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FOREWORD

Darrel Baumgardner
Research Aviation Facility

National Center for Atmospheric Research

The need for a better understanding of the instruments being used to
measure cloud particles led to the organization of an international sympo-
sium conducted from May 4-7, 1982. This symposium was co-sponsored by the
Research Aviation Facility and Convective Storms Division of the National
Center for Atmospheric Research and Particle Measuring Systems, Inc. (PMS,
Boulder, Colorado). The purpose of the symposium was to provide a forum for
participants to discuss calibration techniques, laboratory tests, and inter-
comparison results. Those attending the symposium gained a mutual under-
standing of each instrument's operating principles and sources of measure-
ment and analysis errors. The instruments upon which most of the attention
was focused were the Forward Scattering Spectrometer Probe (FSSP), the Axial
Scattering Spectrometer Probe (ASSP), the 1D Optical Array Probe (OAP), and
the 2D OAP, all manufactured by PMS. Other instruments for measuring cloud
particles were discussed in the context of instrument intercomparisons. The
measurement of liquid water content was discussed in an additional session
in which the Johnson Williams (JW) and King hot wire probes were the main
centers of discussion.

The symposium agenda listed at the end of the following summaries
includes session chairman and the speakers and their topics of presenta-
tion. The first three days consisted of presentations by Bob Knollenberg and
other participants. The first half of the last day was used as a summary
session pulling together the salient points brought out earlier and to
summarize the problems which still remain.

The summary sessions covered the FSSP and OAPs and are outlined in the
following synopses along with a generalized summary containing comments
applicable to the overall symposium. These summaries were prepared by sev-
eral of the session chairmen and edited by the other chairmen. Following
these summaries, a number of extended abstracts of the different partici-
pants are presented. The extended abstracts are presented as received and
the conclusions are those of the individual authors. Some of the
presentations are not included because they already have been published in
more extended form elsewhere. These references are listed following the
symposium agenda. Unfortunately, much of the material presented by R. G.
Knollenberg is not published and is only briefly mentioned herein.

Jim Dye and I would like to extend our thanks to Margaret Taylor for
logistical and clerical assistance, to all the session chairmen who shared
in the responsibility of conducting the symposium, to the speakers for
concise, informative presentations, and to all the participants for lively
and constructive discussion. Most of all, we would like to thank R.G.
Knollenberg for his comprehensive presentations at the symposium and for his
knowledgable and helpful responses to questions.
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Forward Scattering Spectrometer Probes Summary

James E. Dye
Convective Storms Division

National Center for Atmospheric Research

The discussion during the individual sessions and the summary session of
the FSSP generally revolved around four main areas: i) electronic response
characteristics, ii) sizing accuracy, resolution, and calibration, iii) fact-
ors influencing the determination of particle concentration, and iv) inter-
comparisons of FSSPs and comparisons with other aerosol measuring techniques.
In the presentation that follows, each of these areas will be discussed separ-
ately. While much of the material below is from the summary session, pertinent
facts and discussion from other sessions are included with references to the
individual presentations. At the start of the FSSP symposium a list of terms
and definitions was given. This list is reproduced in Table 1 and will be used
in the following discussion.

TABLE I
DEFINITION OF TERMS USED IN DISCUSSING FSSP RESPONSE

TRANSIT TIME

TRANSIT GATE

TOTAL STROBE

FAST RESET

TOTAL RESET

GATED STROBE

VELOCITY ACCEPTANCE
RATIO (VAR)

DEPTH OF FIELD
FRACTION (DFF)

DEADTIME

FAST RESET DEADTIME

ACTIVITY

The time it
through the
The digital
tion of the

takes for a particle to pass completely
laser beam.
pulse generated by the FSSP having a dura-
transit time plus lengthening due to the

electronic frequency response.
The count generated by the FSSP when a particle passes
within the depth of field.

- The count generated by the FSSP when a particle passes
outside the depth of field.

-- The count generated by the FSSP when a particle is
detected in or out of the depth of field.

-- The count generated by the FSSP when a particle passes
within the depth of field and passes the velocity
acceptance test
The ratio of GATED STROBES to TOTAL STROBES over a
given period of time.

-- The ratio of TOTAL STROBES to TOTAL RESETS over a given
period of time.

- The time from the end of the transit gate to the start
of the reset pulse.

- The time from the end of the transit gate to the start
of the fast reset pulse.

-- The accumulation of signal processing times for all
particles sensed by the FSSP during the data averaging
time period. Times are accumulated from the start of
the transit gate to the start of the reset pulse (fast
or slow) for each particle

- ' -- - 'p I-~ II - - - -- - --- - - ·~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. -- I



(i) Electronic Functioning

It became evident during the symposium that there was a lack of uniform-
ity in response of the electronics of the various FSSPs (and ASSPs) being
used. Data were presented on FSSP probes ranging from serial #1 (produced in
1975) to #66 (produced during the fall of 1981). During this period several
modifications and improvements to the probes have been made by PMS and also by
individual users. Additionally, many of the FSSPs were tailored by PMS to fit
the needs and requirements of the users. These variations need to be consider-
ed by those thinking of using or obtaining an FSSP. The differences are suffi-
ciently large that when publicizing scientific results, it is insufficient
merely to say that an FSSP was used to make the measurements. It is the
responsibility of the user to provide information on the specifications of
that FSSP and how they affect the measurements. In order to better disseminate
information, PMS has agreed to add documentation on the specifics of the
electronics/optics of the individual probes, and to provide a list of
improvements and retrofits which are available.

Baumgardner presented material which showed that semi-routine checks on
the response of the scattered and annulus signals of the FSSP as a function of
pulse width and repetition rate are very helpful in defining the operational
limitations of each instrument. These checks also aid in spotting malfunctions
of an instrument during operational use. PMS has agreed to provide this infor-
mation for new probes which are produced. Because of the different electronic
deadtimes, bandwidths, etc., different probes exhibit different characteris-
tics of velocity acceptance ratio and depth of field fraction as particle con-
centration increases. Some of the older probes do not have the capability of
monitoring total strobes, activity, or total resets and hence deadtime and
coincidence corrections cannot be made properly. This correction is particu-
larly necessary at high concentrations. Some participants recommended that a
real time housekeeping monitor be provided by PMS.

(ii) Sizing Uncertainties

There was considerable discussion of the types of errors in sizing and
the need for standardized calibration techniques. Cerni, Pinnick, and Jeck all
presented material on the theoretical scattering curves predicted by Mie the-
ory. These papers drew attention to the fact that differences in scattering
angles of 1° to 2° (particularly the smaller angle limit) can have significant
effects on the scattered intensity, especially for particles less than 10 pm
diameter. Investigators working with aerosols or small droplets such as fog
and haze need to be aware of this system limitation and to be totally familiar
with how the size channels are defined. The PMS method is to draw an average
fit through the Mie scattering curve and define the bin widths in this man-
ner. R. Knollenberg pointed out that the disagreement among instruments in the
small size region for aerosols is generally an error in sizing rather than in
concentration. In the future PMS will provide the user with the appropriate
scattering curves for their instrument.

Sizing of glass beads with a correction for the index of refraction has
been the primary method of calibrating the size channels of the FSSP. PMS gen-
erally sets the gain of the instruments according to the 10-15 pm diameter
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glass beads since the intensity of light scattered by water and crown glass

is approximately the same at these sizes. Results presented by Dye from

CCOPE and from a small FSSP workshop held at NCAR in December 1981 showed

that there was considerable variation in the sizing obtained from six FSSP's

when the same glass beads of 3-9, 10-15,15-25, and 25-35 um were sized. The

scatter in results was smallest for the 10-15 um beads but there was a 4-5

pm spread for the other bead sizes. Most of the FSSP's oversized the small-

est beads, undersized the larger beads and were approximately correct for

the 10-15 pm beads. Some of the sizing differences are attributable to dif-

ferent versions of the probes. The newer probes utilize separate pulse

height analyzer thresholds for each range while in earlier models only a

single reference chain is used. Since the size distribution of the glass

beads is not symmetrical about the mean, different results can be obtained
if one uses the mode of the distribution as opposed to the mean diameter. In

general, the mode seems to be the better method. An FSSP size calibration

using water droplets produced from a droplet generator showed good agreement

with the manufacturer's calibration, although earlier studies using the same

techniques on three FSSPs showed results similiar to those found for the

glass beads. Cerni found that at least one FSSP increasingly undersized at

airspeeds greater than 55 ms- 1, (measured by the velocity averaging circuit)
with a 10% relative undersizing at 105 ms 1'. The electronic tests reported

by Baumgardner supported this sizing dependency, though not to the same de-

gree. Brown presented results of ASSP calibrations taken over a period of

several years using water droplets. These results showed that the calibra-

tion does drift and must be taken into account, either in the probe elec-
tronics or in the analysis software, if accurate results are to be

obtained. R. Knollenberg pointed out that it is important to save the cali-
bration spectra, if sizing adjustments are to be properly made. He also

stated that microscope grids, eyepieces, and objectives frequently have

inaccuracies of a few percent.

There was a general consensus of the group that more standardized
techniques are needed for calibration in the laboratory and in the field.
To help with this, PMS has agreed to develop a standard source of glass

beads and to supply them to the users. PMS will also check on the feasibil-

ity of using MgF beads which have an index of refraction close to that of

water.

It was also determined that a better technique for dispersing the

beads is needed and users must be careful to calibrate over the airspeed
range for which the FSSP is to be used. Jeck demonstrated a simple nylon

fiber device which provides a calibration technique for field use which pro-

vides an easy method for checking calibration drifts and precision recali-
bration if necessary.

(iii) Factors Influencing the Determination of Concentration

Unlike sizing where an absolute calibration can be achieved, a method
does not exist for obtaining an absolute calibration of concentration.
Determination of the concentration relies upon knowledge of the beam

diameter, depth of field, true airspeed, percentage of particles accepted by

the velocity averaging circuit, and application of a correction for deadtime

and coincidence errors. The beam diameter and depth of field is supplied by

the manufacturer and may be determined also by the user. The velocity
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acceptance ratio (VAR) can be obtained by recording the total strobes as
part of the FSSP data. Laboratory tests conducted by Dye have shown that
the depth of field as determined by the PMS diffuser technique (translucent
cellophane tape) gives the same results as using water droplets larger than
"20 im in diameter or using a transluscent nylon fiber. The drop studies
showed that for water droplets less than 20 pm the depth of field increases
with decreasing drop size. Baumgardner presented evidence that the depth of
field can be a function of particle rate if the scattered and annulus
signals response times are not electronically matched, particularly at high
particle rates.

Studies of the beam diameter using a precisely positioned wire agreed
to within 5% of the values determined by the PMS projection method. How-
ever, there is some uncertainty about how far into the beam a particle must
penetrate before enough light will be scattered to be detected by the
probe. Knollenberg pointed out that variations in the beam diameter of
perhaps 10% are inherent in the operation of a laser, particularly in the
multimode phase.

The largest factor in the uncertainty of the concentration measure-
ments, particularly at droplet concentrations of a few hundred per cubic
centimeter or greater, is the deadtime and coincidence correction. This is
an area that is largely unresolved but critically important. If a correc-
tion factor is not used for higher concentrations, the concentration may be
underestimated by a factor of 2 or more. Using the activity (A) directly in
a correction of the form 1/(1-A) appears to overcorrect. PMS wind tunnel
tests show that multiplying the activity by a constant (with a value of 0.7
to 0.8 which varies from probe to probe) is necessary. Computer simulations
by Baumgardner suggest that this constant may be on the order of 0.5 for
some probes and nearer 1 for others. Another approach is to use the dead-
time (T) for the correction. This correction factor would have the form
1/(I-RT) where R is the total number of resets (drops) that the electronics
senses. This approach does not include a correction for the coincidence
error associated with a second event occuring during the pulse transit
width (i.e. droplet passage through the beam). For FSSPs with fast resets,
the above correction must be modified to use the different delay times for
the drops in and the drops out of the depth of field.

Use of the deadtime or activity correction greatly reduced the
differences in concentration observed during the CCOPE intercomparisons
presented by Breed and the FSSP workshop results presented by Dye and
Baumgardner. Both King and Brown presented data from maritime and modified
maritime clouds which compared measurements from FSSP and other tech-
niques. These data showed good agreement when activity corrections were
used. King reported excellent agreement in measurements of liquid water
contents by the FSSP and CSIRO hot-wire probe and in Mossop's work on
comparisons of the FSSP with impactor slides. Brown also reported generally
good agreement with the JW when measuring liquid water content in the mari-
time clouds over England.

(iv) Intercomparisons and Comparisons with Other Techniques

A number of interesting intercomparisons between PMS probes and other
techniques were presented during the symposium. Both Jeck and Jensen showed
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comparison results obtained in both clear air and fogs with transmissometer
and other particle sizing devices. In some cases there was reasonable
agreement; in others there was considerable disagreement. The largest
problem with the FSSP for this kind of application was generally thought to
be sizing errors. This is particularly true if materials with different
indices of refraction are involved. The errors in sizing are often mis-
interpreted as errors in concentration.

Intercomparisons of FSSPs (e.g. presentations by Takeuchi, Breed, and
Dye and Baumgardner) often showed disagreements both in sizes and in
concentrations as discussed earlier in this summary. Similiar findings were
reported by Politovich for aircraft and ground comparisons with slide gun
and JW results.

Perhaps the main conclusion to be drawn from these comparisons, and
perhaps the symposium, is that if accurate measurements are to be hoped
for:

1) The FSSP must be carefully and routinely calibrated, cleaned, and
maintained.

2) Corrections must be made to the raw data to compensate for the
physical limitations and compromises that must be made in any
such instrument.

3) The limitations of the instrument must be recognized when its use
is being considered for a specific task. It was not designed pri-
marily as a liquid water sensor, and likewise it cannot and
should not be used to determine sizes and concentrations of small
ice crystals.

4) Care must be taken in mounting these or any probes on aircraft.
Distortion of flow around the aircraft can produce enhancement
and shadow zones.

Given the proper care in the processing of the data, and an under-
standing of its limitations, the FSSP can provide measurements which are
invaluable to the field of cloud physics.
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Optical Array Probes Summary

William A. Cooper
University of Wyoming

Laramie, Wyoming

Sessions on optical array probes (OAP's) dealt with principles of

operation and design, calibrations and intercomparisons, and data proces-

sing techniques. There was also a final session featuring a panel discus-

sion with audience participation, during which a list of problems and

recommendations was compiled. This summary is based primarily on that

session, although some points from earlier sessions are included. Further

details regarding the presentations may be found in extended abstracts

prepared by the authors, so only brief references are given here to some of

the points in those papers.

The following classes of problems were stressed during the symposium:

(i) Probe response characteristics.

At small sizes, the depth of field of the OAPs becomes less than the

size of the physical aperture, so the effective sample volume of the probe

varies with particle size. Since objects near the edges of the depth of

field may be poorly focussed and hence mis-sized, the correction for sample

volume cannot be made straightforwardly on the basis of the observed size.

In the case of the 2D-C probe, these corrections are needed for sizes smal-

ler than 150 pm. Several discussions of this problem were presented during

the symposium. R. Knollenberg showed the range of possible true sizes that

may correspond to a given measured size in the 2D-C probe. A given
measured size may correspond to any of a range of possible true sizes and

this response function may depend on airspeed, particle habit or particle

orientation. R. Brown also discussed some measurements by M. Ouldridge that

sought to determine the same response function, which he characterized as

Pi(D), the probability that a particle of true size D would be measured
to have a size i. The number of particles of size i would then be ni =

fPi(D)n(D)dD, where n(D) is the true size spectrum. Again, Pi(D) is
likely to be a function of particle habit and of airspeed, and must be
inverted in order to recover n(D).

R. Knollenberg pointed out that the ID OAP features a depth of field

definition that differs from that in the 2D. Recording of a particle in the

2D is enabled whenever there is a shadowed element, typically requiring 50%

light occultation. However, in the ID, there is a further requirement that

some element be shadowed at the 75% level before a particle will be accep-

ted. This generally results in a better definition of the depth-of-field,

and a better correspondence between actual and true size for accepted par-

ticles. There is thus some advantage in using a ID for detection of parti-
cles smaller than about 150 pm, particularly since the 2D provides little

shape information at these sizes.
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Other sources of sizing error, other than depth-of-field uncertainty,
were reviewed by R. Knollenberg; they included uncertainties in magnification,
coincidence errors, contamination, effects of finite bandwidth, partial light
transmission through the hydrometeor, and photodetector failure. All appeared
generally negligible, except the effect of finite bandwidth at the smallest
sizes. Since the shadow of a 25 im particle passes across the photodetector
array in about 250 ns (at 100 m/s true airspeed), the response time of the
electronics often causes the first scan in the 2D-C to be lost, and contri-
butes to undersizing of small particles. It was suggested that further study
of the OAP response at small sizes was warranted, and that such studies should
be performed at realistic airspeeds.

A related problem was that several investigators reported disagreements
between different probes. When continuous size spectra were constructed by
combining the measurements from ASASP, FSSP, ID, and 2D probes, there were
often suspicious-looking breaks or jumps where the size ranges of the probes
overlapped. This problem partially reflects the uncertainties in the sample
volumes to be used at small sizes. In regions of overlap the measurement by
the probe covering the larger size range is usually more questionable.

(ii) Effects of mounting locations

It appears that too little attention has been paid to the effects of
mounting location, particularly for those probes detecting hydrometeors. The
airflow around airframes tends to concentrate hydrometeors in some locations
and to shadow other locations. In addition to the appeal for more considera-
tion of such questions, there was some discussion of the peculiar orientation
tendency which several users of 2D probes have observed. In regions where the
predominate crystal habit is either needle or stellar, some sets of measure-
ments show the particles to have a preferred orientation, even for probes
which view the hydrometeors in vertical projection. This preferred orienta-
tion, when present, is always the same relative to the aircraft. Suggested
mechanisms included airflow effects or electrical field effects, but the cause
of the orientation has not been resolved.

Other effects of probe mounting include the possible shedding of ice or
water drops from propellers through the OAPs, and possible shattering of
hydrometeors on upstream surfaces producing fragments that may enter the OAPs.

(iii) Spurious images (artifacts)

The problems posed by spurious images were discussed by a number of par-
ticipants. These images result primarily from two sources: cloud water may
accumulate on the upstream edge of the aperture and then "streak" across the
viewing region, or hydrometeors may strike the arms on either side of the
aperture and "splash" across the field of view. The former source of spurious
images has been greatly reduced by the introduction of the new (Veal-design)
probe tips. Software elimination, based on aspect ratio, short time intervals
between images and alignment along the direction of flight, has also been
used. Intercomparisons between probes with and without the modified tips
indicated that such software elimination may be only partially efficient and
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does not solve the problem that there is a reduction in effective sample

volume when streakers occur fast enough to overload the probe. Since the
spurious images tend to set limits on the lowest concentration of particles
that can be detected, they interfere with some very interesting measure-
ments in regions of low ice concentration but high liquid water content.

Several participants felt that the effects of different probe tips
deserved further study, and that the new Veal probe tips should be made
available for the 2D-P as well. R. Knollenberg stated that streakers were
not seen by the ID probe because of the secondary threshold requirement,
but some participants questioned this.

(iv) Calibration procedures

The magnification of the 2D probe is easily checked through the use
of wires and drill bits of known sizes. Field checks of all the 2D probes
used in CCOPE in 1981 found none to have an incorrect magnification. How-
ever, the calibration for depth-of-field is not as straightforward, and
there is an apparent need for a calibration procedure that would use real-
istic airspeeds and which could determine the response of functions
discussed in (i) above.

(v) Software

Some techniques for computer processing of 2D images were discussed.
One particularly interesting approach was that of C. Duroure, who used
Fourier analysis of the radius of the particle (as a function of angle) to
obtain Fourier coefficients which were shown to characterize different par-
ticle habits. W. Strapp presented some intercomparisons of results from
different computer processing techniques, and pointed out that further

studies such as this are appropriate since many different processing tech-
niques have been developed independently. Some users expressed the need for
a standard processing package, since users often acquire 2D probes and then
find they face a significant development project in order to obtain useful
information from the probe. Others expressed the opinion that computer
processing should be tailored to the question being studied. An interactive
system which allows users to classify the habits of particles may also be
useful for relatively small data sets. A "standard" 2D processing package,
with known limitations and with warnings against inappropriate usage, would
provide a good starting point for new users and a benchmark for intercom-
parisons .

(vi) Needed improvements

Several weaknesses in the currently-available instrumentation were
discussed. It was pointed out that there is still no reliable way to
measure the mass of an ice hydrometeor, and that the sample volume of
available probes is inadequate at both large and small sizes. Also, ice-
water discrimination is poor, particularly at small sizes. It was agreed
that more publication and informal communication of results is needed, and
that improved documentation would be useful.
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General Topics Summary

George A. Isaac
Atmospheric Environment Service

Downsview, Ontario

During the symposium, many recommendations emerged which were related
to cloud measurements in general. These recommendations can be grouped into
four categories: instrument development, calibration and monitoring of
equipment performance, intercomparisons and publications. Although no
methods were used to formallly seek endorsement or priorization from the
participants, the discussion centered around these four topics. A summary
of this discussion is given below.

(i) Instrument Development

It was clear that the instruments discussed, primarily those of PMS,
could be improved and that other instruments might be developed. The prob-
lem areas for the PMS FSSP and OAP probes are given in the previous summar-
ies. A separate session on the Johnson-Williams and the CSIRO liquid water
measurement devices also indicated that these instruments might be
improved. The efforts of Warren King of CSIRO to provide a better measure-
ment of cloud liquid water were met with warm approval. More encouragement
should be given to individuals and groups wishing to perform instrument
development work. Because of the tremendous advances in instrumentation
brought about through PMS, there has been a tendency for other independent
research to stagnate with increased reliance on PMS experts. This trend
must be resisted. The success of PMS equipment, which has caused a revolu-
tion in cloud physics measurements, has shown that the potential of new,
reliable and accurate instruments can be enormous. More resources should be
allocated towards further instrument development.

(ii) Calibration and Monitoring Instrument Performance

Many participants were very interested in calibration techniques and
the associated specialized devices used by various groups. As a consequence
a separate session was held to demonstrate calibration techniques. It
became apparent in the later discussions, that some standardization in
these calibration procedures would be beneficial. For example, because of
their distance from PMS and other workers, some groups had developed their
own distinctive procedures. This increased the difficulty of comparing
measurements from the same instruments which were calibrated differently.
No solution to this standardization problem was proposed but increased
communications would certainly help eliminate differences.

Several participants had noticed calibration changes occurring during
transportation from the manufacturer or simply during the short trip from
the laboratory to aircraft. The problem of calibration changes during a
project were also mentioned. This illustrates the importance of developing
procedures to monitor instruments' performance. A maintenance program which
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would include such things as routine lens and prism cleaning must also be

followed. Every group should be prepared to calibrate and maintain their

own instruments without total reliance on the manufacturer.

(iii) Intercomparisons

During the workshop many types of equipment intercomparisons were

described. These included laboratory and field tests of different instru-

ments which could measure the same parameter (e.g. J-W and FSSP liquid

water content comparisons). In addition, specialized workshops where many

participants brought their instruments of a specific type were considered

valuable. The Canadian wind tunnel tests of J-W liquid water content

devices (Strapp and Schemenauer, 1982) and the Boulder PMS FSSP Workshop at

NCAR hosted by Darrel Baumgardner and Jim Dye were described in detail at

this meeting and considered very useful. Comparisons of measurements made

from different aircraft flying through the same cloud were also described

at the meeting (e.g. D. Breed and T. Cerni). However, it was noted that

there were many logistical problems involved in such tests, including those

produced by the rapidly fluctuating character of the cloud parameters. Some

of these problems could be eliminated by flying probes from different

groups on the same aircraft, but R. Knollenberg mentioned seeing wing tip

to wing tip differneces in such tests. Certainly, aircraft to aircraft

intercomparisons will help sort out problems associated with mounting loca-

tions, airspeed differences, etc. and they should be included in a multi-

aircraft study.

One aspect of data intercomparisons often overlooked is the lack of

standard software used in data processing. For example there are a variety

of techniques to analyze PMS 2D imagery and to apply correction factors to

FSSP data. These techniques are usually not well documented and are often

unknown by outside users. Consequently, in order to compare data from

different groups, an attempt should be made to intercompare analysis soft-

ware.

(iv) Communications

The Cloud Particle Measurement Symposium was a great success because

it brought together scientists, engineers, and technicians from around the

world to discuss their instrumentation problems. The large response from

the first symposium circular startled the organizers. However, it indicates

that there is a definite need and desire for such meetings. There was some

debate as to whether small or large gatherings would be preferred. Small

meetings would allow some instrumentation and software intercomparisons to

be performed, but if the conclusions or results were not widely circulated,

it would compound the communications problem. It is clear that both small

workshops and larger symposia or conferences are required.

It was also noted that there has been a reluctance of many workers to

publish their instrument and software development work. This problem is

aggrevated by the perceived, if not real, reluctance of journals to accept

articles on this subject. If it appears in print, development work is often

described tersely within data analysis papers. Symposium participants were
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urged to continue to try to publish their work. Whenever possible they

should also indicate to responsible individuals and agencies that instru-
ment development, testing, calibrations and intercomparisons are an inte-
gral part of the scientific process. One very positive aspect of the sympo-
sium was that Richard K. Jeck (Naval Research Lab, Code 4323, Washington,
D.C. 20375) agreed to keep a bibliography of all publications, documents,
internal reports. etc. which relate to cloud particle measurementst.
Everyone is encouraged to send Jeck a copy of their reports, or at the very
minimum an abstract, for the next year. At the end of this period another
individual will be selected to keep the bibliography. This will help elimi-
nate some of the communication problems which now exist. In addition,
contributions should also be forwarded to the Newsletter on Developments of
Airborne Cloud Physics Instruments c/o Jim Dye, Convective Storms Division,
National Center for Atmospheric Research, P.O. Box 3000, Boulder, Colorado
80307. This newsletter helps to keep groups aware of the latest develop-
ments but at present is under-utilized.

t Note- See Richard Jeck's submission on page 102 of this newsletter

_ I
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Symposium Agenda

Welcome - Dr. Wilmot Hess, Director of NCAR

Introductory Remarks - James E. Dye, Convective Storms Division, NCAR

Darrel Baumgardner, Research Aviation Facility,

NCAR

FSSP SESSION I
PRINCIPLES OF OPERATION, DESIGN, AND CALIBRATION

PROCEDURES BY PMS
CO-CHAIRMEN: R.G. Knollenberg, Particle Measuring Systems

J.E. Dye, NCAR

R.G. Knollenberg -
PMS, Inc.

Discussion of physical principles, electronic functioning,

selection of design criteria, and PMS calibration

procedure (See Knollenberg, 1976 and 1981).t

GENERAL DISCUSSION

FSSP SESSION 2
CALIBRATION AND LABORATORY TESTS

CO-CHAIRMEN: R.K. Jeck, Naval Research Laboratory (NRL)
G. Fisher, New Zealand Meteorological Service

R.G. Pinnick
U.S. Army
Atmospheric
Sciences

T.A. Cerni
University of
Wyoming

R.K. Jeck
N.R.L.

- Theoretical scattering calculations and

comparison with experimental cross-sections

(see Pinnick et al 1981).

- The effect of airspeed on sizing in the FSSP.

- Alternate sensitive calibration and checkout techniques

for optical, single particle size spectrometers.

GENERAL DISCUSSION

D. Baumgardner - Electi
NCAR

J.E. Dye - Studio
NCAR unifoi

R. Brown - ASSP c
United Kingdom
Meteorological Office

ronic bench tests of several FSSPs.

es of depth of field, beam uniformity, and sizing

rmity and accuracy.
calibrations and data reduction techniques.

GENERAL DISCUSSION

t These references follow this agenda, on page 19
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FSSP SESSION 3
RESULTS OF INTERCOMPARISONS

CO-CHAIRMEN: T. Cerni, University of Wyoming
D.R. Jensen, Naval Ocean Systems Center (NOSC)

W. King - Comparisons of the FSSP with the cloud gun and CSIRO
CSIRO hot wire liquid water content sensor.

M. Politovich - Comparisons of the ASSP with the cloud gun.
University of
Wyoming

D. Breed - Intercomparison results from CCOPE.
Convective Storms
Division, NCAR

GENERAL DISCUSSION

D.M. Takeuchi - Comparisons of PMS scattering probes in a wind tunnel.
Meteorology
Research, Inc.

J.E. Dye and - Comparisons of several FSSP's using a spray device.
D. Baumgardner Discussion of auxilliary variables for determining

NCAR probe performance, and correcting concentrations for
coincidence and deadtime.

GENERAL DISCUSSION

D.R. Jensen - Intercomparison of PMS Particle Size Spectrometers.
NOSC

E. Hindman - Counting efficiency of the FSSP at small sizes.
Colorado State
University

GENERAL DISCUSSION

OPTICAL ARRAY PROBES SESSION 1
PRINCIPLES OF OPERATION AND DESIGN

CO-CHAIRMEN: R.G. Knollenberg, PMS, Inc.
D. Baumgardner, NCAR/RAF

R.G. Knollenberg - Instrument design and calibration
PMS, Inc. (See Knollenberg, 1970, 1975, 1976a, and 1976b).

GENERAL DISCUSSION
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OPTICAL ARRAY PR(
CALIBRATIONS

CO-CHAIRMI

M. Politovich
University of
Wyoming

R.S. Anderson
MRI

R. Brown
U.K. Met.
Office

)BES SESSION 2
AND INTERCOMPARISONS
EN: G. Isaac, Atmospheric Environment Service, Canada

R.S. Anderson, Meteorology Research, Inc. (MRI)

- Calibration and comparisons of OAP's using oil coated
slides.

- Measurement problems in the overlap region between the
scattering probes and the ID cloud probe.

- Observations of ice crystals using 2D probes and
holography.

GENERAL DISCUSSION

DEMONSTRATION OF VARIOUS CALIBRATION DEVICES FOR THE FSSP AND OAP'S
G. Isaac, AES
J.E. Dye, NCAR
R.K. Jeck, NRL
M. Politovich, U. Wyoming
PMS Inc.

OPTICAL ARRAY PROBES SESSION 3
DATA PROCESSING TECHNIQUES

CO-CHAIRMEN: W.A. Cooper, University of Wyoming
A.J. Heymsfield, Convective Storms Division, NCAR

W.A. Cooper - Review of 2D data processing techniques.
U. Wyoming

A.J. Heymsfield - 2D data processing and derived microphysical parameters
NCAR (see Heymsfield and Parrish, 1979).

M.C. Duroure - Fourier transformation automatic method for reducing
L.A.M.P. 2D data.
France

J.W. Strapp - Comparison of OAP probes
Atmospheric (see Schemenaueret al, 1981).
Environment Service
Canada

P. Stickel - An automatic real time 2D processor.
Aeromet, Inc.

GENERAL DISCUSSION

FSSP - SUMMARY SESSION: PANEL DISCUSSION
CHAIRMAN: J.E. Dye, NCAR
PANEL MEMBERS: T.A. Cerni, Wyoming; G. Fisher, New Zealand

Met. Office; R.K. Jeck, NRL; D.R. Jensen,
NOSC; R.G. Knollenberg, PMS, Inc.

What problems exist? Where do we go from here?
Recommendations.
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OPTICAL ARRAY PROBES - SUMMARY SESSION: PANEL DISCUSSION
CHAIRMAN: W.A. Cooper, U. of Wyoming

PANEL MEMBERS: R. Anderson, MRI,Inc.; D. Baumgardner, NCAR;
A.J. Heymsfield, NCAR; R.G. Knollenberg, PMS,
Inc.; G. Isaac, AES

What problems exist? Where do we go from here?
Recommendations.

LIQUID WATER CONTENT SESSION LABORATORY AND FIELD TESTS OF THE J-W
CO-CHAIRMEN: W. King, C.S.I.R.O.

J.W. Strapp, AES, Canada

J. W. Strapp - Calibrations in the Ottawa wind tunnel
AES, Canada (see Strapp and Schemenauer, 1982).

T.A. Cerni - Comparison of J-W measurements with two aircraft.
U. of Wyoming

J.E. Dye - Ground tests of several J-W's used in CCOPE.
NCAR

M. Glass - Intercomparisons of a JW and ASSP. Data processing
Air Force techniques for the JW.
Geophysical Research
laboratory

GENERAL DISCUSSION

THE CSIRO LIQUID WATER DEVICE

W. King
CSIRO

D. Baumgardner
NCAR

R.G. Knollenberg
PMS, Inc.

- The operation and design of the constant temperature
hot-wire liquid water meter (see King et al, 1978).

- Comparisons of the CSIRO probe with ASSP, FSSP, and J-W
in aircraft and wind tunnel tests.

- The PMS version of the CSIRO probe.

GENERAL DISCUSSION

ADJOURNMENT
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Sizing of Cloud Drops with an FSSPt

Todd A. Cerni and W. A. Cooper
University of Wyoming

Laramie, Wyoming

1. INTRODUCTION

This analysis is composed of three parts. First, an instrument cali-
bration is developed by determining the instrument's response to glass beads
of known size and refractive index, and employing Mie scattering calcula-
tions to transfer those results to water drops. Second, the dependence of

sizing on airspeed is determined with the use of glass beads and an algor-
ithm developed to correct for the effect. Lastly, the effects of sizing
errors on drop spectra from continental cumulus clouds are examined and a
comparison is made between the FSSP derived liquid water contents and those
measured by a calibrated Johnson-Williams hot wire device. Only those FSSP
ranges of interest to cloud physics work, ranges 0 and 1 (nominally 2-47 pm

and 2-32, respectively), are examined.

2. DISCUSSION

Two glass bead samples were used in the calibrations with mean diam-
eters of 11.4 pm, 20.6 pm and dispersions of .7, .6 respectively. These
homogeneous glass spheres were photographed through a microscope and the
photographic images sized with a Zeiss TGZ3 particle size analyzer. The
mean sizes and dispersions are similar to those observed for cloud drop dis-
tributions from continental cumulus. Calibration of the FSSP is based on

the comparison of measured and predicted glass bead spectra. The former is
obtained simply by passing the glass beads through the FSSP. The latter is

obtained from Mie scattering theory, using the microscopically determined
glass bead size distributions. Fig. 1 shows the calculated results of sig-
nal versus diameter for glass and water spheres, for the scattering geometry
measured for the Wyoming probe (4.6°-12.8°). The code used to generate

these results has been checked against the work of Wickramasinghe (1973) and
Pinnick et al. (1981).

A properly calibrated FSSP should size a glass bead as if it were that
diameter of water drop which produced the same scattered power into the
instrument. The relative scattered power levels which correspond to each of
the 16 PHA levels are fixed and have been measured. Predicted spectra can
then be produced by combining the glass bead distributions, the Mie scat-
tering results and the relative PHA levels. Each relative PHA level was
multiplied by a single (for each range) scaling factor to obtain a best fit
of measured to predicted spectra mean diameters. Using results displayed in
Fig. 1, this also allows for new size bin definitions. Fig. 2 shows the
resulting best fit of measured to predicted spectra. These new size bin
definitions were achieved after smoothing the multiple-valued Mie curve for
water.

TThis summary is an expanded version of the presentation given by T. A.
Cerni at the symposium
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Fig. 1. FSSP signal versus diameter for water and glass spheres. The

results were obtained using refractive indices of 1.33-.Oi for water and

1.51-.Oi for glass. The laser wavelength was .63228 pm and the scattered

light collected over 4.6-12.8° in scattering angle.

Although measured and predicted spectra mean diameters agree to within
0.2 pm (Fig. 2), measured standard deviations and liquid water contents are

noticeably larger than predicted. This represents artificial broadening by

the instrument. The broadening creates an apparent instrumental a of 2-3 iim

(a measured = predicted + a2 instrument)

and a 10-21% increase in liquid water (when mismatch in spectra mean

diameters is accounted for).

The measured glass bead spectra shown in Fig. 2 were obtained at

an airspeed of 45 m/sec, far less than cloud penetration speeds of 75-135

m/sec achieved by the Wyoming King Air research aircraft. When glass beads

were pushed through the sample area with a high pressure source, a

substantial dependence of sizing on airspeed was discovered (Fig. 3). A new

problem arises as to how to find a means by which to incorporate this

airspeed dependency into the calibration scheme. One approach to this

problem is to use a different scaling factor for each airspeed when

calibrating the PHA levels as described earlier. When a curve is fit to the

modeling results of scaling factor versus predicted mean diameter and this
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combined with the information in Fig. 1 and 3., the following calibration
results:

DWL = A + BTAS + CLTAS2,W3,L L L L (1)

where DW L is the water sphere diameter in pm corresponding to PHA level L,
TAS is tAe true airspeed in m/sec and AL, BL, CL are different for each
level L. Table 1 gives the values of all required constants such that (1)
can be used for 16 PHA levels, for each of two ranges.

Table 1

Calibration Coefficients

Level

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

AL '

2.035

4.903

7.169

10.01

12.43

14.84

18.22

20.77

24.45

27.93

31.50

35.08

38.36

41 .11

44.59

46.59

Range 0
BL

-.005578

-.02026

-.02618

-.04270

-.04838

-.05407

-.06431

-.06544

-.07569

-.08593

-.09618

-. 1081

-. 1184

-.1195

-.1315

-.1280

C '10 4
L

.5033

1.824

2.549

3.758

4.412

5.065

6.013

6.373

7.320

8.268

9.216

10.13

11.08

11.44

12.35

12.42

A

2.155

3.796

5.511

7.492

9.273

10.99

12.71

14.17

16.18

18.37

19.92

21.78

23.73

26.94

28.99

31.21

Range 1

BL

-.007686

-. 01765

-.02333

-. 03529

-.04725

-.05466

-.06206

-.06319

-. 07059

-.08255

-.08539

-.08652

-.08765

-.1104

-.1116

-.1190

C -104L

.6536

1.569

2.222

3.137

4.052

4.673

5.294

5.654

6.275

7.190

7.516

7.876

8.235

9.706

10.07

10.69
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Fig. 3. Mean diameter for the glass bead FSSP spectra, obtained with
glass bead sample 2 and FSSP range 1, versus (true) airspeed. The mean
diameters were computed using the original bin size definitions. The dots
represent the laboratory measurements (data). The crosses represent the
manufacturer's nominal design goals for 1 dB and 3 dB high frequency roll off
of the analogue electronics.

The Wyoming King Air research aircraft is equipped with a Johnson-
Williams (JW) hot wire device as a second measurement of liquid water
content. It has been calibrated in a high speed, wet wind tunnel (Strapp and
Schemenauer, 1982) and found to have errors of <O.lg/m3 over the range of
0-2.0 g/m3 . In addition, Boatman (1981) has independently verified the
accuracy of the JW from measurements taken in adiabatic cloud regimes.
Comparison of FSSP to JW liquid water contents provides a stringent test of
mean sizing accuracy, since liquid water content is proportioned to the third
moment of a spectrum.

A large data set of 670, 5 sec ("500m) averages of penetrations through
continental cumulus clouds during the 1980 HIPLEX season served as the basis
for the liquid water comparisons. Figure 4 shows the significant improvement
in the agreement of JW and FSSP liquid water contents.

The FSSP liquid water content was based on the size calibration (1) and a
concentration algorithm derived from additonal laboratory work:

P
CONC = TAS.S.(1-.54ACT) ' (2)

where P is the total strobe rate, TAS the true airspeed, S the total sample
area before velocity reject and ACT the activity. The original size
calibration gives a liquid water content which is 15% too large; consistent
with the predictions from laboratory results that a properly calibrated FSSP
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would yield liquid water contents an average
artificial spectral broadening.

of 10-20% too large due to
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Fig. 4. Scatter plots of FSSP liquid water content versus JW liquid
water content for 670, 5 sec averages (= .5 km) from the 1980 HIPLEX season.
In Fig. 4a, FSSP liquid water was calculated using the original FSSP size bin
definitions. In Fig. 4b, FSSP liquid water calculated using the corrected
(equation 1) FSSP size bin definitions. For both figures, the JW liquid water
was corrected using the wind tunnel results at 103 m/sec and -5°C. Dashed
lines represent least squares fits to all the data points.

3. CONCLUSION

This symposium has pointed out that the FSSP-100 has been manufactured in
different configurations over the years and that even probes which are nomin-
ally configured the same way perform differently. Modification of the cali-
bration coefficients presented in Table 1 will be required for instruments
which were originally calibrated or configured differently than the one des-
cribed here.

a) Each bin of the FSSP was found to have errors of 0-5 pm, for air-
speeds less than 55 ms- 1 with the largest errors occurring at diameters
greater than 20 pm. The magnitude and size of this error was dependent upon
airspeed for airspeeds greater than 55 ms- 1. This sizing error can lead to
errors of 70% or greater in liquid water content.

- -- ----- ----------- ------ �1·1�1�
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b) A calibration procedure is described whereby the FSSP sizing errors
can be corrected to yield mean diameters which are accurate to within a few

tenths of a pm. These corrections can be made entirely with software and

require no hardware adjustments. These corrections have little effect on the

dispersion of a spectrum, but have a significant effect on the mean diameter,

standard deviation and liquid water content.

c) The FSSP artificially broadens a cloud drop spectrum. This produces

a significant increase in dispersion and a liquid water content 10-20% too
large, for typical continental cumulus spectra.
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Alternate, Sensitive, Calibration and Checkout Techniques
for Optical, Single Particle Size Spectrometers

Richard Jeck
Naval Research Laboratory

Washington, D.C.

In addition to the usual glass bead or latex sphere techniques, the theo-
retical response curves of optical scattering probes can be checked by at
least the following three methods.

1) Individual, 20-30 pm diameter nylon fibers separated from a strand of
dental floss and mounted on a suitable frame provide a convenient, repeatable
and countable particle substitute for checking probe calibrations in the
field. The fibers serve as an accurate secondary calibration standard not only
for detecting shifts in the probe response curve but also for measuring depth-
of-field and single particle counting accuracy of ASSPs, FSSPs and Royco brand
particle counters as well.

2) Comparisons can be made between direct optical measurements of atmos-
pheric transmittance or scattering coefficients and those computed from simul-
taneously recorded aerosol particle size spectra. These computed properties
are proportional to the square of particle radii and thus provide a sensitive
test of the radius values assigned to the size channels. Field measurements of
this type are described which show that the nominal size interval of 0.5 - 7.5
pm diameter of range 4 of the ASSPs is in error and the correct interval is
0.6 - 5.0 pm. The channel-width assignments can be determined by separately
adjusting them until a smooth (and realistic) plot of dn/dr vs r is obtained
for natural, steady state aerosol conditions. The result is unequal channel
widths, but all 15 size channels may be retained contrary to the recent work
of Pinnick et al which requires the combining of some of the size channels in
order to avoid apparent multivalued responses. One set of assigned channel
widths hold in general for all measurements thereafter.

3) Comparison can also be made between direct measurements of particle
mass and that computed from simultaneously recorded size spectra. Particle
mass computations are proportional to the cube of the particle radii and thus
provide an even more sensitive test of the channel radius assignments.
Controlled wind tunnel tests are described in which NaC1 particles were gener-
ated and measured with ASSPs and sodium flame photometers for particle mass
and size, and filter deposits for total mass concentrations. The results con-
firm the revised ASSP calibration described above.
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Electronic Bench Tests
of

Several FSSPs

Darrel Baumgardner
Research Aviation Facility

National Center for Atmospheric Research

The electronic response characteristics of six forward scattering spec-

trometer probes were measured in order to gain a better understanding of the

operating principles of the FSSP electronics, to verify that the instruments

were operating within the manufacturer's specifications, and to compare the
differences in response among the probes.

A precision pulse generator was used to simulate cloud particles arriving
at a constant rate and speed. Several wave shapes were tried. However, because

varying the rise and fall times of the pulse made little difference in the

response of the electronics, a square wave was ultimately used as it provided

the easiest stimulus to control. In order to test the response of the whole
system excluding the optical components, the signal was injected through a
100 kQ resistor at the photodetector input stage.

Measurements were first made of the slow and fast reset delay times. The

reset delays are initiated on the transit gate's trailing edge, which

typically lags the actual transit pulse by 0.5 ys to 1.0 Vs, depending upon

the pulse amplitude and width. A second set of measurements was made of the
response of the annulus and signal circuits as a function of the pulse width.
The pulse amplitude and frequency remained fixed while the pulse width was
decreased from 5.0 is to 0.5 pus. Figure 1 shows a plot of the signal and

annulus voltage for one of the probes normalized by

Normalized Amplitude = 20Log1 0 (V/V0 ) (1)

where V is the annulus or signal voltage at any given pulse width, and V0 is

the signal voltage measured at 5.0 js pulse width. Also shown in the figure is

the ratio of annulus to signal voltages. If we assume an average chord length

through which a particle passes and then convert the signal voltage to a
particle size, we may then relate the particle size to the airspeed as shown

in Fig. 2. The implications of these results are

1. Sizing varies with the airspeed, and

2. If the annulus and signal ratio does not remain constant with changing
pulse width then the depth of field will change. Both of these effects
are probe dependent.
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A third measurement of annulus and signal response characteristics was
made by holding the pulse amplitude and width constant and varying the pulse
repetition rate. The amplitude response of the annulus and signal circuits
was then normalized as in (1). Most of the probes showed little or no change
until rates exceeded 150 khz. An exception to this, shown in Fig. 3, was a
probe whose annulus signal abruptly decreased at a rate faster than the signal
when particle rates exceeded 60 khz. Subsequent investigation determined that
a malfunctioning amplifier in the baseline restoration unit was the source of
the problem. This particular problem would not have been detected using the
basic calibration and checkout procedures. The effect of this decrease of the
annulus to signal ratio was to increase the depth of field for high particle
rates in a non-linear fashion.

In conclusion, these measurements demonstrated how the FSSP's effective
sampling area and sizing capability may be influenced by the response
characteristics of the individual electronics of each probe when particle
rates and speeds approach the operating limits specified by the manufacturer.
It is not uncommon, however, to exceed these limits during normal airborne
operation. These tests emphasize the importance of understanding how
individual probes perform under a range of conditions because circuit
components may vary from probe to probe.
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Studies of the Depth of Field, Beam Uniformity

and Sizing Uniformity and Accuracy

James E. Dye
Convective Storms Division

National Center for Atmospheric Research

During the last few years the FSSP has become widely used to measure

cloud droplet and aerosol size distributions. Several aircraft used the

instrument during the Cooperative Convective Precipitation Experiment (CCOPE),

where in-cloud penetration was an important part of the design of many of the

experiments. In-cloud comparisons were conducted in CCOPE (see Breed, p. 49)

in order to determine the measurement differences existing between various

instruments on different aircraft. Early looks at these comparisons suggest

that the measurements from the different FSSPs are quite disparate,

particularly at higher concentrations. As a result of these findings, and the

general need for further evaluation of the FSSP, a number of laboratory

studies were undertaken in December 1981 at NCAR. These studies were

conducted jointly by the Research Aviation Facility and the Convective Storms

Division. Other participants included: the University of Wyoming, the

Atmospheric Environment Service of Canada, the University of Washington, and

the South Dakota School of Mines and Technology. Some of the results from

these studies are presented in this summary.

A list of the probes that were studied is shown in Table 1 along with the

optical characteristics that were determined for each probe. The optical

systems on each probe were thoroughly cleaned and aligned before any tests

were conducted. The FSSPs tested ranged from Serial No. 1 produced in 1975 to

Serial No. 66 produced in late 1981. One ASSP was also tested. The beam

diameters, shown in Table 1, were determined by using a micromanipulator with

a 1 pm resolution to pass a 12.5 pm wire vertically through the laser beam in

the center of the depth-of-field (DOF). The values shown agree well with the

manufacturer's values for each probe, which are determined by projecting the

beam onto a wall and visually determining the limits of the beam.

Various techniques were used to determine the DOF, including: 1) the

diffuse tape technique of PMS, 2) a 12.5 pm metal wire or 30 pm nylon fiber

held in a micromanipulator, and 3) droplets produced by a droplet generator.

The results of the diffuse tape and nylon fiber were the same as the droplets;

however, the metal wire gave considerably larger and probably erroneous DOFs,

possibly because the refractive component of the scattered light was blocked

by the wire. The results for the diffuser and water droplets are shown in

Fig. 1. We see that the diffuser technique gives results equivalent to larger

water droplets, but that the DOF increases as the droplet size decreases below

about 15 pm.
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Glass beads of 3-9, 10-15, 15-25, and 25-35 im from Particle Information
Services were used to check the uniformity of sizing of various probes. The
tests were conducted during both CCOPE and the FSSP workshop held at NCAR.
Glass beads from the same bottles were used throughout the tests. The beads
were drawn through the sample area using a pump and an insert to direct the
flow. Over 1000 beads from each bottle were optically sized to determine
their size distribution. The results from these tests are shown in Fig. 2 for
the 2-30 pm size range of each instrument. The numbers and letters indicate
probes on different aircraft. The values are corrected for the index of
refraction of water based on the theoretical scattering cross sections
determined by Todd Cerni at the University of Wyoming, and the scattering
angles of acceptance shown in Table 1. The results show more scattering at
sizes larger than and smaller than the 10-15 pm bead size, where PMS sets the
calibration. Part of this difference is because the older probes have only one
Pulse Height Analyzer (PHA), while the newer ones have four (one for each
range) and hence can be more closely adjusted to the theoretical scattering
curves. Most of the probes appear to oversize the small beads and undersize
the larger ones.

Different results are obtained if the mean diameter of the bead spectra
is used as opposed to the mode, because some of the glass bead spectra have
long tails. In an attempt to objectively determine the mode, we selected the
channels with the highest counts, then two channels on either side of the peak
and calculated the mean for those five channels. If the highest count was
nearly identical in two adjacent channels, then those two were used along with
two channels on either side. This technique was used both for the optical
determination and in the processing of the FSSP data.

Laboratory studies were performed using a dropmaker (Cannon and Grote-
wald, 1980) to check on the size calibration of one FSSP. Monodisperse drop-
lets ranging from about 6 pm to 60 pm were produced and drawn through the
sample area of the FSSP. They were sized using a microscope and strobe. For
this one probe, the size calibration agreed very well with the PMS calibra-
tion. Similiar calibrations done a few years ago showed different calibra-
tions for different probes, similiar to the results obtained from the glass
bead tests.

This same setup was used to determine the artificial spreading of the
spectrum caused by droplets going through the beam in different positions.
For 26 pm drops approximately 5% were sized at 28 pm, 65% at 26 pm, and 30% at
24 pm, assuming that particles would be accepted in only half of the beam
width due to the velocity acceptance circuitry. Artificial broadening of the
spectrum should be expected to vary from probe to probe depending upon beam
geometry, location of modes in the laser beam, the velocity acceptance ratio,
and the electronic response of each probe. The results of the spray tests
presented by Dye in another summary in this Tech Note show substantial
differences in the spread of the spectrum.
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In conclusion, these studies have shown that 1) the DOF and beam
diameters provided by the manufacturer are valid, as long as regular checks

are made to maintain proper alignment and clean optics, and 2) the modal
diameter of the glass beads should be used for determining the size
calibration of the instrument.
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TABLE 1. OPTICAL AND ELECTRONIC CHARACTERISTICS OF SEVERAL FSSPS
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ASSP Calibrations and Data Reduction Techniques

Roderick Brown
U.K. Meteorological Office

Calibration Procedures and Results

ASSP calibrations are performed with a 100KHz Ultrasonic Droplet Genera-
tor (UDG). This device comprises a vibrating metal rod which is continuously

coated with water from an adjacent jet and produces a cloud of droplets of
mean radius 9.5 pm and dispersion 20%. The drop-size distribution is stable so

long as the geometry of the device and the water flow rate are unchanged.
Unfortunately this useful device is no longer obtainable. The UDG requires
calibration and this is performed with magnesium oxide slides.

Calibrations are performed in-situ on our C-130 research aircraft before
each flight and the results recorded for use during the subsequent data analy-

sis. Results from a selection of calibrations over a four year period are
shown in Figs. 1 and 2. The range of values from the MgO slide calibrations of
the UDG is contained in the cross-hatched area. It can be seen that the ASSP
sometimes tends to overestimate the dispersion. The scatter in mean radius and
the tendency to undersize reflect our inability to adjust the ASSP whilst it
is mounted on the aircraft.

Calculation of Liquid Water Content and Statistical Corrections

Problems with loss of counts due to instrument deadtime and drop-
coincidences became apparent early in use. A method of correction has evolved
which appears to be a forerunner of that used with the latest FSSP devices.

Besides recording the number of drops accepted for sizing (i.e. the channel
counts or gated strobes) we also record the number of pulses at the channel 1

lower comparator from drops anywhere within the beam - the total count or in
the latest FSSP terminology, the total resets.

In order to apply a theoretical statistical correction it is necessary to
know the sampling area appropriate to the total count and this has been esti-
mated theoretically as a function of drop size. Effects taken into account
include the divergence of the laser beam, the expansion of the annular image
to overlap the scatter detector and variations in scattering angle as the dis-
tance from the object plane varies. Variations in the scattered intensity due
to the latter were calculated using Mie theory. The estimated value increases
from 1 to 4mm with increasing drop size. A mean value of the outer sampling
area is calculated for each spectrum and used together with the total count to
form a second estimate of drop concentration and liquid water content. Both
liquid water content estimates use the Geiger-Counter formula since our
instrument deadtime is non-retriggerable.
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Results from 6 flights in Sc which typify the instrument performance were

presented at the symposium. These showed that the total count liquid water

content estimate was closer in magnitude to the values from a Johnson-Williams

device and correlated better with the latter. The mean J-W to ASSP liquid

water content was 2.0 O+0.7 (total count) and 4.1 T1.8 (channel count). The

mean correlation coefficient for 1 second data was 0.76 (total count) and 0.62

(channel counts). It is believed that the discrepancy in liquid water content

estimates is mainly due to the ASSP and experimental work is required to veri-

fy calculations and determine the reason for the apparent loss of channel

counts.
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Comparison of FSSP and Clague Droplet Gun

S.C. Mossop
CSIRO

presented by
W. King
CSIRO

1. Clague Droplet Gun

This instrument (Clague, 1965) was used for many years in this laboratory
and others for measuring drop concentration and size distribution and it is
therefore important that it should be compared with the new electro-optical
instruments that are now replacing it.

The gun is used from an aircraft to expose glass slides for a known time
to the impact of cloud drops. These strike the slide surface at right angles
and leave impressions in the carbon coating on the slide. These imprints are
subsequently counted and sized under the microscope. The sizes of the original
drops may be found by applying "spreading factors" determined by Squires
(1958).

2. FSSP

The beam diameter and depth of field of the FSSP are determined in the
manner suggested by the manufacturer. The size calibration is checked by drop-

ping glass beads of known size through the beam.

The droplet concentration as determined by the FSSP has to be corrected

for undercounting caused by the "dead-time" phenomenon. In the present
instance the measured drop concentration has been multiplied by a factor
1/(l-Nmt), where Nm is the measured flux of particles per second through

the measuring volume within the depth of field and deadtime t is assumed to be
12 ps. This value may have to be revised upwards later when we know more about
the characteristics of the FSSP. This means that the preliminary FSSP figures
given below may slightly underestimate the drop concentration and hence the
liquid water content.

3. Results

The two instruments were mounted close together on an F27 aircraft and
measurements were carried out in cumulus clouds near Sydney, Australia.
Results summarized in Figs. 1 and 2 are confined to cloud regions where both
instruments gave reasonably uniform readings and where two or more slides were
exposed. There were 21 sets of measurements on five days.

Figures 1 and 2 indicate that there are no systematic differences between
the two instruments in measuring drop concentration and liquid water content.
This encourages confidence in the accuracy of both methods and indicates that
there should be no major conflict between old data and new arising from
instrumental differences.
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Individual cloud runs indicate that there may be discrepancies of up to
50% in drop concentrations and liquid water content between the two instru-

ments, though on average over the 21 clouds the agreement is better than 10%.

It is hoped to publish a fuller account of this work elsewhere, revised
in the light of the workshop findings.
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Comparison of FSSP and CSIRO Liquid Water Probe

W.D. King
Divsion of Cloud Physics

CSIRO

Liquid water contents from an FSSP probe were compared with those from a

CSIRO hot-wire probe (King, et al., 1978). The FSSP was calibrated in the same

fashion as described by Mossop in this note, and the hot-wire set as suggested

by Bradley and King (1979). The comparison data was obtained during passes
through warm cumulus clouds (bases typically +18° C, tops 0° C) with droplet
concentrations of the order of 100 cm 3 . Typical aircraft sampling speed was
80 ms- 1 with a maximum of 90 ms- 1. Both instruments were sampled at 10 Hz, but
the data presented here consists of 1-s averages.

Fig. 1 shows the liquid water content from both instruments for passes

through 16 different clouds sufficiently close to cloud base that the modal

diameter was less than 21 pm. There were no images recorded by the OAP-2D-C

probe (25 pm/bit resolution), and the agreement between the CSIRO probe and

FSSP is excellent. Higher up in the same clouds, where the modal diameter has

increased to 28 pm, the agreement between the two instruments is good only in

those regions where there were no particles detected by the 2D probe (see

Fig. 2). The inference is that in parts of the clouds where the instrumental

data diverges there is substantial liquid water content in sizes greater than

the 45 pm maximum sensitivity of the FSSP, and that the hot-wire responds to

these. This premise is further substantiated by the fact that if the differ-

ence in liquid water content of the two instruments is plotted against raw

image concentrations as determined by the 2D probe (see Fig. 3), then a large

amount of the variance is accounted for.

The conclusions to be drawn from the study are threefold:

(i) In many deep cumulus clouds there can be substantial liquid water

outside the traditional cloud water range of the FSSP.

(ii) These regions should be avoided when performing comparisons of the
type described here.

(iii) The CSIRO liquid water probe responds in some way to drops greater

than 50 pm diameter. The upper size limit of sensitivity has yet to

be determined.
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Comparisons of the ASSP with the Cloud Gun

M.K. Politovich
University of Wyoming

At the University of Wyoming we have used data from soot-coated impactor
slides to compare with ASSP and FSSP measurements for a number of years. This
technique allows comparisons to be done in "real life" conditions as well as
in the lab. Our soot-coated impactor slide device, or cloud gun (CG) as it is

commonly known, is patterned after that of Squires and Gillespie (1952).
Basically it consists of a C02-powered gun which shoots a soot-coated glass
slide (X0.3 x 4 cm) past an aperture where it is exposed to the airstream. A

pair of photodiodes times the slide's passage (typically 3-10 ms) and this

time is recorded on magnetic tape along with data from the PMS probes. After
exposure the slides are photographed, then sized and the droplet spectrum der-

ived through a knowledge of crater-to-droplet ratios, collection efficiencies,
airspeed, and exposure times.

During the course of a field season we generally expose "50 to well over
100 such slides. These represent a wide variety of the cloud conditions
encountered. For comparison of droplet concentrations (N), mean diameter (d),
dispersion (s = a/d) and liquid water content (LWC), CG-derived values are
compared with 0.3 s ASSP (or FSSP) data (recorded at 10 Hz) surrounding the CG
exposure before and after the CG firing time. These are plotted as scatter-
grams with a best-fit line drawn which is derived by minimizing the perpendic-

ular distance from each point to the line. This method assumes no dependency
of one variable upon the other, since we have no cause to believe either

measurement should be considered the standard.

Results from the 1979 and 1980 Precipitation Enhancement Project (PEP)
and the 1978 Convective Storms Project (CSD) are presented. The PEP project

was conducted in Spain; cloud types were Cu, Sc, Ns, CuCong and some Cb; The
CSD project was conducted in northeast Colorado and the cloud types studied
were Cu, CuCong, TCu, and Cb. The ASSP on the UW Queen Air is located just off
the left-hand side of the nose; the CG is extended " 1 m from a window near
the center of the fuselage (right hand side).

For N and LWC, the best-fit lines were forced through the origin since
both measurement techniques should measure zero when no droplets are present
(set Fig. 1). The measurements agree well for N approximately less than 500
cm . The ASSP N were "0.9 those of the CG. The ASSP does not appear to

respond well to higher N. This is probably due to the coincidence and deadtime
errors discussed by many others at the symposium. These data were not adjusted
for these types of errors.

Mean diameters measured by the ASSP were s1-3 pm larger than those
measured by the CG (see Fig. 2). Dispersion values from the ASSP were " 2 im
greater than the CG values (see Fig. 3). Both of these figures displayed some
degree of scatter, some of which is explained by the probe positioning, but
the results appear fairly consistent throughout the range of values measured
as well as among the three projects represented.
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There was a good deal more scatter in the LWC values (Fig. 4). The
regressions indicated LWC values from the ASSP 2-3 times greater than those of
the CG. Correlation coefficients are lower than for N, d, or s. The over-
estimation of LWC by the ASSP relative to the CG is due to the oversizing and
spectral broadening evident in the d and s comparisons.

We have found such comparisons of CG and ASSP data useful in evaluation
of the performance of the ASSP during field projects. In addition, this tech-
nique has been employed in calibrations performed at our mountain-top observa-

tory at Elk Mountain, using an ASSP and FSSP. This work is discussed in
greater detail by Baumgardner (1980) and Vali et al., (1980).
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Resume of Some Investigations
Concerning the Microphysical Probes FSSP, JW, and ASSPt

J.P. Pinty and D. Rousett
Laboratoire Associe de Meteorologie Physique

France

I - Some Limitations Occurring in the Behavior of the FSSP

by D. Rousett and J.P. Pinty

We studied the coincidence effect due to the approximately simultaneous

arrival of droplets in the laser beam of the FSSP in relation to the elec-
tronic triggering times of the FSSP. We simulated this effect by using a

sequence of two electronic pulses (semi-sinusoidally shaped, with adjustable
amplitude and delay). Varying the relative amplitude of 'each pulse and delay,

we looked at the PHA response of the FSSP in several cases, with and without

the depth of field enabled. So we defined the complex behavior of the FSSP

when the coincidence is strong. Our results indicate that the number (two,

one, or zero) of the detected droplets and the size of these droplets deter-

mined by the PHA are greatly affected by the order of sampling, i.e. whether a

droplet is followed by a smaller one or by a larger one. Although each case

may well be explained by analyzing the trigger circuits of the FSSP, no gen-

eral statistical correction may be deduced. The alteration of the mean transit

time by the coincidence effect was also investigated.

We checked the minimum speed of the sampled droplets required by the FSSP

especially when using the delayed mode. The constraints deduced from this

analysis lead us to shorten some of the one-shot time constants.

II - Some Electrical Measurements of the JW probe
by J.P. Pinty and D. Rousett

In order to investigate the accuracy and the sensitivity of the JW probe,
we made some precise electrical measurements in the laboratory. We examined

the respective roles of the external potentiometer Z (zero adjust) and RC,

(compensating adjust) and their use to balance the resistor bridge. The

adjustments of Z and RCI do not seem to be independent. Using several small

resistors, we calibrated the voltage output of the JW probe in terms of the

sensing resistor RS. The calibration curves exhibit a slight non-linearity

when RS decreases and different slopes when Z and RCI change. The effect
of the cable resistance is also clearly demonstrated; when this resistance is

increased, the sensitivity of the resistor bridge deteriorates rapidly. The

study of the electronic response time of the probe indicates a first order

behavior with a cutoff frequency at about 25 Hz. At least, the characteristic

of the compensating speed potentiometer has been studied.

T This paper was originally scheduled to be presented by C. Duroure,
however, he decided to hand out a written abstract to the participants
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III - Numerical Simulation of the Optical Functions of the ASSP:
Application to the Measurement of the Depth of Field
by J.P. Pinty

The simulation of the optical and photometric response of the ASSP has
been performed to explain the shapes of the "measure" and "annulus" signal and
a theoretical depth of field may be calculated by this way. The numerical
results are in good agreement with the measured signals when moving a scat-
tering object along the laser beam.

We investigated the effect of different scattering functions and the
curved shape of the laser beam in the vicinity of the object focal plane. The
dimensions of the depth of field are shown to be very sensitive to artifi-
cially introduced misalignment and defocussing of the separator prism. These
computational results are quite well supported by the different cases of bad
adjustment of the optical components of the ASSP which have been encountered
in practice.
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In-Cloud Intercomparisons During CCOPE

Daniel W. Breed
Convective Storms Division

National Center for Atmospheric Research

Three different test procedures were attempted during CCOPE in order to

compare FSSP and JW probes between several aircraft in natural clouds. In-

trail flights where one aircraft followed another through a cloud, were

performed for eight days, yielding approximately 30 penetrations that provided

comparisons for seven combinations (out of a possible 15) of the primary cloud

physics aircraft. Two flights were successful in gathering data from two FSSPs

mounted on one aircraft, termed here as dual-mounted tests. Finally

comparisons to adiabatic liquid water contents were possible from special

flights on five days and early-storm cases on several other days when cloud

base conditions were monitored.

Problems existed with all three of these tests particularly in the

selection of "suitable" clouds and later in determining if certain test

assumptions were valid (e.g. reasonably steady cloud, existence of adiabatic
regions). Although several dedicated hours of flight were expended for FSSP

and JW intercomparisons during CCOPE, preliminary analyses suggests that the
number of aircraft to be intercompared, and the marginal cloud conditions

during many of the tests will preclude making quantitative assessments of the

probe performance from the comparisons.

Some of the preliminary results from the in-trail comparisons, and the

dual-mounted comparisons are consistent with findings from the glass bead

sizing calibrations from CCOPE, and the 1980 HIPLEX comparisons between

Wyoming's King Air and the Canadian Twin Otter. Initially, FSSP concentrations

from the different probes, processed independently by each organization, com-

pared poorly. However, the preliminary analysis shows good agreement between

FSSP concentrations after a common deadtime correction is applied using the

latest values of sampling area, and delay times (though some approximations
were made for two of the probes). Only three of the 17 penetrations analyzed

thus far show differences greater than 15%. Also, the FSSP-derived liquid

water contents were generally higher than the JW values; however, this result

will depend on the final "quality" assessment of each penetration. Final

results using archived data and more complete assessment of penetration
quality are expected to be completed this summer.
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Comparison of PMS Scattering Probes

D.M. Takeuchi
Meteorology Research, Inc.

Altadena, California

Intercomparison tests with two FSSPs and four ASSPs belonging to several
research organizations were conducted in the NASA Lewis Research Center's 6 X
9 feet Icing Research Tunnel. To supplement the PMS probe measurements, cloud

LWC measurements were also taken with a Johnson and Williams (JW) hot-wire
device and an icing rate device (Leigh IDS). The tests were conducted under a
variety of conditions and included varying cloud LWC (0.5 to 5 gm-3), cloud
median volume diameter (15 - 26 pm), temperature (-29° to 20° C), and air
speeds (50 - 285 mph).

The comparisons were based primarily upon evaluating the probe estimates
of cloud LWC and the median volume diameter for given tunnel settings. Varia-
tions of +10 % and +5 % in LWC and MVD, respectively, were determined of the

spray clouds between tests made at given tunnel settings (fixed LWC, MVD, and
airspeed) to indicate the cloud conditions were highly reproducible. Although
the LWC measurements from the JW and Leigh devices were consistent with the
tunnel values (determined from early work with rotating cylinders), the indi-
vidual probe measurements either consistently over- or underestimated the tun-
nel values by factors ranging from about 0.2 to 2. This range amounted to
factor of 6 differences between the LWC estimates of the probes for given

cloud conditions. For given cloud conditions, the estimates of cloud MVD
between probes were within T 3 pm in 93 % of the test cases. However, the

measurements systematically overestimated the tunnel values in the range
between 10 to 20 pm.

These results indicate the need for improving currently used calibration
procedures. Establishment of a test facility (or facilities) such as an icing
tunnel where instruments can be calibrated against known cloud standards would
be a logical choice. Also indicated is that direct LWC measurement devices
such as the hot-wire or constant temperature devices complement the probe
measurements.
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Comparisons of Several FSSPs Using a Spray Device

James E. Dye
Convective Storms Division

National Center for Atmospheric Research

Prior to the CCOPE field season a device which produces a droplet spray,
which can be blown past various sensors, was developed as a ground test unit.
A modified version of this device was used to compare the FSSPs at the
December 1981 FSSP workshop held at NCAR. For these tests, a distance from the
spray nozzle of about 60 cm and airspeeds of 60, 80, and 100 ms- 1 were used.
Variation of the water flow at six different settings gave a range of
concentrations from about 100 to 1200 droplets cm- 3 and mean diameters from
about 6 to 12 pm. Attempts during the workshop to produce spectra with larger
mean diameters were unsuccessful. An example of the spectrum measured by two
of the FSSPs in the midrange of the water flow settings is shown in Fig. 1.
All results presented below are 30 sec averages from those tests in which the
spray device was operating at constant airspeed and water setting, and
switched directly from one FSSP to another and back. We found, after the fact,
that day to day differences in room humidity caused differences in the
resulting droplet spectrum from the spray. Hence, only the side-by-side
comparisons can be directly compared. All data were recorded on tape by the
NCAR/Research Aviation Facility aircraft recording system (ARIS IV), and were
processed in the same manner by the RAF ground-based computer system.
Housekeeping information on total strobe, total resets, activity, and fast
resets (if applicable) were recorded for each probe.

The spray comparisons show that differences between probes in optical and
electronic characteristics, discussed in the other presentations in this note
(Baumgardner, p. 27; Dye, p. 31), lead to differences in the distribution
that each probe ultimately produces. Probes with similiar optical and
electronic characteristics tend to yield similiar measured droplet
distributions. Two series of figures for two separate pairs of comparisons are
shown in Figs. 2a - 2d and Figs 3a - 3d to illustrate some of the trends seen
in the comparisons.

Although the uncorrected concentrations (Figs. 2a and 3a) show good
agreement at low concentrations, the disagreement increases to as much as
30% (Fig. 3a) for the highest concentration. When a modified deadtime correc-
tion proposed by Baumgardner (this note, p. 61) is made to the concentration
measurements, differences are normally less than 15%.

Sizing differences between the various instruments are illustrated in
Figs. 2b and 3b for mean diameter and Figs. 2c and 3c for standard deviation
or spread of the spectrum. Figure 1 above shows the comparative distributions,
after the deadtime correction, for the same pair of instruments compared in
Fig. 2. As seen in these figures, shapes of the distributions were quite often
different. Currently, we do not fully understand the cause of these differen-
ces, but the optical configuration seems to play a role. One probe with the
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original FSSP optical configuration gave the smallest mean diameter and dis-
persion. The mean diameter may be sensitive to gain adjustment. The glass bead
calibrations of this probe show it to be generally below the other probes, and
about 1 pm low for the 10-15 pm beads. Probe 2 in Figs. 2 and 3 consistently
yielded the largest standard deviation or spread of the spectrum, perhaps as a
result of the 6 mm dump spot resulting in a larger minimum scattering angle
than the other probes (see Table 1 of Dye, this note, p. 31). The one ASSP
tested had a large minimum scattering angle, and yielded broader distribu-
tions. Relationships of this nature need further investigation.

The two probes shown in Figs. 2d and 3d measured nearly the same liquid
water content even though the mean diameters were quite dif fer-
ence in mean diameter appears to be offset by the differences in the standard
deviation. The liquid water contents presented in these figures were calcula-
ted using the modified deadtime correction for concentration, and the data
from all probes were processed using identical software and channel widths in
each range.

In conclusion these studies have shown that because of the complex
optical-electronic interaction in the FSSP, the optical characteristics and
electronic responses should be known for each probe, particularly if concen-
trations greater than 500 cm- 3 are to be measured. For concentrations greater
than a few hundred per cubic centimeter a deadtime correction is needed. The
exact form of this correction still needs further investigation.

Fig. 1- Thirty-second averages of
~ lo.@ I iL _ droplet distributions produced by two

13 1a L FSSPs measuring the output of the

o Pa L I X spray device operating at constant
z 1l 1 . airspeed and water setting. Probe 1

o0 L I is dashed. Both were in the 2-30 pm
,_ 1., .. 1 1 range. Droplet concentrations were
LLo :1 corrected using the modified deadtime.
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A Description of FSSP Auxiliary Variables
and Their Use

Darrel Baumgardner
Research Aviation Facilty

National Center for Atmospheric Research

Two auxiliary outputs from the FSSP were added to the Research Aviation
Facility's FSSP, enabling a more precise calculation of droplet concentration
as well as providing a useful monitor of the instrument's performance. Before
the addition of these new outputs, the FSSP only provided particle size
information strobed into the data system when the depth of field (DOF) and
velocity criteria were met. One of the new outputs provides a count everytime
a particle is detected within the DOF, and the other modification provides a
count for each particle detected outside the DOF. The summed counts over a
given period of time from these two outputs are referred to as the total
strobes and total fast resets, respectively. The sum of these two variables is
referred to as the total resets, a variable which some probes have been
modified to output rather than the total fast resets.

If the ratio is formed between the total strobes and total resets (called
the DOF fraction), and the particle distribution is assumed randomly distrib-
uted, then this ratio should be approximately equal to the ratio of DOF length
to total sensitive beam length. Changes in the DOF fraction will then be a
reflection of changes in the DOF, or in the total sensitive beam length. An
example of this parameter's utility is shown in Fig. 1. This figure shows the
DOF fraction plotted as a function of the total resets for one of the probes
tested during the December 1981 FSSP workshop. The two sets of data are from
the wind tunnel studies during that period and from field data. At particle
rates between 50 - 60 kHz, the field data show a large change in the DOF
fraction. The wind tunnel data demonstrate the same behavior but at a higher
rate due to the non-uniform spray distribution. In another presentation at the
symposium, (Baumgardner, page 28), this same probe was demonstrated to have a
faulty amplifier that caused the annulus gain to decrease more rapidly than
the signal gain (Fig. 3 of that summary). The effect of this malfunction was
to increase the DOF, verified by the increasing DOF fraction seen in Fig. 1.

A second example of this parameter's usefulness in spotting an instrument
malfunction is shown in Figs. 2 and 3. These plots are of the DOF fraction as
a function of total resets from two different field seasons of an ASSP. The
data points represent one second averages. During the second field season, a
routine DOF check revealed a drastic decrease in the DOF due to a positioning
ring misalignment. This change is seen when looking at Fig. 2, which is data
taken from the previous year's field season, and Fig. 3, which is data taken
during the field season that the errant DOF change were detected.
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A second parameter derived from the total strobe output is referred to as

the velocity acceptance ratio (VAR), calculated by taking the ratio of the

gated strobes and the total strobes. This provides the ratio of particles
meeting the velocity and DOF criteria to those meeting the DOF criterium
only. This ratio represents the fraction of the beam which should be used in
calculating the sample area. For probes which do not have the capability of

measuring this fraction, the manufacturer furnishes an empirically derived
number; however, as seen in Fig. 4, the VAR is not a fixed value, but may vary

from 30% to 60%. It becomes obvious then that concentrations calculated with a

fixed beam fraction may be in error by as much as ±15% in this particular
case. This fluctuation of the VAR is most apparent at lower concentrations,
becoming more stable as concentration increases.

Another use of the auxiliary variables is to estimate the amount of time

the FSSP is electronically inactive, or in the preferred terminology--the

deadtime. The schematics in Figs. 5a to 5c demonstrate the different condi-
tions that may cause the FSSP measurement of size to be distorted of concen-
tration information lost. There are two time periods of importance when

discussing coincidence and deadtime errors. The first period is the time taken
for a particle to transit the beam (the transit time); the second period is

the time taken for the electronics to size the particle, determine its
acceptability, and reset the peak readers. The first period is dependent upon
the particle's path through the beam and its speed. On the RAF probe, the
second period has two values depending on whether the particle passes in or
out of the DOF. The latter condition causes a delay approximately half that of
the former. The total electronic deadtime during a given period is then calcu-

lated by

Td = TS * Ti + FR *2 (1)

where TS is the total strobes, FR is the total fast resets, Ti and T2 are
their respective delay times. Particles entering the beam during the second
period will be ignored, and the concentration will be underestimated. These

are referred to as deadtime losses. Coincidence errors are caused by two or
more particles resident in the beam at the same time. The errors caused by

this condition are more complex and harder to compensate. Figures 5a to 5c
illustrate various types of coincidence errors. The two parts of each figure
illustrate the positions in the beam, and the relative signal and annulus
amplitudes caused by the location of the particles in the beam. In Fig. 5a,

particles are coincident in the DOF with the result being a single oversized
particle with an erroneously long transit time that will bias the velocity

average. Figure 5b illustrates the case of a second particle arriving outside
the DOF, while the first particle is still within the DOF. In this case the

first particle will be erroneously rejected. The third case shown in Fig. 5c
is a second particle arriving outside the DOF while the first particle is

still in the DOF; however, the second particle passes through the outer
extents of the sensitive beam such that there is not enough light scattered
into the annular optics to reject the first particle. The result will be an
overestimate of the particle size, and an extended transit time.
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Although these counting losses may be estimated using statistical tech-
niques, another way is to measure the total amount of time the probe is
actively processing particles, and use this variable to estimate particle
losses. Many of the FSSPs have been modified to provide this information by
running an "activity" clock that begins at the start of the particle's
entrance in the beam, and ends at the beginning of the reset pulse. These
clock counts are accumulated in the data system, and will provide a value
proportional to the FSSP's total processing time during any specific sampling
period.

The most commonly accepted method of using this activity count is through
the equation

Na = Nm/(l-A) (1)
where

Na = Actual particle concentration
Nm = Measured particle concentration
A = Activity fraction, the fraction of the total

sampling period that the probe was busy.

This equation is derived under the assumption that the particles are ran-
domly distributed, and enter the FSSP's sampling volume with inter-arrival
times characterized by a mean time of

= t/(Na-SVOL) (seconds) (2)
where

SVOL = sampling volume
= BL. beam diameter. true airspeed t

t = sampling period
BL = total sensitive beam length

The counting rate is

Pr = 1/p (counts/second) (3)

Given a counting rate of Pr, then during an active period,T, the
average number of particles that would be expected to enter the beam during
this time is

ne = Pr.T (4)

The number of particles that caused this activity period is measured by
the probe and is given by

nm = Nm SVOL (5)
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To calculate the actual concentration from the measured concentration

Na = Nm + ne/SVOL
= Nm + Pr T/SVOL
= Nm + (T.SVOL/t)/SVOL
= Nm + A.Na (6)

where A= activity fraction = T/t

this formula may then be rewritten in the form of (1).

Those who have used this correction, when the activity fraction is
greater than 0.5 , find that the correction appears to be excessive, giving

values which seem intuitively incorrect. PMS conducts wind tunnel tests to

relate the activity fraction to actual concentration, and has concluded that

the activity fraction needs to be multiplied by some fraction that typically

ranges from 0.5 to 0.8. The need for such an additional correction is not

immediately understandable.

To better understand the response characteristics of the FSSP, I wrote a

simulation program to study the FSSP's response to various environmental

conditions. During the use of this simulation, the necessity of the additional

correction factor became apparent.

Equation (1) is only correct if particles pass through the beam instan-

taneously during the previous particle's transit and deadtimes. Since this is

not the case, the use of the total activity fraction leads to an over-estimate

of the particle concentration. This over-estimate is due to two effects:

1) The activity includes the times during which the particle passes

through the beam. If one or more particles are coincident then

this transit time will be extended; erroneously increasing the

activity period.

2) Not all particles entering the DOF during the deadtime will be

ignored as assumed in the derivation of (1). If a particle is

still in the beam when the probe resets from the previous particle,

then it will be detected, though possibly undersized. Thus, these

particles haven't really been lost, and are already included in the

measured concentration.

The correction to the activity can be estimated statistically, and an

effort is being made at this time to do so. It is obvious that a number of

variables affect its magnitude, including such things as beam geometry, slow

and fast reset times, and airspeed. Results from the FSSP simulation

(Baumgardner, p. 61 this note) indicate correction factors typically on the

order of "0.55.

In conclusion, the use of the total strobes and total fast resets allow

monitoring of the FSSP's performance and improves concentration calculations

through the more precise measure of the sample area and the electronic dead-

time. These corrections, however, are probe dependent and more studies need to

bOwde as to the method and magnitude of deadtime and coincidence correc-
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A Computer Simulation of the Forward Scattering Spectrometer Probe

Darrel Baumgardner
Research Aviation Facility

National Center for Atmospheric Research

The Forward Scattering Spectrometer Probe (FSSP) has proved to be an

invaluable instrument for examining cloud particle distributions. However,
several problems exist that hamper the interpretation of the data from these
probes. There is a complex interaction which takes place between the FSSP and
the cloud particles that it measures. This interaction is difficult, if not
impossible, to assess intuitively or analytically, yet it has a major impact
upon the measured size and concentrations of the particles. This lack of
understanding led to the development of a computer simulation dynamically
modeling the response functions of the FSSP.

The circuit diagrams provided with the FSSP were studied carefully, and
the probe's operating principles and timing sequences were verified by bench
tests. The dimensions and corresponding light scattering intensities of the
laser beam were measured with a 25 pm nylon fiber. Jim Dye also mapped the
laser dimensions with 20 pm diameter droplets.

The model can be classified as a discrete event simulation utilizing a
next-event time advance (Law and Kelton, 1982). The simulation may be simplis-
tically viewed as a single service queueing system. The inter-arrival times of
the cloud particles are independent identically distributed random variables.
The inter-arrival times are selected from an expontential probability
distribution with a mean of

p = (concentration.sample volume)- 1

The flow chart shown in Fig. 1 outlines the procedure by which particles are
introduced to the probe. The subsequent events are dependent upon where the
particle enters the beam, and the relationship in time and space to the pre-
vious particle.

The sequence of events is straightforward when a particle enters the beam
a sufficiently long enough time after the previous particle to preclude any
coincidence or delay time interactions. The situation becomes more complex
when the particle enters the beam while the previous particle is still in the
beam, or when the delay period is still active. Following the various paths on
the flow chart, one may see that the particles may pass undetected during the
deadtime or transit period of the previous particle, or may be rejected erron-
eously due to particles existing simultaneously in and out of the DOF. It is
these types of counting losses for which corrections are necessary when
dealing with actual data.
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The simulation was run for three particle speeds, 60, 80, and 100 ms -1.
At each speed a series of ten concentrations were run, ranging from 100 to
1000 cm 3 . Ten thousand particles were generated for each concentration before
terminating a run.

As one check of this model, comparisons were made between data collected
with the FSSP on research flights, and data produced by the simulation.
Although more rigorous procedures are planned for testing the model, these
comparisons provided a good first-pass verification. Figure 2 illustrates a
comparison of the electronic deadtime as a function of the total strobes. It
may be seen that the simulation data, represented by the regression line,
match the actual data closely. The lower slope value most likely is due to the
uncertainties involved with accurately measuring the sensitive beam geometry
for input to the model.

As a measure of particle losses due to coincidence and deadtime, the per-
cent difference between the actual and measured concentration was calculated
and plotted as a function of the electronic deadtime. The equation of the
best-fit line when forced through the origin takes the form

lOONa-Nm/Na = m. Deadtime (%) (2)

where Na and Nm are the actual and the measured concentrations, respec-
tively. m is just the slope of the line. This equation may be rewritten in the
form

Na = Nm/(1-m.Deadtime/100) (3)

This form of the equation is commonly used to obtain corrected concentra-
tions. The value of m has been a point in question as the theory would predict
a value of unity. The simulation resulted in a slope value closer to " 0.6
(Fig. 3), agrees with empirical studies by PMS. The question that remained was
the reason that m was not 1.0.

By partitioning the different types of coincidence events, it was dis-
covered that (3) provided an overcorrection if m was set to 1. The reasons are
summarized above. It was through this simulation that these conclusions were
reached. It was observed that many of the particles entering the FSSP during
the deadtime were still resident in the beam when the electronics were reset,
and thus were not actually lost.

In conclusion, the FSSP simulator proves to be a useful tool in under-
standing some of the complexities of FSSP/particle interactions, and has added
insight to properly correcting for particle losses due to coincidence and
deadtime. Future work with this simulation will include looking at maximum
sampling rates of the FSSP, and the effect of coincidence on spectral broaden-
ing and mis-sizing of cloud particles.
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Intercomparison of PMS Particle Size Spectrometers

D.R. Jensen
Naval Ocean Systems Center

San Diego, California

An intercomparison of eleven PMS aerosol size spectrometers was conducted
to assess their measurement accuracy, reproducibility, and usefulness for des-
cribing the effects of marine aerosols on atmospheric transmission. Extinction
coefficients calculated from measured particle size distributions were com-
pared with transmissometer, interferometer, visioceilometer, polarnephel-
ometer, and horizon contrast photometric measurements. A brief summary of the
intercomparison data is presented. PMS measured aerosol size distributions
were found to agree within an order of magnitude for visibilities encountered
between 12 and 51 km. Extinction coefficients computed from the PMS measured
aerosol distributions agreed within a factor of two to three with the other
extinction measuring devices previously listed.
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Detection of Submicron Haze Particles with the
Forward Scattering Spectrometer Probe

Edward Hindman1

Research Institute of Colorado
Fort Collins, CO 80526

Introduction

The detection of marine haze particles using satellite imagery is being

investigated by Hindman et al. (1982). The Forward Scattering Spectrometer

Probe (FSSP) has been used to measure the haze particles at the times of the

satellite passes. The FSSP was mounted onboard an aircraft which contained an

active scattering spectrometer probe (ASASPX) as described by Hindman (1982).

It was found that, at the coincident size between the two probes (0.5 pm

dia.), the numbers of particles were systematically underestimated by a factor

of 3.2. This factor is primarily due to particle sizing errors.

Results

The simultaneous ASASPX and FSSP data reported by Hindman and Sinclair

(1982) and Hindman et al. (1982) were used in this investigation. A represen-

tative set of data are shown in Fig. 1. It can be seen that, at the coincident

size between the two probes (0.5 pm diameter) there is a discontinuity in the

size distribution; the abrupt slope change as denoted by the dashed lines in

Figure 1. The solid lines in the figure are hand-drawn to the data and are be-

lieved to be more reasonable than the dashed lines. The difference in par-

ticle concentrations between the solid and dashed lines curves at 0.5 pm

diameter, for the 9 sets of data available, was an average factor of 3.4+0.4.

Discussion

The discrepancy of slopes at 0.5 pm between the ASASP and FSSP data can

be due to particle losses and sizing and counting errors. Hindman (1982) has

shown that the losses of 0.5 pm particles for the cabin-mounted/ASASPX were

negligible. The wing-mounted FSSP also had negligible losses. Further, the

particle concentrations were sufficiently low that counting errors were small

(coincidence errors begin at N(d>0.09 pm) = 10 x 104 cm- 3 for the ASASPX and

at NO(d>0.5pm) = 1500 cm- 3 for the FSSP, (Horn, 1982 personnel communica-

tion). Consequently, the discrepancy was most likely due to sizing errors.

Apparently, the probes were undersizing; the probes were detecting somewhat

larger particles as 0.5 pm particles.

A similar discrepancy is apparent between the data from the ASASPX and
FSSP reported by Barrett et al. (1979) from airborne aerosol particle measure-

ments. Their data contains a change in slope at 0.4 pm diameter which was the

interface between the ASASPX and FSSP data. They did not use ASASPX data with

diameters >0.4 pm due to possible wall losses. They did not address possible

sizing errors.

1 On leave from the Department of Atmospheric Science, Colorado State

University, Ft. Collins, Co.
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Cloud condensation nucleus (CCN) measurements were made simultaneously
with the ASASPX and FSSP particle measurements as reported by Hindman and Sin-

clair (1982). The particle measurements, corrected using the factor of 3.4,
were used to calculate CCN spectra following a procedure developed by Fitz-
gerald (1973). The measured and computed CCN spectra agreed in the region
corresponding to the 0.5 pm particle measurements (the extreme left-hand data

points in Figure 2). This agreement supports the factor of 3.4 correction to

the particle data.

Conclusions

The FSSP can detect submicron haze particles. The concentrations of the

particles of 0.5 pm in diameter ae underestimated by a factor of about 3.4.
This factor is probably due to the probe sizing somewhat larger particles as

0.5 pm particles.
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Calibration and Comparison of OAPs
Using Oil Coated Slides

M.K. Politovich
University of Wyoming

Laramie, Wyoming

One of the major uncertainties in the operation of the PMS 1D-C and 2D-C

probes is the uncertainty of the depth of field (DOF) for particles less than

approximately 100 pm diameters. At the University of Wyoming we have used oil-

coated impaction slide data in the laboratory, in a wind tunnel, and on a

research aircraft, as an aid in studying the problem. Glass microscope slides

are coated with mineral oil upon which ice particles or glass beads are
collected and later photographed. These provide valuable information, not only
on crystal concentration and size, but also on riming, habits, and internal

structure. However, the uncertainty of collection efficiencies and the collec-

tion of overabundant crystals are problems associated with this method.

The problem of DOF determination at small sizes is at the same time one
of mis-sizing and undercounting of particles which are out of focus. Using a

movable aperture, the counting efficiency and sizing accuracy of the 1D-C and

2D-C probes, along the laser beam length were determined by comparing the size

distributions with those obtained by direct measurements of beads captured on

the oil coated slides. For these tests, it was assumed that the counting effi-

ciency at the beam center (the focal plane) was 100%, as we had no reliable

method of determining this. Measurements away from the center were normalized

to this value. An attempt was made to produce approximately the same amount of

beads during each test run.

The results for the ID-C are shown in Fig. 1. Four sizes (actually size

ranges- the mean diameter of each sample is given) of beads were used. As an

example, for a mean bead size of 106 pm, "0.1% of the beads were sized in the

80 pm bin, P12% as 100 pm, 21% as 120 pm, etc. There is some degree of spec-

tral broadening; the bead samples were not monodisperse, but the actual spec-

tral shape was taken into account when deriving the figure. The total percent

detected along the entire beam is also given (e.g., 56% for 106 pm beads).

During the winter of 1979, 11 0-H slides were used
the ID-C probe data to determine an "effective depth of
sizes. The crystals on the slides were sized into 20 ym
the ID-C, so that bin-by-bin comparisons could be made.

then given by:

for comparison with
field" for small
bins to match those of
The effective DOF is

DOFe = 6.1 mm x ei

where
i = # counted by 1D-C

# counted by 0-H

for each bin (i = 1-15)
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The derived DOF's are presented in Fig. 2. Due to the small number of
comparisons and the small numbers of particles counted, the error bars are
quite large. The mean values are consistent with, but larger than, those given
by the manufacturer in the probe manual; however, this result can be expected
due to the low airspeeds in the wind tunnel (s22 ms )

The effects of using different correction schemes in data analysis is
shown in Fig. 3. The PMS corrections may overcorrect the small sizes; using no
corrections tends to make concentrations there too low, as we have observed in
many cases. The answer probably lies somewhere in the middle. The 0-li compari-
sons were an attempt to define these more precisely. (perhaps use of these
corrections at sizes less than approximately 100 pm and a constant DOF of
6.1mm is most appropriate.) However, only 11 slides were available for the
comparisons. For any future calibration work of this sort, we will certainly
attempt to collect more slide data, and possibly collect different ice crystal
habits in order to determine the effect of crystal habit on counting
efficiency.
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o 260/im 70% detected
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Measurement Problems in the Overlap Region Between
The Scattering Probes and the ID Cloud Probe

R.S. Anderson
Meteorology Research, Inc.

Altadena, California

Since the introduction of the PMS probes, users have been aware of the

difficulties in matching the measurements between the scattering probes and

the optical array probes in the droplet size interval of 30 pm to 50 pm. The

low concentration of droplets in this size range in natural clouds compounds

the measurement problem. To my knowledge no satisfactory way has been found to

treat PMS data in the overlap region.

Recently MRI has attempted to characterize the droplet size distribution

of "clouds" generated by various commercial and experimental "fog" nozzles. We

have found artificial clouds tend to have droplet size spectra that extend

from the 10 pm region to well beyond 200 pm. Standard data reduction methods

invariably lead to bimodal distributions with a peak on either side of the

probe overlap region. Several examples are presented.
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Observations of Ice Crystals Using 2-D Probes and Holography

Martin Ouldridge
U.K. Meteorological Office

presented by
Roderick Brown

U.K. Meteorological Office

Besides the subject matter described in the title this presentation also
included an unrelated description of some work on the small drop response of
the 2-D precipitation probe.

2-D Cloud Probe - Holography Intercomparison

Figure 1 shows the cumulative size distributions obtained with the 2-D
cloud probe and the Meteorological office holographic camera in a dense Cb
anvil. A 10 s mean distribution from the cloud probe is compared with the data
from one hologram, sample volume "0.2 1. The crystal size is represented by
the maximum dimension of each image (Dmax). Corrections have been applied to
the 2-D data for uncertainties in sizing and reduced depth-of-field in the
lowest channels. For example a crystal occluding one photodiode has a
corrected Dmax of 40 pm and a depth-of-field of 0.3 cm. Further details of
the corrections applied may be obtained from M. Ouldridge. The error bars at
the small size end of the distribution represent uncertainties in the
corrections whilst for larger sizes and on the holographic distribution they
represent statistical sampling errors. In particular the apparent excess of
crystals with diameters around 0.3 mm seen on the holographic distribution is
a statistical artifact. Within the accuracy of the data the distributions are
in good agreement.

A feature of all holograms exposed within the anvil was a high concentra-
tion of small (Dmax ~ 40-100 pm) crystals within 6 cm of the surface of the
wing pod which were absent at larger distances and were not seen by the 2-D
cloud probe. Since the mass of ice did not appear to vary with distances from
the surface, a plausible explanation is that larger crystals were shattering
upon impact with the wing pod. Only crystals > 8 cm from the pod surface were
used in obtaining Fig. 1 and the 2-D probe sensitive area is about 25 cm from
the surface.

Small-drop Response of the 2-D Precipitation Probe

Some of the experimental and theoretical work reported by Knollenberg
(1976) has been repeated. The main motivation was to present the results in a
different form. Knollenberg produced simple corrections to nominal channel
sizes. Here the results are presented as probability distributions which can
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be used with mathematical inversion techniques to deduce the true size distri-
bution from the measured number in each channel (Yi).

Yi = fN(D).Pi(D).V.A.t.dD (1)

where V is the aircraft velocity, A the sampling area, N(D) the number of
drops with diameter between D and D+dD and Pi(D) is the probability of a

drop with diameter D giving a count in channel i. Yi is measured but ideally

N(D) is required so that complete knowledge of Pi is essential.

The laboratory study involved passing small glass beads (V = 25 ms 1 )
repeatedly through the precipitation probe's sampling area by spinning them
with a small motor to which they were attached to single strand of dental
floss. Then

Pi(D) = ni/M

where ni is the number of events with i photodiodes maximum occluded and M

is the expected total number from the known rotation rate. The experimental
values of Pi are plotted as numbers in Fig. 2 against D which is the photo-
diode spacings (s 200 pm). Each number represents the maximum number of photo-
diodes occluded, 0 represents the zero area event and X a missing event. For
example a bead of 1.5 diode spacings diameter has about a 25% probability of
producing a zero area event, 55% probability of occluding 1 photodiode and a

20% probability of occluding 2 photodiodes.

The curves in Fig. 2 show the results of calculations for spheres follow-
ing the lines suggested by Knollenberg (1976). They are annotated above as
representing the probability of a missing event, a zero event, one photodiode
occluded, etc. Reasonable agreement is seen with the experimental results. The

Backus-Gilbert technique has been used successfully to invert (1) using the
theoretical Pi(D) functions.

Unfortunately the present work does not transfer to the cloud probe. It
is difficult to find a support for a 25 pm diameter bead which is not 'seen'
by the cloud probe. Also the neglect of diffraction effects in the calcula-

tions is not valid for the cloud probe.
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An Automatic Method of Pattern Recognition for 2D Images Based on Radial
and Harmonic Analysis of Image Outline

M.C. Duroure
Laboratoire Associe de Meteorologie Physique

Aubiere, France

The density of information collected for each hydrometeor sampled by 2D
probes leads to a large quantity of data recorded during each flight. Manual
processing is thus over-whelming for all but specific portions of the data. An
optimal use of these probes requires the development of automatic processes
able to extract the dimensions and patterns of each sampled object. The auto-
matic recognition of 2D images is in part similiar to other problems in
pattern recognition; however, the collected raw images often have some typical
defects which require careful treatment:

-firstly, truncated images of partially sampled hydrometeors;
-secondly, poorly digitized images due to the sampling of partially

transparent ice crystals (like pristine plates), or due to the
sampling of crystals with diffracting fine structure (like stellar
with dendritic growth).

These two kinds of image defects require, as opposed to standard pattern
recognition problems, a preprocessing which is able to partially rectify and
reconstruct the missing information.

An automatic pattern recognition of 2D images, including this kind of
preprocessing has been developed:

-the first stage of this treatment is a radial analysis of the image out-
line. The raw image is a cartesian pixels matrix (zero or one). After the
radial analysis, the initial information is condensed into sixty-four values
of the outline radius of equally spaced sectors. When centro-symmetry can be
detected on the recorded part of the truncated images, reconstruction of the
total outline is made using this symmetry.

-The second stage of the treatment is the extraction of the shape
discrimination parameters of the image. The shape discrimination is based on
the detection of angular periodicity of the outline. To do so, a Fourier
transform of the outline radius is used.

The images of crystals with well-marked angular periodicity, like columns
or stellars (with 27 /2 and 2wr/6 periodicity) are easily discriminated by the
magnitude of the relative amplitude at the corresponding frequency in the
Fourier spectrum. Furthermore, the spectral information is used to discrim-
inate the non-periodic shapes such as graupels, agglomerates or irregular par-
ticles. This is possible because of the ability of the Fourier transform to
detect the amplitude and angular scales of the image outline fluctuations.
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To illustrate this schematic description, Fig. 1 presents the result of
the two preprocessing stages on some data collected during research flights
for six typical hydrometeor shapes.

- The raw images are shown on the left of each set. (1)
- Synthetic images, constructed from the sixty four values of the outline

radius are shown in the middle. (2)
- The first twelve amplitudes of spectral harmonics (arbitrary units) are

shown on the right of each set. (3)
- The different shapes of particles are characterized by a well defined

harmonic spectra which is nearly independent of the dimension, orientation and
truncation of the original images.

These examples display the ability of this treatment to identify a correct
feature from nearly half-truncated or partially digitized images.

- The last stage of the treatment is the shape class assignment. It uses
a classical method of "shape vectors" in the vicinity of pattern domains in a
"shape space".

Up to now, the spectral information is used to construct a simple three
dimensional shape space. The three parameters are:

- The amplitude of the second harmonic,
- The amplitude of the sixth harmonic,
- The sum of the first six even harmonics

Each harmonic is normalized by the mean radius.

In this so-defined three dimensional shape-space, the pattern domains
have been constructed with the use of simulated images with various shapes,
random sizes, positions and orientations. To estimate the automatic pattern
recognition efficiency, a comparison has been made between the result of the
treatment and the result of visual classification on field data. The global
efficiency for all of the recognized shapes is better than 80%. In this case,
the mean speed of treatment is about 20 images/sec. on a minicomputer Hewlett-
Packard HP 1000 without any software speed optimization.
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2-D Real Time Image Processor

Philip G. Stickel
Aeromet, Inc.

There are many advantages in using the Particle Measuring Systems' two
dimension optical array probes for cloud microphysical measurements. One of
the major shortcomings of the probes has been the ability to process and char-
acterize the particle image data through computer software. Viewing the images
with the eye can assimilate and filter the data much easier than a computer
program. In the late seventies, many users were developing very complex and
timely processing techniques to reduce the data on large mainframe computers.
These data reduction programs generally operated less than real time. It was
for this reason that Aeromet, under a contract to the Air Force Geophysical
Laboratory, designed, built and used operationally a real time image processor
(RTIP) to calculate, by hardware in real time, image characterizing param-
eters. The RTIP information was recorded on the 2-D data tape along with the
PMS image data and has been the foundation for the majority of our later 2-D
analysis programs.

The RTIP system consists of 16 printed circuit cards that are installed
in the spare card slots of the PMS Data Acquisition System (DAS). The system
intercepts the incoming data from each 2-D probe and computes several image
characteristics. A 64 bit delay is inserted into the data flow to look for the
housekeeping data found after each image. Once the end of the image is acknow-
ledged, the RTIP information is then written as two 32 bit words just ahead of
the housekeeping data. Thus it is written over blank data and does not change
the 2-D record length, nor alter any of the information routinely used by
others in processing 2-D data.

The RTIP contains several counters which accumulate the area, length,
perimeter and other characterizing parameters. If one uses the convention that
the top of the image, which corresponds to diode one, is the north end
element, the sides of the image can be related to compass directions. Using
this representation, the RTIP parameters can be defined as follows.

1. XMAX - flag set if maximum "x" equals or exceeds 64
2. North end element count - total image elements along the north

edge
3. South end element count - total image elements along the south

edge
4. Area - total number of image elements contained within the image
5. ID - binary "01" for cloud probe, "10" for precipitation probe
6. North perimeter - total image elements with northern exposure
7. East perimeter - total image elements with eastern exposure
8. Maximum "x" address - eastern most image element
9. Maximum "y" address - southern most image element
10. Minimum "y" address - northern most image element
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The processing of the RTIP information can provide an entire spectrum of
output parameters. The processing techniques have been designed to allow max-
imum flexibility in artifact rejection criteria, image to equivalent melted
diameter conversions and roughness measurements. Some of the current artifact
rejection criteria include;

1. Area greater than or equal to 50% of 32 x 64 area,
2. End element rejection,
3. Aspect ratio (LX/LY) greater than 6,
4. Area equal to zero,
5. Measured area less than 40% of computed rectangular area (LX xLY)

The conversion from image size to equivalent melted diameter (EMD) enter-
tains the option of using the 1-D equivalent diameter (LY) or area to EMD. The
processing of ice crystal information will continue to be developed to provide
the most accurate reduction methods available.

The development of the RTIP has provided Aeromet, Inc. with the avenue to
achieve real time processing of 2-D data on a minicomputer. Although the
original design was for an airborne processing capability, the RTIP informa-
tion recorded on the data tape has provided the foundation for our post
processing software.
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Comparison of JW Liquid Water Measurements from Two Aircraft

Todd A. Cerni
Department of Atmospheric Science

University of Wyoming

R. S. Schemenauer and J. W. Strapp
Atmospheric Environment Service

1. INTRODUCTION

Large field projects involving the use of multiple aircraft have become
an increasingly important segment of atmospheric science research over the
past 10-15 years. Among the objectives of such projects is the one for
testing, evaluation and intercomparison of aircraft instrumentation. Grossman
(1977), Moss and Merceret (1977), Lemone and Pennell (1980), Merceret (1981)
and others have addressed this question with respect to certain types of air
motion sensing. However, the comparable question with respect to cloud micro-
physical measurements has received little attention in the literature. The
latter problem is the more difficult of the two since it involves greater
atmospheric horizontal inhomogeneities and since formation flying through most
clouds is not possible.

During the HIPLEX 1 field program it became apparent that there were seri-
ous questions regarding the reliability and accuracy of liquid water measure-
ments. It was believed that some of the most important liquid water measure-
ments might be in error by as much as a factor of 2. This paper presents mul-
tiple aircraft, liquid water intercomparison data and relates these measure-
ments to wind tunnel work done with the same sensors. Only the Johnson-
Williams (JW) hot-wire instrument will be discussed here: a description of
the instrument can be found in Merceret and Schricker (1975).

2. DISCUSSION

During the 1980 HIPLEX season, establishment of the reliability and
accuracy of aircraft liquid water measurements became a priority. Two of the
participating aircraft, a Beechcraft Super King Air operated by the University
of Wyoming and a DHC-6 Twin Otter operated jointly by the National Aeronauti-
cal Establishment and the Atmospheric Environment Service of Canada, conducted
coordinated serial penetrations through about 20 cumulus congestus and cumulus
humulus clouds. The best intercomparison data between aircraft can be
achieved by formation flying. This is particularly true for microphysical
measurements in cumulus clouds because of their great spatial and temporal
variability. However, safety considerations prohibit formation flying through
cumulus clouds. Considerable time and effort was expended to develop a flight
plan for serial penetrations which would yield meaningful intercomparison

'HIPLEX (High Plains Cooperative Program) was a long term cloud physics and
weather modification project, conducted during the summer months and
sponsored by the U.S. Bureau of Reclamation, which terminated in 1980.
The data presented here were collected at the Miles City, Montana site.
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data. The plan adopted was for the slower aircraft (Twin Otter) to select a
suitable looking cloud. Then the faster aircraft (King Air) would pass the
slower aircraft on the way to the cloud and penetrate first, on the same
heading and at the same altitude. With the faster aircraft in the lead, there
was no compromise of safety. After some practice, this procedure achieved
serial penetrations which where separated by only 10-20 seconds at the front

edge of a cloud.

Of the approximately 20 clouds sampled in this fashion, 14 were origin-
ally selected for careful analysis on the basis of similarity of the analogue
traces of aW liquid water content. Later analysis reduced the acceptable
number of clouds to 10. If the JW analogue signatures from each aircraft were

sufficiently similar, it was decided that the two aircraft had penetrated
sufficiently similar portions of the cloud to yield meaningful intercomparison
data. The analogue signatures for the 10 acceptable clouds are displayed in
Figure 1. Figure 2 displays the same for the other 4 clouds and is included

to demonstrate the difficulty of obtaining good intercomparison data even with
a carefully conceived and executed flight plan. Table 1 includes certain tab-

ulated data and Figure 3a is a plot of the pass averaged JW liquid water con-
tent for the 10 clouds.

From Figures 1, 3 and Table 1 it can be seen that the JW liquid water
content measured with the King Air shows fairly good agreement with but
appears to be consistently less than that measured with the Twin Otter. It
should be mentioned that Spyers-Duran (1968) indicates that the collection
efficiency of the JW decreases for drops > 30pm in diameter. However, the
summer cumulus clouds of eastern Montana have very few drops in that size
range (Schemenauer et., 1981; Cerni and Cooper, 1980). Three possible causes

for the relative errors were identified: 1) JW placement on the aircraft was
very different for these two aircraft and one or both measurements may have

been altered by the disturbing effects of the aircraft platform; 2) the
instruments, though calibrated on the ground according to the manufacturer's
instructions, may have errors which had not been accounted for; 3) there may
have been software errors in the aircraft data systems. In November 1980 both
instruments were tested in a high speed, wet wind tunnel. The results, repor-
ted by Strapp and Schemenauer (1982), showed both instruments to have small,

but significant errors which showed a dependence on both temperature and air-
speed. For the present data set, for the JW mounted on the Twin Otter, the
wind tunnel calibrations performed at 77m/sec and -5°C are the most
applicable:

T = .88J + .080, (1)

Where T is the tunnel and J is the Johnson-Williams liquid water content in
gm- 3 . For the JW mounted on the King Air, the best choice is to average the
wind tunnel calibrations performed at 103m/sec and +5°C with those at 103m/sec
and -5°C:

T = .88J + .139. (2)

When (1) and (2) are applied to the data set, the agreement (Figure 3b and
Table 1) is truly remarkable considering the difficulties inherent to such
aircraft comparisons.
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3. CONCLUSIONS

The Johnson-Williams instrument is a rather old design and subject to
errors caused by DC offest drift, temperature, airspeed and other sources
(Strapp and Schemenauer, 1982). Better designed hot wire devices are now
available (Merceret and Schricker, 1975; King et al., 1978). However, wind
tunnel calibrations and carefully conducted serial cloud penetrations by two
aircraft yield very consistent results for the JW. In addition, the JW flown
on the King Air has been shown capable of producing adiabatic liquid water
contents in adiabatic cores of cumulus clouds (Boatman, 1981). Consequently,
a properly calibrated, aircraft-mounted JW instrument should be considered
capable of yielding reliable liquid water measurements with an average (over
many clouds) accuracy of greater than or equal to about O.lgm - 3.
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Table 1

Temp Cloud base
(°0 ) (°C)

-1 6.7

-1 6.7

0o 8.o

1 8.0

1 8.0

1 8.o

-2 7.0

-3 7.0

-3 7.0

-3 7.0

Ad i abat i c
LWC (gm- 3)

1.76

1.57

1.62

1.64

1.64

1.65

1.81

1.83

1.83

I .84

Peak JW
(gm-3)

.62

.98

.24

.38

.64

.78

.64

.58

.93
1.62

.40

.50

.87

.86

.32

.38

.90

.85

.47

.56

Ave. JW
(gm-3)

.21
.40

.14

.20

.26

.28

.30
.31

.57

.78

.19

.28

.40

.46

.15

.17

.44
.48

.25

.37

Ave. Cortecled
JW (qm- 3)

.32

.43

.26

.26

.37

.33

.40

.35

.64

.77

.31

.33

.49

.·48

.27

.23

.53

.50

.36
4.

Cloud ff
this study

2

3

4

5

6

7

8

9

10

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

KA
TO

Cloud #
field work

OS32

OS34

OS51

OS52a

OS52b

OS53

0S64

0S66

OS67

05S68

Date

16 June

16 June

19 June

19 June

19 June

19 June

21 June'

21 June

21 June

21 June

JW sensor
head ff

235
275

235
275

261
275

261

275

261

275

261

275

227

275

227

275

227

275

227

275

TAS
(ms- 1)

109
81

103
83

88
77

89
86

92
87

92
86

91
75

100
80

110
85

96
80

00
Ln
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cloud for the 10 clouds included in this study. The heavier of the two lines
refers to data collected with the Twin Otter and the lighter to data collected
with the King Air. Figures la-j refer to clouds numbered 1-10 respectively,
as listed in Table 1.

2

v}

E
0'

3

0

0~

2

*E

-3

1

0I-Of



- 87 -

o0 t i /~ ' I i I I 4, I I.2 40 I 2 3 40 I 2 3 40 1 2 3 40 1 2 3 4

DISTANCE (km)

Fig. 2 a-d

Fig. 2. Examples of
front edge of cloud for 4
of insufficient agreement
lines are as in Figure 1.
field as OS35, 0S47, OS63

1.Or I I I I I

Ii

E

0'

z

0.5

JW liquid water content versus distance from the
clouds which were dropped from the sample-because
in liquid water signatures. The dark and light
Figures 2a-d represent clouds numbered in the

and 0S65 respectively.

, X- 1.0 X"-\-\-"' ['1 -' -'

, 0.5 -

-/- ,

TWIN OTTER JW (gm - 3 )

Fig. 3a

1.0

TWIN OTTER JW (gm- 3 )

Fig. 3b
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Ground Test of Several J-Ws used in CCOPE

James E. Dye
NCAR

Although the Johnson-Williams (J-W) hot wire liquid water content
meter has been in use for many years, until the recent calibrations in the
National Research Council of Canada icing tunnel in Ottawa (Strapp and
Schemenauer, 1981) there have been few direct calibrations of individual
units. The primary calibration has been an electronic one performed by the
manufacturer. In preparation for CCOPE each of the units, which were to be
used on aircraft, were calibrated in the Ottawa facilty. However, it was
recognized that there was a need to be able to check the calibration of the
sensors in the field during CCOPE. As a result the NCAR spray calibrator
was developed. A similar device was constructed at the South Dakota School
of Mines and Technology and reported by Johnson and Leigh in the December
issue of the Newsletter on Developments of Airborne Cloud Physics Instru-
ments .

The calibrator uses a spray nozzle which is commercially available
from Spraying Systems, Inc. (1/8 JJ series with the J1050 water cap and
J67147 air cap). The nozzle, which uses compressed air to atomize the
water, is housed in a two inch diameter cylindrical tube. A blower driven
by a 28 volt DC motor is used to blow the spray past the J-W sensor head.
A schematic drawing of the calibrator is shown in Fig. 1. The distance of
the spray nozzle from the J-W was set at 16.5 cm as a compromise to reduce
evaporation of the droplets, and to minimize the collection of the spray on
the tube in front of the J-W but to allow time for acceleration of the
droplets to speeds near that of the air before reaching the position of the
J-W. An example of the droplet distribution produced by the device is
shown by Dye in an earlier paper (p 51) of these summaries.

In order to control the flow of water through the nozzle and hence
liquid water content, it is necessary to regulate the air and water pres-
sure. In the current version the supply pressure for both air and water
pressure is maintained at 30 PSI. A flowmeter (Brooks Shorate R-2-15-D
with stainless steel float) with needle valve is used to monitor and con-
trol the flow of water. Since the viscosity of water is temperature depen-
dent, the readings of the flowmeter need to be compensated for temperature
in order to maintain a constant water flow rate. To minimize rapid temper-
ature variation of the water entering the flowmeter, we have housed the
pressurized water reservoir and the flowmeter in a styrofoam box with a
small window for viewing the flowmeter scale.

For use in CCOPE a secondary calibration of the spray device was
obtained by using the NCAR/NOAA sailplane J-W hot wire meter which had been
calibrated in the NRC icing tunnel. Curves were determined as a function
of temperature for four liquid water content values --- 0.5, 1.0, 1.5, and
2.0 g m-3 . (Fig. 2).
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The device described above was operated at 50 m sec- 1 on the ground
during CCOPE to check on the calibration of the J-W devices on the differ-
ent aircraft. The results obtained were interesting but disappointing and
are presented in Table I. Columns 1 thru 4 represent liquid water contents
of 0.5, 1.0, 1.5, and 2.0 g mn3 . For some of the aircraft the spray tests
proved to be useful and meaningful checks on calibration. For other air-
craft, particularly the faster flying aircraft, the values obtained using
the spray device were appreciably and consistently below the values expec-
ted based on the manufacturer's calibration and the NRC wind tunnel tests.

Checks were made using a J-W provided exclusively for this purpose by
NCAR's Research Aviation Facility (RAF) to be certain that the calibration
of the spray device was not changing. These checks as well as the checks
using the J-W on the sailplane showed the day to day readings to be repeat-
able within at least 20%. Tests extending over the past year with a J-W
from the RAF and one from the Atmospheric Environment Service of Canada
have also shown the calibration of the device to be stable within these
limits.

Thus, the difference between probes appears to be a result of the
probes themselves. Currently we do not have a good explanation for this
difference in behavior. Since the problem seems to be primarily with the
probes from the faster flying aircraft, we might speculate that the differ-
ence is due to a higher and perhaps inappropriate wire temperature. The
spray device was operated at 50 ms , which is far below the usual opera-
tional range of those aircraft that gave low values. Further studies are
planned.
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TABLE 1 (CC' T'D)

RT SPRAY LES 1GROUN;D SPRAY TESTS DURING CCCPE
TYPICAL

AIRSPED HEDA/C (I/SEC) HEAD
TYPICAL
AIl FSPEED

A/C (1/SEC) HEADDATE 1 2 3 4 DATE 1 2 3 4

H-1 60 200
200
201
210
201
275
275
200
200
201
201
275
275

H-2 iQ0

H-4 80

H-5 125

6-2 .16 .39 1.31 1.80
6-2 .17 .42 1.31 1.85
6-2 .14 .25 .76 1.42
6-2 .08 .24 .76 1 33
6-5 .07 .13 .21 .30
6-5 .49 1-0! 1.52 2.02
6-5 .40 .98 1.58 2.06
6-11 .!1 .28 .80 1 33
6-11 .12 .27 .81 1.29
6-11 .09 .14 .23 .34
6-11 .06 .13 .20 .32
6-11 .52 1.09 1.69 2 26
6-11 .58 1.11 1.67 2.24

6-1 .09 .27
6-1 .12 .30

6-11 .33 .88
6-11 .41 .89

7-24 .070 .175
.065 .174

H-7 150

210
21C
210

H-8 100

H-9 45 185 5-29
198 6-29
198 6-29

E-29
6-29
6-29
7-39
7-30

198 7-30
198 7-30

.56 .79

.50 .69

1.37 1.99
1.43 2.00

.31 .49

.30 .48

6-11
E-11
5-22
6-22
6-22

.9, .12

.06 .15
.07 .13
.09 .12
.0 .11

.19 .27

.21 .3

.21 2.5

.21 .24
.21 .31

5-31 .10 .26 .40 .54
5-31 .12 .26 .4 .58

.48 .95

.53 .93

.61 1.08

.33 .87

.38 .37

.43 .95

.47 .87

.51 .92
.68 1.02
.69 1.01

1.4" 1.93
1.L9 1.83
1.67 2.08
1.36 1.78
1.33 1.75
1.42 1.75
1. 14 1. PO
1.38 1.95
1.46 1.85
1.49 1.83

H-6 80 163 L-21 .24 .58 .91 1.32 "-10 80
209 4-21 .37 .93 1.55 2.07

6-2 .38 cS 1.39 2.02
6-2 .44 1.04 1.48 2.25
6-2 .47 .95 1.47 2.12
6-2 .38 .72 1.08 1.53
6-11 .39 .99 2.19 4.75
6-11 .35 1.00 2.73 5.13

-11 .59 1.11 2.43 4.73
1-13- 2 .37 .98 1.51 2.07

7-5 .06 .14
7-14 .1in .35
7-14 .13 .36

.2L .37
1.02 1.39

.99 1.36



-92-

Comparison of Liquid Water Content Measurements Obtained From a
Johnson-Williams Liquid Water Content Probe and a PMS Axial

Scattering Spectrometer Probe

Morton Glass
Air Force Geophysics Laboratory

Hanscom AFB, MA

INTRODUCTION

As part of the Aircraft Icing Probabilities program at AFGL, a series of
flights using an instrumented MC130E aircraft were made during the winter of
1979-80 and 1980-81 to investigate the microphysical characteristics of clouds
occurring during aircraft icing conditions. The typical flight procedure was
to fly a racetrack course in which we stepped up, then down in thousand foot
increments giving the time-height profile illustrated in Figure 1.

The Johnson-Williams (JW) liquid water content meter (LWC) and the PMS
Axial Scattering Spectrometer Probe (ASSP), both responding to particles in
approximately the same size range (to " 30pm) were the principal instruments
for measuring LWC in clouds associated with aircraft icing. The JW has the
advantage over the ASSP, with respect to the goals of this program since it
responds only to liquid droplets. Use of the ASSP to obtain LWC is prefer-
able, however, since data on droplet spectra can also be obtained from it.
The JW, therefore, represents an independent (and confirming) measure of LWC.
It has occasionally been the sole data source, when accumulation of ice by the
ASSP resulted in unusable measurements.

The JW probe was originally used and calibrated by Neel and Steinmetz
(1952) and Neel (1955) in their studies of aircraft icing. Further calibra-
tion work by Owens (1957) and comparison with other devices, Spyers-Duran
(1968), Knollenberg (1972) and more recently by Strapp and Schemenauer (1982)
and Personne et. al. (1982) have shown the device to be a sensitive and ade-
quate measure of LWC for droplets having particle diameters < 30pm.

Nevertheless, use of the JW for obtaining good estimates of LWC have been
questioned since the probe is notorious for a tendency of its reference to
drift. It is the purpose of this note to describe the procedure we follow to
adjust for this drift.

ADJUSTMENT PROCEDURE

The adjustment procedure is based on: (1) the recognition that the
combined effects due to variations in airspeed, altitude, and temperature as
well as changes in angle-of-attack and yawing of the aircraft are
not adequately handled by the compensating wire, (an adjacent leg of the
bridge circuit), that is mounted parallel to the airstream. Changes in angle
of attack and yawing of the aircraft cause non-uniform flow through the
probe. As a result, it is likely that some droplets impinge on the compensa-
ting wire causing the reference voltage to drift. Wind tunnel experiments can
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identify these various effects, but it does not seem possible to unravel and

correct them individually from data collected during actual flight conditions

(2) An assumption that there exists a time when the LWC s 0 gm- during each

data collection pass at each flight level. This assumption implies that

continuous unbroken clouds are rarely observed. Minimum values, different

from zero are then an indication of the extent of instrument drift. There-

fore, adjusted values of LWC should be obtainable by referencing the data to

the minimum values.

Fig. 2 is a scatter plot of LWC values vs height obtained each second

during a 2 hour portion of a flight on 6 December 1979. The values are based

on a laboratory calibration relating LWC to the resistance of the heated wire

and adjusted for the aircraft's speed. The line segments shown connect the

minimum values at various altitudes. The equations for these line segments

are obtained and applied as a correction to each value observed, (LWC

(JW)oBS) at each second and at height, IO3BS' This procedure to adjust

the JW values is given the by the equation:

LWCI - LWCI- 1
LWC(JW) = LWC(JW)OBS - {LWCI + -W (HI-BS)

-II i] (HI-IOBS)}

where I and (I-1) refer to adjustment values defined at the upper and lower

bounds, respectively, of each line segment. The revised scatter plot of all

LWC values due to these corrections are shown in Figure 3.

CONCLUSIONS

The procedure described is a straight forward means of removing drift of

the zero reference from the JW measurements. Since this method does not use

information from the ASSP, both data sets remain independent. The procedure

is not considered perfect. Examination of pass 6, for example, in Figure 4,

suggests some additional adjustments with respect to the ASSP data could be

made. Figure 4 illustrates the response of the ASSP and JW probes during

two passes on this date. The variability of LWC at these two levels in nom-

inally stratiform clouds suggest that the assumption on which the adjustment

procedure is based is valid.

With the adjustment described these two data sets are similar in magni-

tude and highly correlated. Nine of the twelve passes had non-negligible LWC

values. Of these all had correlation coefficient exceeding 0.85; seven

exceeded 0.9. It is suggested, therefore, that the drift of the JW zero

reference is not a random occurrence, but most likely the response of the

instrument to aircraft maneuvers.
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Figure 1. Flight profile of icing study mission on 6 December 1979.
Pass numbers and mean temperature for each pass are indicated.



E79-49 06 DEC 79
START 22.57.04 STOP 24.57.03

6 T

5

E
%'4
I

(3

2

1-
-.

JW-LWC (g/m 3)

[

E79-49 06 DEC 79
STRRT 22.67.04 STOP 24.57.03

.* .. '

_ .. ,;,:_ ,,.^ . .. .

r-. '"... *... . ...........

*r f Ir . .

· e'
-
- , ',

r- - : ,

Hi. ***
r - | *_.. ._ -

*: I . ...

0 .2 .4 .6
JW-LWC (g/m 3)

Fig. 2. Scatter plot of unprocessed J-W

data on 6 December 1979. Line segments
shown connect minimum data points and are

used to adjust the data set.

Fig. 3. Scatter plot of J-W data after
corrections described in text (negative
values set = 0).

1-

E

I

3w_o

.8 1.0
-----r' PI C L3L- -q~~~~~~~~~~~~~~~~~~~~~~~~~

I
- --- m- -W -4- - --1. -% -.V ,
- . a

.I ... -..

.11 . -
,i,

..0� -Ci�- . . .

..



- 96 -

1.0
E
- L PASS 4 *_1

0. .5

0

.5

2320 2340 2325 2330

and JW after corrections

.5

.5

2340 2345
TIME (Z)

Fig. 4- Liquid water content with time for pass 4 and pass 6 from ASSP

and J-W after corrections.



- 97 -

Comparisons of the CSIRO Probe
with

ASSP, FSSP, JW Probe, and Cloud Gun
from

Aircraft and Wind Tunnel Measurements

Darrel Baumgardner
Research Aviation Facility

National Center for Atmospheric Research

The University of Wyoming's Department of Atmospheric Science operates
three CSIRO hot-wire liquid water probes. Probes are mounted on the univer-
sity's Beechcraft Queen Air and King Air aircraft and another is operated in
an outdoor wind tunnel at the university's Elk Mountain observatory. The Elk
Mountain probe was also taken to the Ottawa wind tunnel for calibration.

Figure 1 shows the results of the Ottawa wind tunnel tests. The agreement
between tunnel and probe is close to unity except for the tunnel value of 1.8
g m . The apparent saturation effect is caused presumably by a current limit-
ing circuit designed to prevent sensor burnout at large liquid water contents
(LWCs). This feature is unique to the Wyoming probes.

Figures 2-7 are comparisons between the CSIRO probe and other types of
instruments which can measure LWC. All of the CSIRO data are one second
instantaneous values except for the King Air CSIRO probe which filters the
data to some extent. The JW probe values are one second instantaneous values,
the ASSP and FSSP data are one second averages, and the cloud gun data are
typically 3 - 5 ms exposures. The least-squares lines seen in the figures are
calculated by forcing the intercept through the origin and minimizing the
perpendicular distance from each point to the best fit line (see symposium
presentation "Comparisons of the ASSP with the Cloud Gun" by Politovich).

Figure 2 is a comparison of the Convective Storms Division's Sailplane
FSSP and the CSIRO in the Elk Mountain wind tunnel. The CSIRO probe is mounted
approximately 50 cm in front of the FSSP. The FSSP indicates 25% higher LWC
values relative to the CSIRO probe. Much of the scatter may be attributed to
tunnel turbulence. The comparison of Fig. 3 shows fairly close agreement
between the CSIRO probe and the cloud gun from data taken on the Queen Air
during the Precipitation Enhancement Project (PEP) in Spain. Cloud gun slides
were exposed approximately 3 m behind the CSIRO probe. The large amount of
scatter is probably due to the widely differing sample volumes (30 cm3 and 300
cm3 , respectively, for the cloud gun and CSIRO probe). A representative sample
of data from the Queen Air ASSP and CSIRO probe are compared in Fig. 4. The
ASSP generally measures higher LWCs relative to the CSIRO probe with the
exception of a group of data located below the general trend where the CSIRO
is indicating larger values then the ASSP. This may be the result of the
presence of larger droplets outside the range of the ASSP or mixed phase
clouds of ice and water to which the ASSP is less sensitive than the CSIRO
probe. The CSIRO probe and ASSP project off the starboard and port nose of the
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Queen Air, respectively. The Queen Air JW and CSIRO probe are compared in
Fig. 5. The general trend is nearly one-to-one with a large amount of
scatter. The position of the CSIRO relative to the JW probe, which is 3 m back
and 3 m to the port of the CSIRO probe, contributes to the majority of the
variability. Figure 6 is a representative comparison of the CSIRO probe and
FSSP data taken from the King Air during a 1981 winter project over Lake
Michigan. Except for a subset of the data where the CSIRO probe measures
relatively higher LWCs, the FSSP generally measures LWC 20% greater relative
to the CSIRO probe. The anomalous group of data above the trend can probably
be explained as for the ASSP/CSIRO probe comparisons above. The King Air CSIRO
and JW probe data from the same winter project are compared in Fig. 7. The
major trend shows the two probes in close agreement; however, the JW probe
indicates higher LWC values above 0.4 g nmT 3 . The CSIRO probe encountered
severe icing of its struts which shielded part of its element some of the
time. It is possible that the excessive icing suppressed its response at the
higher LWC's under these conditions.

In conclusion, comparisons of three CSIRO probes with two FSSP's, an
ASSP, a cloud gun, and two JW probes show generally one-to-one agreement
between the CSIRO and JW probes, and between the CSIRO probe and cloud gun
data. The ASSP and FSSP's both measured LWC's 25% to 50% higher relative to
the CSIRO probe.

2.5 f 1 i--j '--i-r X'.... .. .- .i .....

I _ ·» TEMiPERRTURE= 45°C

E 2.0

0 1.5

0

0.5
-.0

0.0 0.5 1.0 1.5 2.0 2.5

WIND TUNNEL LIQUID WATFR (gm- 3)

Fig. 1 - Results of Ottawa wind tunnel calibra-
tion of the CSIRO liquid water probe.
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New Bibliography of Data Techniques and Practical Problems
with

Airborne Probes

Richard Jeck
Naval Research Laboratory

Washington, D.C.

During the recent Cloud Particle Measurement Symposium at NCAR, it was
realized that there exist a number of good, but unpublished reports and memos
describing error analyses and data correction techniques that are generally
applicable to various airborne probes. At the recommendation of the symposium
committees, a central bibliography service is being established to publicize
the existence of these reports or writeups.

At the present time the following topics are included.

1. Suitability of Probe Locations on Aircraft: Droplet Trajectory
Studies.

2. LWC Sensors: Calibration or Comparison of Probes or Correction of
Data.

3. 1-D Optical Array Probes: Performance of Probes and Correction of
Data.

4. Calibration Devices and Particle Generators.
5. FSSP/ASSP Calibration Studies.
6. FSSP/ASSP Performance Studies and Comparison Experiments.
7. FSSP/ASSP Correction Techniques for Particle Activity and Airspeed

Errors.
8. FSSP/ASSP Response (Mie Theory) Computation Procedures.

Readers may request a current listing of reports included in the bibli-
ography by writing or calling

Richard Jeck, Code 4323
Naval Research Laboratory
Washington, D.C. 20375
telephone: (202)-767-2437.

In the interests of getting useful information into circulation, readers
are encouraged to contribute a list of any pertinent reports, either published
or internal, from their own laboratories. These should be submitted to Richard
Jeck at the address given above.

It would also be helpful if contributors rated their reports according to
one of following two classes:>

Class (A): Of general interest or applicability to all users of the
probe in question.

Class (B): Of limited applicability because problems treated are not
generally present in all or most probes.
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Sample Bibliography Listings

TOPIC : Suitability of Probe Locations on Aircraft: Droplet Trajectory
Studies.

TITLE(A) : Calculation of water drop trajectories to and about
arbitrary three-dimensional bodies in potential airflow.

AUTHOR : Hillyer G. NORMENT
PUBL. : NASA Contractor Report 3291 (August, 1980)
INQUIRE AT: Scientific and Technical Information Branch

NASA/Lewis Research Center
Cleveland, Ohio 44135

TOPIC : FSSP/ASSP Response (Mie Theory) Computational Procedures

TITLE(A) :
AUTHOR :
PUBL. :

INQUIRE AT:

Angular scattering functions for spherical water droplets
H.B. HOWELL
Naval Research Laboratory Report 6955 (Oct. 8, 1969)
(Report listed at NTIS as Document No. AD 698492)
National Technical Information Service (NTIS)
5285 Port Royal Road, Springfield, Virginia 22161

TOPIC : Calibration Devices and Particle Generators

TITLE(A) : Improved drop generators for calibration of drop spectro-
meters and use in laboratory cloud physics experiments.

AUTHORS : Theodore W. CANNON and Walter GROTEWOLD
PUBL. : Journal of Applied Meteorology, Vol. 19 (1980), 901-905

TOPIC : LWC Sensors: Calibration or Comparison of Probes, or Correction
of Data

TITLE(A) : Response of Cloud Microphysical Instruments
Icing Conditions

AUTHORS : Morton GLASS and Donald D. GRANTHAM
PUBL. : Air Force Geophysics Laboratory Tech Report

0192 (July 6, 1981)
INQUIRE AT: AFGL/LYC, Hanscom AFB, Massachusetts 01731

to Aircraft

AFGL-TR-81-

TOPIC : 1-D Optical Array Probes: Performance of Probes and Correction of
Data

TITLE(A) :
AUTHOR :
PUBL. :
INQUIRE AT:

Error Analysis of Optical Array Spectrometer Probes
Robert G. KNOLLENBERG
Unpublished as of 6/82
PMS Inc., 1855 So. 57th Court, Boulder, Colorado 80301

EDITORS NOTE: These are just a few of the many titles which Mr. Jeck has begun
compiling under the various topics.
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