusion chambers (CFD) and
~0.01-0.2% for haze chambers.
Listed in Table 1 are the CCN instruments
considered in this preliminary analysis.
TABLE 1
CCN Instrument Numbers, Types,
and Organizations
Instru- Chamber
ment No. Group Operator Type
10 SUNY Lala SDC
n NRL Hoppel Haze
13 CSIRO Ayers SocC
14 DRI Hudson Haze
15 DRI Rogers CFD
17 NRL Wojciechowski SbC
21 UMR Alofs Dual CFD
and Haze
3. RESULTS
3.1 CCN Slopes Above and Below 0.2% S

Table 2 presents the k values for broad S
ranges above and below ~0.2%. Theoretical values
computed from NRL particle size data (k = 2/3 Bg)
are indicated followed by actual measured values (N
cSK) for given CCN chambers.

Overall, the comparisons between CCN instru-
ments and between calculated and measured k values
are quite respectable. This is particularly true
when one considers that the instruments were not
operated over identical S ranges or time intervals.
The former diluting effect can be appreciated from
Figure 1, where it is evident that a modest shift
in the S range covered would lead to differing k
averages, particularly at the large particle (low
S) end of the spectrum. Also, time variations in
ambient aerosol concentrations were considerable
and would influence the comparative results from
different 1instruments requiring anywhere from 10
minutes to 30 minutes, respectively, to complete a
CCN  spectrum. The NRL mobility aerosol (size)
analyzer data represent the smoothed average of
typically 2 to 4 size spectra (+25 min each) over
the duration of an experiment.

While the number of cases is limited, one may
note that for ambient aerosols, the slope values
for S > 0.2% were typically less than 1, and for S
< 0.2% were much steeper (k % 2 to 3). This is
consistent with prior field measurements and with
Junge type aerosol distributions. Laboratory-
generated aerosols also showed a steeper slope k at
low S, reflecting an analogous greater decrease in
large particle concentration with increasing size.

If k values for ambient aerosol monotonically
increased with size over, say, the 0.1-1.0% S range
as shown for a lab aerosol (Figure 1 and others to
follow), then a single k value would hardly suffice.

3.2 CCN Slopes over Narrow Size (S) Increments

Finer increments of the size and supersatura-
tion spectra were examined in terms of their asso-
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Figure 1. Slope k derived from mobility analyzen
data as a function of dry particle radius (critical
supensatunation computed). In this and subsequent
Ligurnes, each plotted point ypically nepresents
the avernage oven the interval bounded by immediate-
dy adjacent poinits.

ciated k values. The results are shown in Figures
2-6 for laboratory and ambient aerosols. Again the
solid line represents k values constructed from the
NRL MA particle size distributions. Superimposed
are measured k values as obtained with the four
indicated CCN chambers. Some observations are as
follows:

With the possible exception of Experiment 17
(Figure 6), the agreement between theoretical and
measured k values is considered good for S > 0.2%
for both ambient and laboratory aerosols. Agreement
is also reasonably good for S < 0.2%4 for labora-
tory aerosols (Figures 2 and 3), but not for am-
bient air (Figures 4 and 5). In ambient air, the
typically higher measured k values for S < 0.2% may
be due to sample time and concentration variations
or to inherent accuracy limitations of sparse data.
However, it may be that particles larger than ~0.1
um with suitable fractions of soluble material to
serve as effective CCN have steeper aerosol distri-
bution slopes than the total (Junge-type) aerosol
distribution. Evidence is accumulating (e.g.,
Meszaros, 1968; Winkler, 1970) to the effect that
large particles > 0.1 u have considerably lower
solubility ratios than smaller particles.

In the 0.2-1.0% S range, the ambient aerosols
tested do seem to possess a reasonably flat k plat-
eau. This generally was not the case in the .02 to
0.2% S range.

Experiment 17 (Figure 6) was a case in which
the ambient aerosol concentration fluctuated great-
ly with time. A good deal of the scatter in the
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TABLE 2
CCN Supersaturation Slopes k*
Instrument Number and Type
SbC CFD Haze
— — —
Experiment NRL NRL
No. Aerosol MA+ 10 13 17 15 21 MA+ 11 14 21
2 NaC1 0.69 -- 0.50 0.49 -- 0.79 2.48 1.78 2.57 1.63
14 (NH4)2504 0.89 0.63 0.71 0.67 0.67 1.0 2.47 2.81 3.31 2.66
23 (NH4)2504 0.96 0.66 1.49 1.07 0.93 1.33 2.62 4.80 4.61 4.16
23 (NH4)2504 1.21 0.90 1.01 1.01 0.93 1.60 3.91 4.82 5.22 3.85
6 Ambient 0.83 0.75 0.74 0.85 0.91 -- 2.28 3.08 3.76 1.83
1 Ambient 0.62 -- 0.37 0.39 0.44 0.51 2.02 2.60 2.29 3.80
17 Ambient 0.93 1.08 0.83 0.63 1.27 2.32 1.95 2.98 2.14 2.

*For SDC and CFD Chambers - S range from ~0.2 to 1.5%
For Haze Chambers - S range from ~.01 to 0.2%

tNRL Mobility Analyzer (MA), sometimes referred to in other Workshop
data as the NRL Electrical Classifier (EC).
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data can undoubtedly be attributed to this factor.
Under such circumstances, CCN instruments with
short time constants are distinctly advantageous.
Otherwise a storage vessel for ‘"grab samples"
should be employed. If the NRL mobility analyzer
curve is truly representative (and not also influ-
enced by temporal aerosol variations), it is evi-
dent that a single k value in the 0.1-1% S range
would be questionable.

4.  CONCLUSIONS

Much more 1is known about CCN concentration
variations than about the shape (k) of the CCN
supersaturation spectrum. While experiments at the
Workshop were not specifically designed to focus on
k values, some relevant information was obtained as
a byproduct. Some preliminary insights gained were
as follows:

a. From Kohler theory and ambient aerosol
distributions, it is predicted that k = 28/3, where
B is the slope of the (soluble) total aerosol size
distribution. Workshop results tended to verify
this relation.

b. Over the typical S range (0.2 to 1%) of
many CCN counters (SDC's and CFD's), the CCN spec-
trum slope in the ambient air cases was generally
uniform; such is necessary for applicability of a
single-valued power function of the form N = cSK.
A uniform k does not hold for the laboratory gener-
ated aerosols, and is not always an accurate ap-
proximation in ambient air.

Experiment 6 Ambient ";. 1':
+ ®
+
4.8  + NRL Haze
@ ORI Haze
@ DRI CFD
a NRL sSOC @

Slope k

8.8 L1 1 1 f S W N W T I
rGuw  8.081 2.1 8.2
— 1 i1 1) i i 1100 1 1 1 '}
S 2.8 1.8 2.1 .83
Figune 4.  Companiaon of k values from CCN spectra

(four instwumen’ts) and from mobility analyzen de-
adved sdopes (s0did line) -= ambient aernvsod.
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d. At supersaturations from ~0.01-0.2%, k val-
ues were much larger and seemingly less constant
over the S range of interest. Future measurements
will help determine whether a single power fit is
adequate in this range.

e. The measured k values for ambient air in
this low S range were typically larger than those
calculated from an assumed soluble aerosol size
distribution. This may merely reflect insufficient
data and lack of suitable experimental control.
However, another hypothesis to examine is whether
these larger CCN particles, with suitable effective
solubility ratios, decrease in number more rapidly
with size than the total aerosol distibution.

f. CCN concentrations can change quite rapid-
ly with time in ambient air. Unless fast-response
CCN counters are used or large point-sample contain-
ers emnloyed, errcnecus K values and power func-
tions can result.
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MEASUREMENT OF THE AEROSOL SIZE DISTRIBUTION
WITH NRL'S MOBILITY ANALYZER

William A. Hoppel
U.S. Naval Research Laboratory
Washington, DC

ABSTRACT

The size distribution of the aerosol sample
generated at the International CCN Workshop was
measured with the NRL mobility analyzer/size spec-
trometer in the size range between 0.0057 and 0.57
um radius. A description of the instrumentation and
data analysis is given, together with the measured
size distributions calculated for each of 23 experi-
ments carried out at the Workshop.

The size distribution of aersol particles be-
tween0.0057 um and 0.57 um radius was measured with

NRL's mobility analyzer. The basic instrument is
shown in Figure 1. The aerosol sample is first
brought to charge equilibrium by passing the sample
through a region of bipolar ionization. The sample
air enters the mobility analyzer through a slit in
the outer cylindrical wall where it is confined to
a thin laminar layer along the wall by filtered
sheath air. A small amount of filtered air is
extracted through a slit in the inner electrode.
When a voltage is applied to the inner electrode,
those particles which are charged and lie in a
narrow mobility range will be withdrawn with the
extracted air. By measuring the particle concentra-
tion in the extracted air as a function of voltage,
the mobility distribution of the charged fraction
can be obtained. From the mobility distribution of
the charged fraction (of one polarity) and the
equilibrium (Boltzmann) charge distribution, the
size distribution can be calculated. The theory of
the analyzer and the analytical procedure for ob-
taining the size distribution has been given by
Hoppel (1978).

The concentration of particles in the extract-
ed air is much lower than in the sample air. The
first data obtained with the mobility analyzer was
taken by measuring the concentration in the extract-
ed air with a Pollak counter. Although the Tlong-
tube Pollak counter is probably the most sensitive
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of the 1light scattering CN counters, its use im-
posed rather severe limitations on the sensitivity
of the system. Useful size distributions could be
obtained in atmospheres which had high concentra-
tions of particles but when the total count dropped

below about 1000 particles per cm3 the system could

not be wused. Even at higher concentrations the
sensitivity was not adequate to detect particles in
all size channels over the specified range.

In an attempt to increase the sensitivity of
the system, a single particle condensation nucleus
counter was developed at NRL, which now allows much
greater sensitivity and has made it possible to
automate the system. While this new continuous
particle counter is currently used as part of the
mobility analyzer system, it is novel and will
possibly have other applications in regard to CCN
and CN. Figure 2 shows the design of the segmented
thermal gradient CN counter for single particle
counting. The sample air enters along the axis of
the chamber and is surrounded by filtered, humidi-
fied sheath air. The walls are water saturated
with alternating segments maintained at alternating
temperatures. The basic principle is similar to
that employed in the TGDCC where a supersaturation
exists between horizontally oriented hot and cold
plates with saturated walls. The TGDCC is limited
to measuring particles activated in a narrow range
of supersaturations between about 0.2% and 1.0% due
to well-documented reasons related to fall-out dur-
ing the time required to establish the equilibrium
supersaturation in the TGDCC. The advantage of the
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Figure 1. Diagram of NRL Mobility Analyzen.

segmented chamber 1is that particles falling verti-
cally are not lost and the segmented geometry sup-
presses large scale convective motions which would
occur between vertically oriented hot and cold
walls. The criteria in designing the segmented
chamber is that the air flow rate must be such that
the residence time in a single segment is short
compared to the time required for moisture or heat
to diffuse in from the walls to the center; whereas
the residence time of the sample in the entire
chamber must be Tonger than the diffusion time.
When this criterion is met, the air along the axis
will reach a temperature and vapor pressure which
is approximately midway between the temperature and
vapor pressure of each segment. Along the axis the
asymtotic supersaturation will be the same as ex-
ists in the center of a TGDCC working at the same
temperature difference. Figure 3 shows the develop-
ment of the supersaturation within the chamber.
Details of the design and analysis of the chamber
are given by Hoppel, Twomey, and Wojciechowski
(1979, 1980). The particles are nucleated and
grown to optically detectable sizes in the segment-
ed chamber and then transmitted directly into an
optical counter for single particle counting. When
the segmented chamber 1is used with the mobility
analyzer, a small portion of the output sample from
the mobility analyzer is passed from the analyzer
to the segmented chamber for counting. At the
Workshop, the chamber was operated at a temperature
difference of about 20°C which results in a super-
saturation of about 20 percent.

The system (mobility analyzer and segmented
chamber) has been operated using either 21 or 11
size channels to cover the specified range. After
considerable experience with atmospheric measure-
ments, it was decided to standardize to 11 channels
when the system was automated. The reason for
using fewer channels 1is that it takes about 18
minutes to cover 11 channels and about twice that
long for 21 channels. In the atmosphere the in-
creased resolution offered by 21 channels is less
important than making the measurement as quickly as
possible because of temporal changes in concentra-
tions. On those occasions at the CCN Workshop when
very stable nearly monodisperse particles were gen-
erated, it would have been helpful to have had the
added resolution of 21 channels.
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The system is automated with the aid of Hew-
lett Packard 9825 desktop computer with a real time
clock. The voltage is changed every 84 seconds by a
16 bit word written to a 16 bit parallel port which
controls the output of the high voltage power sup-
ply. Sixty seconds are allowed for flushing and
stabilization at which time the single particle
counter (Royco) is reset and two 12 second counts
are recorded, averaged, and stored. The Royco is
controlled through a binary port and read with a
BCD interface. At the end of the cycle (12 voltage
steps including zero volt background count) the com-
puter calculates the mobility distribution and size
distribution by an iterative procedure (given by
Hoppel, 1978) which corrects for the effect of
multiply charged particles according to the Boltz-
mann charge distribution. A computer controlled
plotter then produces real time plots of the differ-
ential and cumulative size distribution. These
size distributions were available immediately after
each experiment. Usually several (two to four)
individual size distributions were taken during
each experiment.

After the Workshop, the raw data from the
individual runs were examined and averaged. An
average size distribution was then calculated for
each experiment for which data was available. It
is believed that the averaged size distribution is
preferred to the individual distribution in all
experiments for the following reasons: (1) tempor-
al variations in the concentration may occur bet-
ween voltage steps and this will distort the size
distribution. The more data there is to be aver-
aged, the less will be the distortion due to tempor-
al variations; (2) even if the temporal variations
are small, variations due to counting statistics of
the samples are reduced by averaging; (3) there are
occasions when the high supersaturation in the seg-
mented chamber results in the formation of a drop-

n

let at the mouth of the Royco. When this droplet
is drawn through the Royco a large spurious count
is encountered. This spurious count is easily
recognized by examining the count in the different
Royco channels recorded as raw data. The spurious
reading caused by the droplet results in a large
disparity between channels which is easily detect-
ed. When the system 1is working correctly, the
count is nearly the same in all Royco channels. In
the averaged data, the spurious points are removed
before averaging.

The size distributions calculated from the av-
eraged data for each experiment are shown in the 23
figures given at the end of this contribution.

Experiments 27 and 28 were for silver ijodide
aerosol. The accuracy of the size distribution for
these experiments cannot be trusted but the distri-
butions are included for sake of completeness.
Sivler iodide is quite insoluble and therefore many
of the particles may not have been nucleated at the
20% supersaturation in the segmented chamber. Some
compensation was made by increasing the supersatura-
tion during these runs by an unrecorded amount. The
raw data from the optical counter did not behave
normally 1in that the number of particles was not
the same in all channels, i.e., the particles did
not appear to grow in the manner expected for
nucleated droplets.

It should be pointed out that the Tlargest
channel is uncorrected for multiple charging. 1In
order to correct a channel for the presence of
larger particles with multiple charges, some know-
ledge of the concentration of larger particles must
be available. It is therefore impossible to make
this correction in the largest channel on the basis
of analyzer data. However, if the size distribu-
tion is decreasing very rapidly at the largest size



(as is nearly always the case), this correction
will be small. Since the largest channel is uncor-
rected it must be viewed with suspicion.

Also, when the cumulative count drops below a
few particles per cc, the count cannot be trusted
because this corresponds to a raw count which is
close to background levels. (This is not an inher-
ent lower 1limit since this Jlower 1limit can be
easily decreased further by increasing the dilution
ratio in the segmented chamber. The dilution ratio
is presently about 1 to 15.)

The accuracy with which the boundaries of the
size channels are determined is more easily evalu-
ated than the accuracy with which the total number
of particles in that channel can be evaluated. The
sizing accuracy 1is related to the accuracy with
which the mobilities are determined. The midpoint
mobility of an interval is given by

¢] EQ]
ky = ey (esu) = ™ (mks)

Where ¢ is the volume flow rate of the sheath air,
C the electrical capacity, and V the voltage. The
accuracy of C and V are not in question. The
airflows were remeasured by the "bubble" method at
the altitude of the Workshop and are calibrated to
within 3%. The accuracy to which the airflows are
set and maintained throughout a given run is about
5%4. A 5% error in flow results in a 5% error in
mobility. A 5% error in mobility translates into
approximately a 5% error in radius at the larger
sizes and a 10% error in radius at the smaller
sizes. The Stokes-Cunningham-Millikin relationship
is used to calculate the radius from mobility. If
this relationship introduces no further errors,
then the maximum error in the size boundary is
certainly less than 15%. It should be pointed out
that the radius 1in the size measurement is the
equivalent drag radius which may be slightly differ-
ent than the "mass" radius required in the Kohler
theory.

The accuracy with which the number concentra-
tion of particles in a given size channel is known
depends on several factors: (1) the detection
system, (2) the shape of the size distribution and,
(3) the validity of the Boltzmann charge distribu-
tion. The nucleated droplets are detected by the
Royco particle counter which, in this application,
is used as a single particle counter and not as a
sizing device. It is generally acknowledged that
the absolute counting accuracy of optical counters
is much better than their sizing ability. The er-
rors due to counting are believed to be small
compared to factors (2) and (3). The method of
extracting the mobility distribution assumes that
the distribution is nearly linear across any given
channel. This assumption is not justified in the
case when the distribution is strongly peaked in a
single channel as was the case for many of the
monodisperse experiments at the Workshop. Since
the transmission function is the greatest at the
center of the interval and drops to zero at each
extreme, it would appear that if the peak in the
monodisperse size distribution occurs at the center
of one of the (preset) channels, then the total
number of particles would be overestimated, whereas
if the peak occurs near the boundary of the chan-
nel, the total number would be underestimated.
Below a radius of about 0.02 um the validity of the
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Boltzmann distribution is in doubt. There are
experimental results which indicate that the Boltz-
mann law hold down to 0.01 um (Lui and Pui, 1974
and Servaas and Krider, 1977), but on the other
hand, there is theoretical justification to indi-
cate that the real distribution departs from Boltz-
mann below about 0.03 um and that the ratio of
charged to uncharged particles is larger than pre-
dicted by the Boltzmann law.

As a result of these three factors, it is
difficult to quantify the accuracy of the total
numbers of particles measured with the mobility
analyzer. However, we believe that the second
order mobility analyzer is the most accurate method
of1measuring the size distribution presently avail-
able.
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PERFORMANCE OF THE
CONTINUOUS FLOW DIFFUSION CHAMBERS

James G. Hudson
Desert Research Institute
University of Nevada System
Reno, Nevada

Darryl J. Alofs
University of Missouri-Rolla
Rolla, Missouri

ABSTRACT

A brief comparative description is made of the
five continuous flow chambers which participated in
the Workshop. Overall, comparisons for the various
types of experiments - monodisperse, polydisperse
and ambient aerosol - showed agreement among these
chambers to within 15% in most cases. A careful
analysis of the results indicated that a proper
accounting of certain parameters would bring about
much closer agreement among four of these instru-
ments.

1.  COMPARATIVE DESCRIPTION OF INSTRUMENTS

There were five continuous flow diffusion cham-
bers in the Workshop. Three of these were from the
Desert Research Institute (DRI}, one was from the
University of Missouri-Rolla (UMR), and the other
was from the University of Washington. One of the
DRI chambers was the conventional continuous flow
diffusion (CFD) chamber, designated C. The second
DRI chamber was the rapid cycle spectrometer built
for NASA, designated N. The third DRI chamber was
the instantaneous spectrometer, designated I. The
UMR instrument acted in a dual capacity since it
also was used as an isothermal haze chamber. This
article will be restricted to analysis of its opera-
tion in the CFD mode. The designations M and W
will, respectively, denote the UMR and University
of Washington instruments.

A11 of these chambers moved samples of aerosol
through parallel plate diffusion chambers after
which the drops which formed were detected by opti-
cal particle counters. The parallel plates in all
five chambers were vertically oriented although the
original design of CFD chambers called for the
plates to be horizontal to suppress convection.
However, the widespread acceptance of vertical
plates seems to indicate that this convection is
not a serious problem. The direction of the sample
flow was not the same in all chambers since the
sample moves horizontally in the three DRI chambers
(C, N and I) and vertically downward in the M and W
chambers. 1In all five chambers, the sample was
confined to a plane midway between the plates by
particle-free air. The sample was spread out into
a lamina in the plane midway between the plates for
all chambers except UMR where the sample was an
axial stream. The sample was thus confined in
these chambers to keep it in the zone of maximum
supersaturation which is approximately midway bet-
ween the plates. In the DRI and UMR chambers, all
of the sample which entered the chambers was de-
tected by the optical particle counters (OPC's),
whereas the Washington chamber detected only a
small fraction of the sample which was carried
through a central tube to an optical box. In all
of the chambers, the time of exposure to each
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supersaturation was adjusted for maximum perform-
ance by using suitable lengths of the wet zones and
by adjusting the total flows. The times used in
each of the chambers seemed to be consistent when
similar supersaturations were considered. The wet
surfaces were filter paper for the C and M cham-
bers, metal for the N and I chambers, and felt for
the W CFD.

Plate temperatures in the C and I chambers
were controlled by water baths whereas the W cham-
ber had refrigeration coils in direct contact with
the cold plate. The warm plate of the W chamber
was heated by the exhaust gases from the refrigera-
tor along one edge of the warm plate. The N
chamber also used circulating fluid but the regula-
tion of that fluid was done with computer-
controlled thermoelectric modules.

The M plate temperatures were monitored by
checking the reservoir temperatures with mercury
thermometers. The C and I CFD's used thermistors
imbedded in the plates whereas the N CFD used a
thermopile to measure AT. The W chamber also used
thermisters to monitor the plate temperatures.

The M, C and N chambers obtained spectra by
changing plate temperatures. The former two were
changed manually while the N CFD changed tempera-
tures according to a prearranged computer program.
The I and W chambers did not normally change plate
temperatures. The I chamber simultaneously main-
tained three supersaturations by using three cham-
bers in series and using the droplet distributions
from one OPC to deduce the concentrations for three
supersaturations. The W instrument had four cham-
bers in parallel and four detectors to monitor the
concentrations at four supersaturations.

The DRI chambers (C, I and N) all used Royco
225 optical particle counters while the M chamber
used a Climet 201 OPC. The W chamber used four non-
commercial OPC's using a single laser for illumina-
tion and four photodiodes for detectors. This
system does not give as much size discrimination as
the commercial OPC's, but accurate sizing is not
usually necessary at the higher supersaturations
where the W instrument was normally operated.

2. PARTICIPATION AND EXPERIMENT TYPES

0f the 29 experiments, five did not yield data
suitable for comparison purposes. Experiments 3, 7
and 17 were ambient aerosols which were not con-
stant enough in time to permit useful comparisons.
Experiment 25 was a noise test which all of the
participating CFD's passed. Experiment 29 was a
truly insoluble aerosol (paraffin) which did not
show activated droplets in any of the continuous
chambers.



0f the 24 useful experiments, the M instrument
participated in all except Experiment 21 where its
haze chamber mode was used exclusively. The C
chamber was involved in all 24 experiments. The DRI
spectrometers (N and I) participated in 20 of the
24 experiments as they missed the first 4 (No.
1,2,4 and 5). The W instrument participated in 10
experiments.

The most important division of the experiments
is between the monodisperse aerosols on the one
hand and the polydisperse and ambient aerosol ex-
periments on the other hand. These two distinct
types of aerosols require separate analysis. One
conventional way of describing the CCN spectra of
aerosols is by noting the concentration, C, at one
reference supersaturation (e.g. 1%) and the slope,
K, of the distribution. Such a characterization is
not applicable to some of the Workshop aerosols,
because the slope of the distribution sometimes
varied greatly over the range of supersaturations.

3. MONODISPERSE AEROSOL EXPERIMENTS

A monodisperse aerosol is an extreme CCN spec-
trum because there is a very steep slope over a
narrow range of S and a flat distribution over
other parts of the spectrum. Hence, this type of
spectrum would not be characterized very well by C
and K. Instead, a monodisperse aerosol should be
characterized by the total number of drops active
on the plateau and by the supersaturation (S¢) in
the very steep region.

Experiments with a monodisperse aerosol allow
a determination of the counting ability of the
instruments because, as long as the chamber can
attain a supersaturation greater than S, the con-
centration should be constant. Thus this concentra-
tion is 1insensitive to supersaturation levels in
the chambers. In fact there should be agreement
between the CFD's and Aitken particle counters for
monodisperse aerosols. On the other hand, Sc, the
second parameter which characterizes the monodis-
perse aerosols should be a very sensitive test of
the supersaturations in the chambers.

3.1

There were 10 monodisperse experiments, Nos.
4,5,8,9,15,18,19,20,21, and 28. An examination of
the experimental plots shows that the M, C, I and N
chambers always exhibit a constant concentration
for supersaturations above the critical supersatura-
tion, S¢ of the aerosol when the chambers operated
at high enough supersaturations. The W chamber

Total Concentration

observed a flat distribution for only one (No. 9)
of the four monodisperse experiments in which it
participated.

Table T shows the total CCN concentrations for
each instrument; that is, the concentrations at and
above the flat portion of the distribution beyond
which no more nuclei are detected. Also listed is
the percentage count compared to the M chamber. At
the bottom is the average and standard deviation of
the comparison with M. The data in Table 1 is
averaged over the entire duration of the experi-
ment. Although the aerosol generator was usually
quite constant, this data is subject to error due
to the fact that the instruments may have been
operating at the high supersaturations during dif-
ferent time periods over which the concentration
may have changed.

Table 2 was devised in an attempt to cover the
above shortcoming. It was derived by choosing time
periods during the monodisperse experiments when
there was simultaneous data from at least two cham-
bers. Simultaneous Pollak and TSI Aitken (CN)
nucleus data is also presented. These should be in
agreement with the CCN counters since these are
monodisperse aerosols. Also listed in the table is
the percentage difference of each CCN counter from
the Pollak counter (or TSI when the Pollak data was
not available). The last row shows the average and
standard deviation of the comparison with the CN
counters. These tables are quite consistent show-
ing that Table 2 1is fairly representative of the
discrepancies between the chambers. This is in
spite of the fact that the data in Table 2 is
incomplete and rather unequally distributed. Simul-
taneous times could not be found for some instru-
ments for some experiments while more than one case
could be found for some experiments and dinstru-
ments. Hence Table 2 is more precise, while the
data from Table 1 is more representative.

Table 1 shows that the three DRI instruments
were in excellent agreement with each other but
that they were about 15% lower than the UMR cham-
ber. Since the DRI instruments are so similar,
this would seem to represent a systematic error
between the UMR and DRI instruments, especially
since the standard deviations for the DRI instru-
ments are about equal. As pointed out above, this
discrepancy in concentration for monodisperse aero-
sol reflects actual differences in counting rather
than a problem with supersaturation. Either the
sample volume or the counting efficiencies are dif-
ferent or the same sample is not being seen by each
chamber.

TABLE 1. MONODISPERSE TOTAL COUNT
Exp. No. M ¢ -3 1 W
N cm

4 260 220 85%

5 1300 950 73%

8 310 295 95% 260 84% 295 95% 400 129%
9 ~610 490 79% 540 89% 535 88% 440 72%
15 1630 1290 79% 1290 79% 1290 79%

18 1080 900 83% 920 85% 900 83% 1080 100%
19 1030 990 96% 990 96% 990 96%

20 1030 900 87% 910 88% 970 89% 1020 99%
21 no data 880 880
28 430 370 80% 330 77% 380 88%
Averages 85% + 7% 85% + 6% 88% + 6% 100% + 23%
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TABLE 2. MONODISPERSE TOTAL COUNT, SIMULTANEOUS CASES

Exp. No.  Time Pollak TSI M c N I
4 1010-1026 262 + 2 275-280 269 103%
1141-1156 282 + 6 300 230 82%
5 1428-1440 [~1304] 2800 1405 108%
1537-~1553 1241 2750 968 78%
8 1005-1037 273 300-270 308 + 22 113% 284 + 17 104% 304y 1% 297 109%
9 1207-1221 572 570-550 649 113% 642 112%  ~616 108%
1245-1247 510 544
1247-1302 510-470 504 530
15 1510-1529 1683 3200-3300 1810 108% 1509 90% 1564 93% 1563 93%
18 1014-1021 12 2400 1168 105% 965 87%
1044-1053 1190 2500 971 82% 968 81%
19 1145-1206 1057 910-890 1125 106% 1009 95% 1047 99% 1020 96%
20 1400-1425 1068 900-910 137 106% 1040 97% 990 93%
1427-1429 " 910 myz 105% 961 90% 966 90% 976 91%
15613-1516 (1081] 900 900 84% 926 86%
28 1532-1548 392 210 438 112% 400 102% 392 100% 408 104%
Averages 108 + 3.6 89 + 9.2 98 + 9 9% + 9
Haze Mode

Abbreviated Experiment

Figures 1-4 were plotted to see if the discre-
pancies were dependent on particle size. Data from
Table 2 was used because of its superior precision.
The data from the three DRI chambers (Figs. 2-4) is
quite similar and shows a definite size dependence
whereas the UMR chamber (Fig. 1) shows only weak
size dependence. Loss of particles due to diffus-
ion is a size dependent process which could be
responsible for some of the discrepancies between
these continuous flow chambers and the TSI. Diffu-
sion loss also depends on the sample flow rate and
the distance which the sample has to travel. Since
these quantities were nearly identical for the DRI
chambers, and the DRI chambers yielded similar
data, loss by diffusion seems to be a good possibil-
ity. Furthermore, diffusional losses for the UMR
chamber are expected to be smaller, because the
smaller sample flow branched off of a larger de-
lTivery flow. Thus the UMR data reflects this fact
(Fig. 1).

Figures 5 and 6 show the theoretical diffusion
loss rate for the UMR and DRI chambers, respective-
ly. The agreement between the experimental and
theoretical curves indigates that diffusion losses
can account for the size dependent relationship
between the CFD's and the TSI and thus the differen-
ces between the UMR and DRI chambers. However, the
data seems to show a linear relationship whereas
the theory shows a parabolic relationship. Another
possible cause of size dependent particle Tloss is
by electrostatic effects. Since the monodisperse
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particles were produced from an Electrostatic
Classifier, they are all charged particles. It has
been found that just touching the plastic tubing or
even the conducting tubing through which the sample
aerosol passed caused reductions in the apparent
concentration. This 1is especially true for the
smaller particles which have higher mobilities.

These results indicate that, if theoretical
diffusional losses were accounted for, the agree-
ment between the UMR and DRI continuous flow cham-
bers would be much better than Table 1 would indi-
cate. With such a correction, it would appear that
the UMR and DRI chambers agree to about 5 percent
on the plateau concentration for monodisperse aero-
sols.

3.2 Critical Supersaturation, Sc

The other parameter used for the monodisperse
aerosols 1is S¢, the critical supersaturation, cor-
responding to the peak in the differential aerosol
size distribution. The measured value of S¢ was de-
fined as the supersaturation which yielded one half
of the concentration found at the high super-
saturations where the concentrations were constant
(and presumably all particles were being counted).
These one-half values for each chamber and for each
monodisperse experiment are listed in Table 3.
Also listed are the theoretical values, based on
the size from the TSI electrostatic classifier used
to generate the aerosols. As to the theoretical
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Figure 1. Ratio of concentrations in UMR chamben %o
those in the 757 (N counten fon monodisperse parti-
cles of various sizes. Data taken from Table 2.
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TABLE 3.

MONODISPERSE S CUTOFF

Exp. Size/Com- Theoreti- M

No. position cal SC ¢ N I W
4 0.036 NaCl 0.50 0.52  104% 0.52 104%
5 0.036 Nacl 0.50 0.54  108% 0.52 104%
8 0.18 NaCl 0.045  0.052 116% 0.084  187%
9 0.18 NaCl 0.045 0.05 111% 0.065  144%
15  0.092 Amon  0.18 0.21 86% 0.17 81% 0.2 95%
18 0.04 Amon 0.64 0.62 85% 0.61 84% 0.54 74% 0.70 9%  0.33 45%
19  0.14 Amon 0.091 0.1 100% 0.12 109% 0.13 118%
20  0.08 Amon 0.22 0.20 69% 0.18 69% 0.22 85% 0.30  115%
28 Agl 0.33 0.40 0.38 0.40
Averages 97% + 16% 110% + 38% 93% + 18%
[Excluding Exp. 8,9] 92%  15% 92% ¥ 16% 93% + 18%

relation between dry size and S., we note that
various sources disagree somewhat. For example,
for ammonium sulfate at 20°C, Hanel (1976) lists S¢
values of 1.91% and 0.0532% at dry diameters of
0.02 ym and 0.2 um respectively. Jiusto and Lala
(their equation 3, this proceedings volume) give
approximate relation which, for the corresponding
conditions give higher values of S¢ (2.01% and
'0.0635%,respectively). For sodium chloride, the
two sources agree much more closely. In Table 3,
we have used the values from Hanel.

It can be seen in Table 3 that the M, C and N
chambers showed excellent agreement with theory and
each other. The 1 chamber was really not par-
ticipating in this aspect of the experiment since
it was always operating at three fixed supersatura-
tions throughout the Workshop. Experiments 8 and 9
were actually below the range of the DRI chambers
and within the haze mode of the UMR chamber.
Exclusion of these two experiments reveals a more
realistic test of the diffusion chambers.

The agreement of the UMR and DRI chambers on
S¢» indicates that these chambers were sensing the
same supersaturations. The agreement with theory
shows that the deduced supersaturations were probab-
ly accurate.

4. POLYDISPERSE AND AMBIENT EXPERIMENTS

These CCN distributions were more conventional
so they could usually be characterized by more
typical parameters such as C and K from N = CSK,
where C is the concentration at 1% supersaturation
and K is the slope of the log-log distribution.
However, the calculation of K rests on the assump-
tion of a constant slope and even when this condi-
tion is fulfilled, the calcuation of K is one step
removed from the data. For these reasons, we
decided that a better method of analysis of this
data would consist of direct comparisons of all of
the chambers at the two most extreme supersatura-
tions which can be used. This would test C and K
in a more direct manner without the necessity of a
straight line distribution. The two supersatura-
tions chosen were 0.70% and 0.30%.

Tables 4 and 5 show the results of this analy-
sis. There is not a standard instrument to relate
the measurements to but, since there are so many
similarities between the three DRI instruments, we
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have again chosen to relate all measurements to the
UMR chamber. The fact that the DRI chambers show
better agreement with UMR at 0.30% is consistent
with the results of the monodisperse experiments.
Thus the smallest CCN seemed to be undercounted in
the DRI chambers, suggesting that once again diffu-
sion losses or electrostatic charging is a problem.
The magnitude of the discrepancy is also quite
similar to that found in the monodisperse experi-
ments.

Figure 7 shows that there was probably some
undercounting by the DRI instruments at very high
concentrations. This data is rather ingonc]usive
except for the concentration of 10,000 cm °(Exp.24).
Such a graph tests the possibility of effects such
as vapor depletion in the cloud chamber or coinci-
dence losses in the OPC. It appears that one of
these is a problem in the DRI chambers at very high
concentrations.
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Figure 7. Ratio of concentration in DORJ convention-

al chamben #o"the UMR chamben va. concenitration in
the ORI chamber. Data taken from Tabde 4.



TABLE 4. POLYDISPERSE AND AMBIENT, 0.7%
Exp. No. Composition M c N 1
1 NaC1 960 700 73% 410 43%
2 NaCl 2000 1300 65% 820 41%
6 Ambient 1200 1125 949 1300 108% 1175 98%
10 Bimodal/NaCl1 800 950 119% 800 100% 700 88% 1150 144%
11 Ambient 1250 1100 88% 1030 82% 1040 83%
12 Ambient 2100 2000 95% 2000 95% 2000 95% 1000 48%
13 Ammon. Sul. 2250 2350 104% 2150 96% 2000 89% 1200 53%
14 Ammon. Sul. 3150 2150 68% 2300 73% 2100 67%
16 Ambient 840 880 105% 800 95% 820 98%
22 Ammon. Sul. 1200 720 60% 720 60% 700 58%
23 Ammon. Sul. 250 225 90% 235 94% 225 90%
24 Ammon. Sul. 10800 6500 60% 5000 46% 5200 48%
26 Ambient 1100 1140 104% 1150 105% 1140 104%
26 Run 2/Amb. 1250 1280 102% 1150 92%
27 Agl 775 615 75% 400 52% 650 84%
27 Run 2 510 320 63% 500 98%
Averages 86% + 20% 84% + 21% 85% + 16% 69% + 40%
TABLE 5. POLYDISPERSE AND AMBIENT, 0.3%
Exp. No. Composition M N I
1 NaC1l 500 435 87%
2 NaC1l 1010 890
6 Ambient 940 800 85% 700 74% 940 100%
10 Bimodal/NaC1 315 260 83% 280 89% 300 95%
N Ambient 960 820 85% 700 73% 700 73%
12 Ambient 1000 1200 120% 1200 170% 1200 170%
13 Ammon. Sul. 1300 1010 78% 1010 78% 990 76%
14 Ammon. Sul. 1500 1100 73% 1130 75% 1000 67%
16 Ambient 600 670 112% 540 90% 420 70%
22 Ammon. Sul. 525 450 86% 310 59% 415 79%
23 Ammon. Sul 110 115 105% 100 91% 120 109%
24 Ammon. Sul. 3050 2800 92% 1300 43% 2500 87%
26 Ambient 600 600 100% 460 7% 660 110%
26 Run 2/Amb. 620 620 100% 620 100%
27 Agl 42 21 50% 65 155% 70 167%
27 Run 2 13 25 192% 42 323%
28 Agl 0.7 101
Averages 89% + 18% 94% + 39% 112% + 66%
5.  CONCLUSIONS 6.  REFERENCES
The five continuous flow diffusion chambers Hanel, G., 1976: The properties of atmospheric

showed good agreement with each other in spite of
differences such as three types of optical particle
counters and three different wicking materials.
With the various aerosol distributions and types of
particles, the chambers nearly always agreed to
within 15% in number concentrations and supersatura-
tion determinations. Error analysis showed that
diffusion losses could account for most of these
differences.
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aerosol particles as functions of the relative
humidity at thermodynamic equilibrium with the
surrounding moist air. Advances in Geophy-
4ics, 19, H.E. Landsberg and J. Van Mieghem,
Eds., Academic Press, New York, 312 pp.
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ABSTRACT

Isothermal haze chambers (IHC) were present at
the 1980 International CCN Workshop (Reno, Nevada);
the theory of this method of characterizing cloud
condensation nuclei (CCN) over the critical super-
saturation range of about 0.01% to 0.2% is re-
viewed, and guidelines for the design and operation
of IHC's are given. IHC data from the Internation-
al Workshop are presented and critically analyzed.
Two of the four IHC's agreed to about 40% over the
entire range of S_.'s. A third chamber showed
similar agreement wi%h the first two over the lower
part of the S; range but only a factor of two
agreement at higher S.'s.  Some reasons for the
discrepancies are given.

1. INTRODUCTION

Since the Second International Workshop on Con-
densation and Ice Nuclei in 1970, the measurement
of cloud condensation nuclei (CCN) has been extend-
ed to the range of 0.015%-0.15% supersaturation
through the use of the isothermal haze chamber
(IHC), a new type of CCN counter first described by
Laktionov (1972). The principle of operation of
the IHC derives from the almost unique relationship
which exists between the critical supersaturation,
Se» of a particle and its equilibrium size, r,,,, at
180% RH. In the IHC, nuclei are grown to their
equilibrium sizes in an environment of 100% RH and
are then counted as a function of size. From these
data and the relationship between S. and r , one
obtains the CCN supersaturation spectrum. Alofs
and Podzimek (1974) are credited with bringing Lak-
tionov's work to the attention of the Western cloud
physics community.

Four groups operated IHC's at the Internation-
al CCN Workshop, Reno, NV, 6-17 October 1980: the
Desert Research Institute (DRI), the University of
Missouri at Rolla (UMR), the Naval Research Labora-
tory (NRL), and Colorado State University (CSU).
A1l of these instruments are described in companion
papers. In addition, descriptions of the DRI and
UMR instruments have been published by Hudson
(1980) and Alofs (1978), respectively.

The purpose of this review is threefold: (1)
to describe the S, - r  , relationship; (2) to dis-
cuss some of the critical design aspects of the
IHC; and (3) to present some results of the IHC
intercomparisons conducted at the Workshop.

2. THES -r RELATIONSHIP
C 100
From the relationship between S, and dry parti-

cle radius (rg) and that between r =~ and ry one ob-
tains the fol?owing relationship bétween Sc and r,

0o’
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SC(%) = 38.5<prvT )( o 1001c) rloo (])

In this equation o.” and i. are the surface ten-
sion and van't Hoff factor ofcthe solution droplet
when it has attained its critical radius; o”,,, and

i ,, are the surface tension and van't Hof# "factor
ot "the droplet in equilibrium at 100% RH; o, is the
density of water; T is the temperature; and R, is
the gas constant of water vapor.

The relationship between S. and r  depends on
particle composition only to tge extént that the

V?]l.‘e of o - (OC’ inuo/c‘ulo. 1C) d.epends on comeo-
sition. I we assuhe’ that 1,00 = 1 and that o =
a‘c = oy» Oy being the surface tension of pure wat-
er, then Eq. (1) reduces to
ch -
SC(%) = 38.5 (BER;T——) LT (2)

which is the relationship used by Laktionov (1972).
At T = 20°C, and with e expressed in microns,
Eq. (2) may be written

0.041

s.(%) =2 (3)

100
Taking into account the temperature dependence
of oy, we find that S¢ varies approximately as

T'3/2 for a fixed value of L

Corrandini and Tonna (1979) analyzed the S. vs.

r relationship for the main electrolytes compos-

iﬁaocontinental and marine aerosol particles. They

found that the uncertainty in the actual electrolyt-
ic composition