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FOREWORD

The editors would like to extend their gratitude to each of

the chairmen who presided over the workshop sessions and to all the
participants. Special mention must be made of the efforts by William

C. Smith of the Air Force Wright Aeronautical Laboratories/Avionics Laboratory,

Contract Monitor of this effort.

The technical assistance offered by the staff of the Applied
Systems Analysis Section of the University of Dayton Research Institute, in

particular, the organizational concern of Ms. Jacquelin Aldrich, is

greatly appreciated.

All of the aforementioned contributed extensively to thee proceedings

and to the success of the Atmospheric Transmission and Particle Size
Measurements Workshop, October 23-25, 1979, Dayton, Ohio.
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INTRODUCTION

Various Department of Defn ,e 'DOD) reconnaissance and weapons

targeting systems operate in tI. visible and infrared regions of the electro-

magnetic spectrum. For these wavelengths, the atmosphere can limit the energy

received by a sensor. In order to quantify the performance of such systems,

a highly accurate description of the atmosphere in terms of its transmission

and aerosol size distribucions is needed.

Recent large-scale measurement programs by the Army (DIRT - Dusty

Infrared Tests) the Navy (San Nicolas Island), and the Air Force (OPAQUE -

Optical Atmospheric Quantities in Europe; Atmospheric Effects Measurement

Program at The Target System Characterization Facility (TSCF), Wright

Patterson Air Force Base, Ohio) have produced inconsistent data sets. Conse-

quently, doubt has been cast upon the accuracies and sensitivities of

current meteorological instruments which provide transmission and particle

size data. For present DOD applications and requirements, these devices

may be inadequate.

The main purpose of the Atmospheric Transmission and Particle Size

Measurement Workshop was to provide a forum for information e cH'n;

between people who have been involved in the measurements. Through their

interaction, a definition of the state of the art of present equipment and

techniques was obtained and will be the subject of these proceedings.

The two topics, transmission and particle size measurements, were

covered in four distinct workshop sessions. Manufacturers' viewpoints.

measurement programs, accuracy and calibration, and new instrumentation formed

the nuclei of general interest.

In each session, a panel of participants with experience in the session's

topic gave presentations. Discussion was stimulated by the response of

panel members and the audience. The presentations and discuss'ons outlined

the strenqths and weaknesses of current measurement techniques.

An editorial summary and individual session summaries follow.

Two formally presented papers introduced the participants to works ic

interest in transmission (Kaplan) and particle size (Neer) measurements.

These papers appear in the appendices along with abstracts of all session

presentations.



EDITORIAL SUMMARY

The editors feel that the following points, developed during the

various workshop sessions, give some indication of the state of the art in

atmospheric transmission and particle size measurements. Parenthetic lists

of names refer to presentations summarized in the appendices.

TRANSMISSION MEASUREMENTS

Conventional transmissometry. One major workshop objective was to

review and evaluate the role of the conventional, projected beam transmissometer,

typified by the Barnes Engineering Company products. This workshop was by

and large supportive of the conventional device. Conventional transmissometry

is recognized as having definite utility for transmission research, especially

in routine data acquisition.

There are, however, documented problems with such transmissometry

equipment. In particular, calibration techniques (Gallery, Zweibaum),

instrument electronics and receivers (Martin), and special problems of long

path measurement (Gruenzel), such as turbulence and beam wander, have been

discussed.

Absolute transmission. There is a demand for the more difficult

measurement of absolute transmission (versus relative transmission of con-

ventional transmissometry). The overriding rationale is that it is a more

representative measurement and must ultimately be confronted in characterizing

air-to-ground propagation along slant paths (Thomas, Turner).

Spectral measurements. There is a demand, on the part of the modeling

community in particular, for spectral (narrow band) transmission measurements

(Smith, Wijntjes, Turner).

New instrumentation. The progress of significant improvements in

current instrumentation and the development of new techniques and equipment

applicable to the special requirements of the DOD has been slow. Exceptions

to this are lidar (Kohl) and the FLIR (Forward Looking Infrared) and video

configurations (Thomas).

2



PARTICLE SIZE MEASUREMENTS

Conventional instrumentation. There is an abundance of particle sizing

equipment applicable to many diverse needs. One practical limitation Cn

usage is that a particular instrument is often not well understood by
researchers and manufacturers alike. An analysis of Knol'enberg counters

(Selby and Weiser) underscores this point. The investigation indicates

an effective sample area problem. That is, the sensitivity of the sampling

area of a device may differ from the manufacturer's specifications. The

result can often be underestimates of particle size distribution.

It appears that relevant, satisfactory measurements can be made with

present counters given the following conditions:

(1) successful calibration;

(2) understanding and analysis of the particular system
(e.g. delineation of the effective sample area); and

(3) understanding the particular saipling problems presented
b. th test aerosols (e.g. how does a laser beam affect
the sample?)

Research direction. The thrust of the particle size sessions was

towards equipment involved in point or local measurements of aerosol size

and concentration. Point measurements may or may not represent the aerosol

characteristics along a given propagation path and for this reason their

usefulness may be limited. In an overview presentation (Neer), it .''

suggested that measurements of "bulk optical properties" (with integrating

nepholometers, for instance) offer certain advantages over point measurements.

It was indicated that these bulk or volumetric properties may be easier to

measure and involve less uncertainty than point measurements and also nay

determine the optical characteristics of an atmospheric volume to ar accuracy,

greater than that of the predictions based on the point measurements.

It would appear that research directed at these tilk optical measuremerts

as well as their role in characterizing optical trar'smission would be

relevant at this time.

Calibration. The outstanding defi-iency regarding particle mtasure-

ments and present equipment is the lack of standardi:i ' -..lbr3tici .te.-, .

" . .. .. . . . . . .. .. i .. i li .. .. . . ... . . . . II l i r . . . " .. . . .. III -- I I . .. . . I .3



Currently, there exist neither national nor rigorous industrial

standards. Moreover, inconsistencies have been found in commercially avail-

able calibration spheres (Knollenberg) and problems with commercial droplet

generators are known as well (Selby). As a consequence, it is very difficult

for researchers to compare results.

New instrumentation. Progress in the development of instrumentation

and new sizing techniques is evident. Holographic (Gustafson, Belz) and
optic-acoustic applications (Farmer) as well as new spectrometers (Dearborn,

Miranda) were described. These new techniques are valuable from the standpoint

of making measurements as well as corroborating the measurements of conventional

instruments.



ATMOSPHERIC TRANSMISSION: MANUFACTURERS' PRESENTATIONS

PANEL

C. Vought (Lockheed), Chairman F. Smith (Optimetrics)
W. Gallery (AFGL) D. Snider (ASL)
H. Kaplan (Barnes Engineering Co.) *A. Thomas (Southern Research Institute)
R. Moulton (Night Vision Lab) *F. Zweibaum (Barnes Engineering Co.)

Session theme. Definition of the present state of the art in available
transmissometry instrumentation was the session objective. Topics of dis-
cussion included operation characteristics such as measurement and dynamic
range, accuracy, field use, and cost.

The panel and audience received presentations on conventional and

alternative approaches to transmissometry by Messrs. Zweibaum and Thomas

respectively. The salient developments of these presentations and, in

particular, of ensuing discussions included the following:

Instrument requirements. Common requirements of transmissometry

devices with regard to the EO sensor community's current atmospheric

transmission problem are:

(1) measurement fidelity over relatively long paths (several kms);

(2) real time capability;

(3) simultaneous measurements in several spectral bands
with high soectral resolution;

(4) field adaptability; and

(5) cost effectiveness.

The Barnes Engineering Comoany representatives were addressed as to

whether or not a more uniform approach on the oart of Tri-Service measure-

ment objectives could induce a favorable (cost effective) economic situation

for the DOD (Moulton). The reply (Kaplan. Zweibaum) was that it could but

that the possibility of such a uniform approach was seriously doubted because

of the unique requirements of each service. ,,o elaboration on this theme

nor conjecture of possible program consolidation was attempted.

*Denotes presenter.
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Slant path problem. Conventional transmissometry offers a relative

measurement of transmission in the sense that propagation of a known source

in the real atmosphere is measured and compared to a calibrated, vacuum

value. In practice, this measurement has application to horizontal paths.

Another scenario of considerable interest to DOD programs involves

use of EO sensors in air-to-ground (slant path) applications. These

scenarios are characterized by complex scattering processes including the

scattering of sunlight into the propagation path.

It appears that the measurement of a projected beam (conventional)

transmissometer will not be adequate for correlation of transmission data

and signals obtained by sensors within this slant path context. A. Thomas

provided a discussion of a transmissometry system composed of a detector

and scanner device called a FLIR (Forward Looking Infrared). A configuration

of FLIRs, to cover the various spectral bands of interest, was offered

as an approach to airborne transmission measurements.

Accuracy. It was pointed out that many factors influence the accuracy

of a given instrument. Specifically, some of the more critical factors

include path length, spectral band, calibration uncertainties, and

optics (Zweibaum).

Measurement degrading effects. Considerable discussion focused on the

recognition of the measurement degrading aspects of optical turbulence, namely

scintillation and beam wander and a corresponding increase in the observed

phenomena with range. Much has been done theoretically in the area of

atmospheric turbulence. Turbulence has a well known power spectra as well

as statistical characteristics (log-normal probability distribution). How-

ever, realization of specific (averaging) techniques for practical use

(per instrument per scenario) seems to be quite elusive (Vought, Levis, see

abstracts for later sessions).
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ATMOSPHERIC TRANSMISSION: MEASUREMENT PROGRAMS

PANEL

*J. Dowling (NRL), Chairman *W. Martin (AFWAL/AA)

C. DiMarzio (Raytheon) *M. Neer (SCITEC)
*W. Gallery (AFGL) J. Selby (Grumman)
*R. Gruenzel (AFWAL/AA) *F. Smith (Optimetrics)
*B. Kennedy (ASL) F. Zweibaum (Barnes Engineering Co.)

Session theme. A review of past, present and proposed field measurement
programs with emphasis, where possible, on equipment performance was the
basic objective of this session. Discussion topics included the purpose and
description of the experiment as well as certain specifics of instrument
performance such as field adaptability and any special terrain and
meteorological conditions affecting instrument response.

On-going and recently completed Tri-Service measurement programs

were reviewed in this session. It was apparent that different problems

and interests characterize the various efforts. For example:

(1) The Navy has need for horizontal, moderately long (5 km).
oversea path measurements at or near the surf line. Water
vapor and common marine aerosols play the major role in
extinction processes and it is towards an overall identifica-
tion of these effects that the Navy is inclined (Dowling).

(2) The Army must contend with both natural and artificial
obscurants such as airborne dirt, dust, and smoke particulates.
Test programs typically involve battlefield scenarios (K"ennedy).

(3) The Air Force is interested in slant oath propagation for
ranges up to 8 km (Gruenzel, Martin).

Concurrent observations of relevant meteorological indices affecting

ootical transmission is a common thread binding the individual measurement

programs.

Barnes transmissometer analysis. Martin and Gruenzel discussed results

of comprehensive analysis performed on the Barnes Model 14-WP multisoectral

transmissometer to ascertain the feasibility of its use over an 3 km land

path as oart of the AFWAL/AA Atmospheric Effects Measurement progra. .'erent

*Denotes oresenter.



difficulties measuring transmission over this land path motivated a

detailed analysis of instrument electronics, sources. receivers, and

general susceptibility to beam wander and scintillation. The AFI.VIL/AA

study concluded that the Barnes Model 14-WP transmissometer source should

be adequate but a more uniform receiver would be desirable for longer

path measurements.

A modeler's viewpoint. A representative voice from the modeling

community (Smith) advised that there is a need for more spectral

measurements as well as more communication between modelers and experi-

mentalists. Research and EO systems development require the concerted

efforts of systems planners, modelers and those responsible for providing

relevant data.

I
8I



ATMOSPHERIC TRANSMISSION: ACCURACY, CALIBRATION AND INSTRUMENT LIMITATIONS

PANEL

D. Snider (ASL), Chairman *W. Porch (Lawrence Livermore)

*W. Gallery (AFGL) *G. Wijntjes (Block Engineering)

H. Kaplan (Barnes Engineering) *E. Wilkins (Vought Corporation)
*C. Levis (OSU) *F. Zweibaum (Barnes Engineering)

Session theme. Evaluation of instrument performance relative to design
specifications was the overall objective of this workshop session. Discussion
topics were to include calibration techniques and instrument precision
(repeatability), accuracy, measurement thresholds and dynamic range as well
as deficiencies.

Among the motivations for concern about the validity of transmission

measurements were the results of intercomparisons with OPAQUE transmissometers.

Significant discrepancies (up to 160) were discovered during these tests

between European and AFGL transmissometers. It was indicated that the

differences were due to the receiver systems. The differences were not

eliminated with the Barnes calibration technique. To standardize the OPAQUE

IR transmissometers, a (temporary) "calibration" was performed against the

calculated transmittances from LOWTRAN for high transmittance (100:)

conditions (Gallery). The situation reflects the critical nature of calibra-

tion considerations. Moreover, the state of the art of transmission measure-

ments is characterized by lack of sufficiently reliable calibration procedures.

Calibration. A detailed description of the Barnes Engineering Company's

calibration technique was presented (Zweibaum). Problems with maintaining a

sufficiently hot IR source (1O000F) have posed difficulties. Replacement with

a more stable but cooler source has resulted in a reduction of S/N.

The Barnes Engineering Company does not claim complete satisfaction

with their calibration technique but does maintain that it is the most

aporopriate procedure developed to date and welcomes any further suggestions

or alternatives.

Denotes presenter.



Spectral measurements. The need for high resolution measurements was

underscored (Wijntjes). The point was taken that, where possible, trans-

missometry equipment should be designed for the highest spectral reso'ution

feasible. The results can later be degraded for a specific application.

Meteorological effects. Digressing somewhat from the session's intended

themes, several interesting discussions of meteorological effects on sensor

measurements and electromagnetic propagation were presented.

Work done in the San Francisco Bay area at Lawrence Livermore (Porch),

in conjunction with optical techniques of pollution monitoring, has indicated

that inversion strength and height are usually the dominant meteorological

parameters related to extinction processes in the visible region. It was

noted that small variations in the inversion height can often result in

large differences in atmospheric transmission.

Another meteorological phenomenon whose role perhaps has not been fully

recognized is that of atmospheric moisture content and its high variability.

Monitoring this quantity via solar radiometry, it has been concluded that

the effects of fluctuating precipitable water (PW) content on atmospheric

transmission can be significant (Hilkins). In addition, changes in PW may

occur during seemingly benign, high visibility conditions so that the

phenomenon might easily go unobserved. It was noted that transmission models

do not consider this parameter. Differences in measured and calculated trans-

mission may be due, in some part, to this moisture variability.

Research direction. Though only indirectly related to the overall

session topics. the question arose as to what types of measurement and

corresponding research should be emphasized in the near future: (long)

horizontal or slant path transmission.

It was observed that given present instrumentation, trends seem to

be towards longer path transmission. The necessity for such measurements

lies in current transmission modeling efforts and their consequent validation.

To this end, accuracy and reliability should be the main concern ol resent

long path (.8 km) propagation measurements. Furthermore, it was noted that

the first step in comprehensive atmospheric transmission researcn should De

that of proceeding with and refining the accessible: the horizontal path



problem is simpler than the slant path case. Anticipated scenarios (for

Army and Navy) would certainly appear to involve the horizontal path so

that this philosophy would not be irrelevant.

11



ATMOSPHERIC TRANSMISSION: NEW INSTRUMENTATION

PANEL

W. Smith (AFWAL/AA) *R. Kohl (UTSI)
*C. Bruce (ASL) I. Tang (Brookhaven)
*M. Gannon (MRI) *R. Turner (SAI)
F. Gibson (Lockheed) A. Williamson (SRI)

Session theme. The presentation of new instrumentation and techniques
in the field of transmission measurements was the theme for this final
session. Discussions of measurement objectives, instrument characteristics
and field adaptability were included.

Equipment discussed included the following:

Spectrophone. Application of spectrophones to aerosol measurements has

been investigated over the past several years to certain advantage. The

spectrophone measures the absorption coefficient of a given aerosol and seems

best suited for research in which components of extinction, scattering, and

absorption are needed (Bruce). However, as a point measurement, its

usefulness for the atmospheric transmission problem would seem limited.

Telephotometer. A new instrument for long path visible contrast

determination useful to meteorological research is in production by MRI and

was described (Gannon). The technique makes an "absolute" measurement

in that it takes into account light scattered into and out of the optical

path. The instrument operates in the visible part of the spectrum and

performs best under "fair weather" situations where the sky is cloud-free

and oath illumination is uniform.

Lidar. A measurement technique using lidar was oresented (Kohl).

The technique offers considerable promise for the slant path transmission

measurement problem. An attractive advantage of lidar is the lack of

necessity for airborne instrumentation. Difficulties with the interoretation

of these measurements as well as a seemingly intrinsic lower limit of

measurable transmission are possible drawbacks.

*Denotes presenter.
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Contrast Transmittance. A comprehensive contrast transmittance

model was outlined (Turner). The instrumentation that the proposed

model requires includes devices to measure liquid water content, particulate

mass column density, and solar radiance. Possibly most important is the

perceived need for narrow band transmissometers with variable beam width

capability.

C 2 detector. Turbulence effects due to temperature induced fluctuations

in the refractive index of the atmosphere are statistically described by

the quantity Cn refractive index structure constant. This quantity measuresn 2
the strength of atmospheric turbulence. A scintillation type Cn detector

and its current application at Redstone Arsenal were reviewed (Vought).

In this technique, a known source radiates over a given path. As optical

turbulence increases over the path, fluctuations appear at the receiver.

Software processing of these fluctuations affords a determination of average
2
Cn along the path.

13
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PARTICLE SIZE: MANUFACTURERS' PRESENTATIONS

PANEL

J. 0. Hunt (AEDC), Chairman *J. Knollenberg (PMS)
*J. Agarwal (TSI) *A. Lieberman (Royco)
M. Farmer (UTSI) W. Montgomery (Lockheed)

*S. Kinsman (Coulter) C. Stanforth (G.E.)

Session theme. Definition of the present state of the art in available
particle sizing instrumentation was the session objective. Topics of discussion
included operational characteristics such as measurement and dynamic range,
accuracy, field use, and cost.

For EQ sensor performance characteristics, particle counters measure

both size (diameter) and concentration of atmospheric particles. These data

have direct application to transmission modeling. Contemporary efforts to

improve, validate, and extend these models have necessitated development

and refinement of sizing devices in general.

Commercial particle sizing instruments. A variety of measurement

principles were discussed including the following:

(1) The light scattering and light extinction families of

Knollenberg counters.

(2) A conductive liquid displacement laboratory technique:
the Coulter Counter.

(3) Royco counters.

(4) Nuclear counters using condensation techniques and
electrical aerosol sizers (inferring size from a
measurement of particle mobility resulting from an
imparted electrical charge), both by TSI.

Measurement degrading effects. A few common problers which tend to

degrade the accuracy of particle counters were noted.

(1) Position dependence (Knollenberg). Due to variability of
particle trajectories within the sample volume, measurements
may often underestimate the counts of smaller particles.
These particles tend not to be seen away from the middle of
the viewing field.

Denotes presenter.
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(2) Particle clusters (Knollenberg, Lieberman). Coincident drops
are not discriminated and tend to cause uncertainty in the
measurea distribution.

15



PARTICLE SIZE: MEASUREMENT PROGRAMS

PANEL

*E. Burgess (Dugway), Chairman A. Lieberman (Royco)
L. Crouch (AFWAL/AA) *M. Maddix (Redstone)
*M. Farmer (UTSI) *H. Miranda (Epsilon Labs)
*J. D. Hunt (AEDC) F. Niles (ASL)
J. Knollenberg (PMS) *G. Trusty (NRL)

Session theme. A review of past, present and proposed field measure-
ment programs with emphasis, where possible, on equipment performance was
the basic objective of this session. Discussion topics included the
purpose and description of the experiment as well as certain specifics of
instrument performance such as field adaptability and any special terrain
and meteorological conditions affecting instrument response.

Tri-Service measurement. A wide variety of particle sizing applications

was indicated, for example:

(1) The Navy has an interest in making in situ measurements
of marine aerosols under high humidity (80%+ R.H.)
conditions (Trusty).

(2) The Army has an interest in both field and laboratory
measurements. Field measurements include those of smoke
(Farmer) and other battlefield obscurants (Maddix).
Laboratory smoke measurements support the field experiments.

(3) The Air Force is involved in diverse field and laboratory
measurement programs. OPAQUE seeks to characterize aerosol
effects on optical propagation in the European environment
(Gallery). There is interest in laboratory research of icing
clouds (Hunt). Finally, determination of the chemical constituency
of the stratosphere has been approached through the use of -

balloon-borne spectrometers (Miranda).

Accuracy. There is concern that the accuracy of in situ measurements

using conventional particle counters is limited by, roughly, a factor of

two (Trusty). It was also pointed out that without careful definition of

the sizing bins, measured distributions can be misleading (Farmer).

Several pertinent summary comments were offered by the Chairman.

(1) There is a need for communication between exoerimenters and
instrument manufacturers.

*Sonotes presenter.
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(2) Calibration to the real world continues to be
a problem.

(3) As the variety of applications would imply, no
single instrument or technique can be expected
to satisfy all requirements.

17



PARTICLE SIZE: ACCURACY, CALIBRATION AND INSTRUMENT LIMITATIONS

PANEL

*J. Selby (Grumman), Chairman *J. Knollenberg (PMS)
*J. Agarwal (TSI) A. Lieberman (Royco)
*R. Belz (SVERDRUP/ARO) R. Melke (Monsanto)

D. Duncan (Pacific Sierra) *H. Miranda (Epsilon Labs)
*W. Gallery (AFGL) F. Niles (ASL'
*S. Gustafson (UDRI) C. .eiser 'Grumman)

specifications was the overall objective of this workshop session. Discussion
topics were to include calibration techniques and instrument precision

( -Dei I 1y' iav reas rernent thresh,,I ds drv- n-wmnic r j a -v. <s
e lc en,- ies.

Presentations pertinent to session objectives were augmented by a

review of (calibration) particle generation technioues (Agarwal' and

discussions of the application of holography to particle sizing 'Belz,

Gustafson).

Calibration. Measurement accuracy of size and concentration ultimately

depends on instrument calibration. A problem recognized by both manufacturers

and experimentalists is the lack of standard size particles and the subsequent

uncertainty for work with any particle sizing equipment. For examole, ".

Knollenberg cited a study by Porstendorfer which revealed discrepancies et ,ee

the measured and specified diameters of commercially available 'standard

spheres.

Sampling Area. Actual sampling areas of commercial particle counters

can differ from the manufacturer's specifications. The extre-ities of tre

samDlina areas are of particular concern. One conseauerce of this sit*a*,4c

is that a bias may be introduced: small particles are 7ot "seen" near 1,e

edges whereas larger oarticles are visible throuchou-.

Closely related is the observation that ins*rurment :hanne! excitati r

often a function of particle orientation and Dos 4 ticn w.ithin 'Ie sa-'clin: e

as well as of particle size.

*Denotes presenter.



The Selby-Weiser analysis of two Knollenberg devices illustrates these

problems. One of their conclusions for the Optical Array Probe* draws

attention to a potential underestimation of (particle) number density by as

much as a factor of two.

H. Miranda suggested a possibly useful parameter for assessing the

severity of some of these effects, namely, the spread function. A comparison

of the observed instrumental spread function with the system spread function

can provide an indication of the presence of errors due to the above effects.

Sampling Techniques. Measurement of particles involves collection processes.

The question as to whether the traditional chamber sample represents the

ambient volume is critical to valid measurement of both particle size and

concentration. A manufacturer (J. Knollenberg) advised caution with particular

regard to the following:

1. Was the volume affected by exposure to
the (measuring) beam?

2. Was a bias towards or against the larger-
heavier particles introduced, for instance
by ignorinq isokinetic considerations?

Accuracy. One presentation (J. Selby) provided evideice of the accuracy

of a commercial counter. Tests at Grumman on a Knollenberg Optical Array

Probe indicated that manufacturer's size tolerances were met in all cases

as well at recorded counts to within two percent of measured values.

-he ise r trade nrames in this report ioes not constitute an c':ia.
endorsement or icDrnval of Jse of sucn .ommercial har'are cr &Otware.
This ,report -ay not te cited for purpose of iovertisement.
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PARTICLE SIZE: NEW INSTRUMENTATION

PANEL

*1. Farmer (UTSI), Chairman P. Monfette (Holloman, AFB)
*F. Dearborn (AFGL) *D. Roberds (ARO)
A. Lightman (UDRI) *C. Stanforth (G.E.)
V. Macias (Kirtland, AFB)

Session theme. The presentation of new instrumentation and techniques
in the field of particle size measurements was the theme for this final
session. Discussions of measurement objectives, instrument characteristics
and field adaptability were included.

Recent developments in instrumentation presented at this time included

the following:

Interferometry Sizing. Oscillations in scattered light caused by

pa-'ticles passing through interference fringes of a split beam can be

observed with particle size and concentration inferred. D. Roberds described

a particular laser interferometer designed by the 'rnold Engineering Develop-

ment Company.

The present technique is limited to particles large enough to scatter

the interference pattern (-5 ,im). Calibration is achieved by using

glass beads measured, for instance, microscopically.

Sizing Spectrometry. Current and proposed sizing spectrometers of

AFGL/Epsilon Laboratories provide unique capability in that they not only

detect and size but also provide a means for the spectral analysis and che,'ical

identification of individual aerosol particles. F. Dearborn presented a

discussion of such spectrometers. He noted that the determination of chemical

constituency is ultimately related, through refractive index and scatterinc.

to transmission measurements. As a consequence, this type of device mnay d!a,

an imoortant role in the correlation of in situ around measurements o7 aeroso.

size distributions with ootical transmission.

Laser Velocimeter. A laser velocimeter offers an ootic-acoustic ar-oac"

.leall/ su*ted for smoke stack -leasurements. M. ar-er dave a brief :isc-o

*'enotes oresenter.
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of this technique which uses a laser to drive particulates within a chamber.

An acoustic signal is simultaneously monitored for frequency lags and

particle sizing can be accomplished.

Since there are numerous technological applications, besides those

of the DOD community, which require particle sizing techniques. an overview

of current industrial involvement in particle sizing was presented with an

eye towards possible adaptation to DOD needs.

Industrial applications of particle sizing. Jet engine manufacturers

have critical measurement needs with regard to engine inlet measurements

and spray (fuel) nozzle design. It was indicated that accurate droplet

sizing as well as concentration and spatial distribution of particles in the

10-200 um range are typical problems encountered in design and evaluation of

engine performance (Stanforth). Furthermore, engine emissions of both smoke

and gaseous nature must be well characterized for future research efforts.

Particle sizing needs of gasoline and diesel engine manufacturers

for meeting emission standards as well as for engine performance evaluation

were described (Farmer). An optic-acoustic technique used at the General

Motors Labs (Warren, Michigan) to measure diesel soot was mentioned.

In his summary presentation, M. Farmer emphasized several points

relevant to particle sizing in general.

Calibration. There is a definite need for particle sizing standards.

The 71ational Bureau of Standards does not have any current standards, although

a program has just begun which should coordinate work in this direction.

Typically, optical counters give particle size and concentration in

terms of spherical calibration particles. Oddly or imperfectly shaped calibra-

tion "spheres" can produce misleading measurements.

Reliability. Often, concentration measurement reliability for a given

instrument may be checked by dyeing a test aerosol or using a radioactive

tracer and measuring the collected amount indepedently o. the counter. This

value may then be compared with the instrument's expectation to give some

indication of reliability.

2'
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The following pages attempt to give some representation of the subject

matter developed by contributing participants. Hopefully, these pages

will afford the reader a reasonably brief but accurate idea of the state of

the art of atmospheric transmission and particle size measurements.

It was not the desired intention to conduct a formal technical exchange

and, accordingly, the summaries do not pretend to be comprehensive.

The editors acknowledge full responsibility for the wording of all

abstracts of presented material. These were constructed from relevant view-

graphs used by the presenter, notes by UDRI personnel, solicited summaries

and an occasional, submitted paper, A sincere attempt was made to faith-

fully record information pertinent to workshop themes.

22



APPENDIX A

TRANSMISSION PAPERS



HISTORY AND PRESENT STATUS OF INSTRUMENTATION FOR MAKING
INFRARED ATMOSPHERIC TRANSMISSION MEASUREMENTS

Herbert Kaplan
Barnes Engineering Company

Stamford, Connecticut

The need for measuring the transmission of the atmosphere in the infrared
arose because man, blind in the infrared, needed this information for several
tactical reasons. These include signature characterization of ordnance and
ground vehicles through the atmosphere and the effect of man-made and natural
contaminants on these signatures as well as on the operation of night vision
and image enhancement devices, on the performance of heat-guided weapons and
on the effectiveness of countermeasures.

Defining the infrared thermal signature of military ground vehicles for
example, involves determining the vehicle's self-emitted radiation after
this infrared energy has traveled through a length of atmosphere on its way
to the detection system. In the course of this transmission, radiation
is absorbed and scattered by atmospheric constituents, by the contaminants
normally present under battlefield conditions, and by additional contaminants
that may be introduced deliberately to confuse identification by thermal
signature. The atmosphere and the man-made contaminants alter the vehicle's
self-emitted radiation in a manner that is grossly non-uniform with wave-
length and which seriously impedes the collection and use of vehicle thermal
signatures.

Methodical collection of signature infor'ration should include a-
accurate evaluat 4 _n of atmospheric soectral attenuation at the location and
time of the data collection. This permits atmospheric attenuation effects
to be removed from the signature data. Moreover, in the case of evaluating
the performance of tactical signature analysis equioment, it permits a
standard oerformance factor to be assigned to the system itself. With the
availability of such performance factors, the effects of development work
can Le compared realistically.

Also of significant importance is the need for establishing ohenomen-
ological characteristics at different geographic locations. Once statistica
determinations of atmospheric conditions are made at a oarticular site, it
should then be practical to predict the performance of different systems at
the location. As such information is being collected, a valuable contribu-
tion will be miade to the establishment of a more general atmospheric model
trat will more successfully relate atmospheric transmission to meteorolocical
and climatic conditions.

This uaper will discuss the basic oh.sical laws involved in trese
-ieasurements, describe some of the ,easurenent systems that have been -anu-
factured and trace the historical develooment of these systems.



dppr(oxiiae a blaCKDOay cnaracterisic. Tne peak wavelength is a tunction
of target temper'ature and the energy is spread over a broad spectrum. For
practical targets, the usable energy is roughly in the region from 1-14
micrometers. For gaseous targets such as exhausts, flames, flares, etc.,
the radiation is highly spectrally selective, corresponding to the natural
emission bands of the gases involved. It is generally restricted to the
'ejin shorter than 5 micrometers.

ATMOSPHERIC TRANSMISSION

Atmospheric transmission is also highly spectrally selective, as shown
in Figure 1.

The most important energy absorbers are water vapor, carbon dioxide,
and ozone. The spectral regions in which these absorb are shown in the
atmospheric spectral transmission curve. Other important absorbers are
nitrous oxide, carbon monoxide and methane.

In addition to atmospheric absorption, radiation may also fail to reach
the rece~ver because it may be deflected from it- path by droplets of water
in the form of haze, fog or clouds which cause considerable loss by scattering.
Other sources of attenuation are man-made contaminants, such as smoke,
which might be deliberate.

Prior to 1969, in an effort to assess atmospheric effects, extensive
observations were made by virtually every military installation engaged in
developing and testing systems employing long range detection of thermal
radiation. Although a number of transmission laws and empirical relationships
were established, it was evident that atmospheric radiation spectral trans-
mission has a very complex structure and that the details of this structure
vary considerably with location and meteorological conditions. To many, it
was becoming clear that the only accurate method of determining atmospheric
transmission characteristics was to measure at the time and place of the test.

Early equipment was assembled using an assortment of laboratory devices
not suitable for continuous field use. Clearly a oractical, reliable Field
system was needed. Our company has been concerned with this croblei sirce
1970 together with military personnel involved in develocing variojs types

7-c s- 4-r-'

ment was initially developed to meet tnis neeo, oarti! vn ci' t :-

ments from the U.S. Army, Night Vision Laboratry VL. : consists of a

source assembly and a receiver assembly, deployed at ocoosite ends of the
atmospheric path of interest.

In typical field installations, the source asse,"bli anc receiver asseb'v

are mounted either on unsheltered fixed platforms. or in t-e rear o- trck



vans or converted recreational vehicles. These are then located so atmospheric
transmission measurements can be made at the distance and locations required
to support the military system:is tests being conducted. The basic arranselent
is shown in Figure 2. Our earlier systems were based on our standard field
spectroradiometer as a standard chopoed collimated source.

In order to establish parameters for optimum operation the initial
system was designed for maximum flexibility of operation. The receiver included
two separate liquid nitrogen cooled sensing heads and the receiver control unit
included a number of signal output terminals drawn from various stages in
the signal processing circuits. The initial system was delivered to NVL and
field tested at Fort Hood, Texas.

As a result of the tests a standard-dedicated system designated 14-708
was conceived and, after field tests at N4VL, production units were provided
throughout the tri-service group and to the NATO participating governments.
In the 14-708 the source assembly or infrared search light contains a conical
blackbody radiator controlled at a temperature between 500°C to 10000C. Also
contained in this assembly is a reflective collimator to concentrate the
radiation in one direction. This projects a high level of energy to the
distant receiver, and permits 1 km operation with better than a 100 to I
signal-to-noise ratio. At the receiver, the diameter of the infrared search-
light beam is 30 feet for a 1 km range, greatly easing system alignments. To
permit the receiver to differentiate source radiation from the background and
other sources, a modulator chops or interrupts source enerqv as it enters
the collimator. A signal pickup on the modulator generates a 90Hz reference
signal used in processing the signal in the receiver . This synchronizing
pickup signal must be available to the receiver either from a long cable.
telemetry system, or a ohase locked loop circuit in the receiver itself.
Fioure 3 shows the "odel 14-708 system with the source assembly at the left.

The receiver assembly contains everything necessary to receive source
radiation and automatically measure its transmission in four selected
wavelength regions, and display the results. This is accomnlished by a filter
radiometer optical head, and an electronics processing unit. A timer determines
the intervals between samples.

Contained in the electronics unit are circuits for amplifyina and pro-
cessing the signal from the optical head and for displaying and recording it
in terms of nercent transmission. Additional indicators on the front 2anel
snow the receiver is receiving the modulation synchronizing signal fror the
source, and that the source collimator and receiver optical head are in
oroper alignment. A close-up of the receiver electronics. showinc the
printer is shcwn in Figure 4. The receiver is calibrated to read 100. .4ith
no atmosphere when the source and receiver are in close contact. 't then
reads transmission directly in oercentage.

Later models have extended both the range and the snectral cover.:es
shown in Figure 5. Large diameter receiver octics and then colli,-ator
diameters up to 16 inches improve signal level. Crvogenicall, coced
detectors imorove receiver sensitivity by a factor of as ruch as I' in :ne
3- l'i rerion and a factor of aooroximatelv 100 in tre 3 - 3-.,1 re74on. The
VRL system adds a visible tungsten source (as shown in Figure 6 , and ooks
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at the source simultaneously with three separate receivers. Finally. addition
of a circular variable filter instead of discrete filters gives greater spectral
resolution over the whole band.

The success of the Model 14-703 System led to the development of a more
advanced system that would Dermit the use of an interchangeable set of
infrared detectors and matching preamplifiers and thereby achieve improved
spectral sensitivity in selected regions. In addition, it was deemed
desirable to incornorate sufficient microprocessor control and data processing
to enable the system to be used in research designed to normalize out the
effects of the atmosphere and produce a spectral signature of only the target
of interest. Under microprocessor control, the transmissometer became one
of the operating modes of Model 12-550 Mark II Spectral Radiometer that had
interchangeable modular components in both its ootical and electronic systems.
A photograph of the system is shown in Figure 7. The incorporation of
microcomputer control as the basis of system architecture made possible the
combination of transmissometer and radiometer functions in an instrument with
common basic components.

The system consists of an Optical Head and a Programmable Control
Unit (PCU). Both are modularized for cost-effective functional flexibility.

The ortical head has available a variety of interchangeable collecting
optics as well as a processor-controlled chopper, a programmable filter wheel,
and modular detectorrpreamolifier units.

Modularity is also incorporated in the programmable control unit which
contains all the circuits necessary to orocess the signal from the optical
head according to the requirements of the applications. Rapid modification
to the needs of soecific applications is aided by the use of a circuit board
rack with orovisions for mounting uo to 16 individual circuit boards. yost
signal processing is done digitally, although analog outouts are also
offered as a convenience.

Four powerful caoabilities result from the use of a microorocessor
at the base of system architecture. One, it provides such basic system
functions as automatic switching of electrical attenuators, selecting
chopper soeed, and controllina the ooeration of the spectral filter system,
scanning mirrors and accessory devices. Two, it provides the capabilities
of automatic gain control, samole averaging and normalization. Three, it
intearates the first two caoabilities to the needs of the apolications.
Four, it conditions and orocesses inout and output data to achieve inter'acing
with the selected computer and data disolay facilities. These caoabilities
are provided mainly by software which integrates system operation and
adapts it for use as radiometer, transmissometer, orocess control system,
or reflectometer.
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Figure 4. Close-up View of Receiver Electronics Unit.
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Figure 6. Radiation transmitter assembly showing infrared source (left),
visible source (center,, and collimator (right'.
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NEW DEVELOPMENTS IN ATMOSPHERIC TRANSMISSOMETER SYSTEMS

Frederic M. Zweib,.-i
Barnes Engineering Company

Stamford, Connecticut

BASIC 7'E0UIREMENTS FOR MODERN TRANSMISSOMETERS

The most basic requirement is that the instrument be capable
of making measurements in a selected wavelength region at ranges of at
least 500 meters, and that these measurements be made easily, accurately
and comprehensively at the time and place when testing, for example, a
military system of interest. Next is the requirement that instrument output
be expressed directly and numerically in percentage transmission, to completely
eliminate the complex or expensively computerized procedure required to derive
the results. It is also considered important that measurements be made in
at least two and preferably three of four wavelength regions of specific interest
to the tests being performed. The final practicality of the system would
be determined by its ease of setup and its ability to produce continuous
and immediately interpreted results while in essentially unattended operation.

The Barnes Engineering Company Model 14-708 Atmospheric Transmissometer
system that was developed meets these requirements and has additional
featureF that aid its use. It consists of a source assembly and
a receiver assembly. In typical field installation, the source assembly and
receiver assembly are mounted either on unsheltered fixed platforms, or in
the rear of truck vans or converted recreation vehicles. These are then
located so atmospheric transmission measurements can be made at the distances
and locations required to support the military systems tests being conducted.

Applications have validated the concept and basic arrangement of the
Model 14-708 System and have pointed out the need for new developments that
will '- described.

NEW REQUIREMENTS

Success in a wide range of atmospheric transmission measurement
applications has led to the reqi,-st for more advanced capabilities which
are listed below and analyzed in more detail in the sections that follow.

1. The ability to make real-time measurements over a wide spcctr.;r
with high spectral resolution.

2. The ability to make absolute radiometric measurements while
transmission measurements are being made. Associated with this
dual requirement are the abilities to make target emissivity or
reflectivity measurements while measuring transmission.

3. The ability to make long term automatic measurements with
detailed filter programming with no operator attention.



4. The ability to produce data output and accept control signal
inputs that will interface with present day data transrission,
processing, recording and computer systems.

5. The ability to incorporate such data processing techniques
as automatic gain control, sample averaging, and normalization
to remove the effects of steady-state transmission attenuation
effects.

6. The ability to collect thermal signature information of
military tarqets in spite of the radiation absorption and scatter
produced by atmospheric constituents, by the contaminants normally
present under battlefield conditions and by additional counter-
measures that may be deliberately introduced to confuse ioentifica-
tion by thermal signature.

7. The ability to assist in the development of battlefield counter-
measures to interfere with the location and identification of military
taraets.

NEW INSTRUMENT CONFIGURATION

The Mark II Sstem

The need for the abilities that have just been listed led to the develoc-
ment of a more advanced system that would oermit the use of an interchangeabt,
set of infrared detectors and matching preamplifiers and thereby achieve
improved spectral sensitivity in selected reg"ons. :n addition. it was
deemed desirable to incorporate sufficient microprocessor control and data
processing to enable the system to be used in research designed to normalize
out the effects of the atmosphere and produce a spectral signature of only toe
target of interest. Under microprocessor control, the transmissometer
became one of the operating modes of Model 12-550 Mark 1I Spectral Radiometer
that had interchangeable modular components in both its optical and electronic
systems. The inccrporation of microcomputer control as the basis of syster
architecture made possible the combination of transmissometer and radiometer
functions in an instrument with common basic components.

The following characteristics have been built into tne basic system
to provide these field measurement capabilities: (1) righ sensitivity:
(2) fast response; (3) full spectral coverage; (4) automatic operation:
(5) direct interftcing with data logging systems: (6) quick look capability:
(7) adaptability for different operational ,iodes and wavelenroh reaiens: ard
(S) elimination of steady state signals and instrument calibration constants
by normalization techniques.

To demonstrate the basic capabilities of the new atmos:neric trans-is".
measuring system in performing these functions, a series of laboratory
tests have been conducted. In the laboratory. the absorption signatures
of a v-riety of smokes have been ",eas'mred throuoh test chamber's on tre -rde,-
of from 1 to l0 eet with the effects of al' other materials in the otoca'
oath teing normalized out. It is desirable to repeat tnese -easjrements rcer
dynamic fieli conditions at rances from to 3 k:1.



O

The normalization function is shown in Figure 1. The procedure begins
by setting the radiation source at 10001: and making a spectral scan through
tne wavelength region from 2.5 to 14.5 micrometers. Trice "A" is the result
of this scan and is the familiar spectral distribution from a 1000C black-
body together with the absorption caused by the C02 and H20 in the intervening
atmosphere. Note that there are straight-line horizontal sections shown in
the output trace. These are due to mechanical gaps between the seconds
of the continuously variable filter (CVF) in the optical head. There is no
gap in the wavelengths covered.

Trace B shows system output from the same source through the same inter-
vening atmosphere. However, the system is now normalized for the effect of
the blackaody radiation curve and the absorption of the intervening atmosphere.
The result is an essentially straight line at the 100 percent level.

In Figure 2, Trace A, the transmission tube is filled with nitrogen
at a pressure of 1 psi above atmosphere and -:he trace shows only the
absorption of the tube windows and nitrogen. In Trace B the absorptions
in Trace A are normalized out; the residual dips or high noise level
sometimes remain in regions of very high absorption.

Figure 3 shows spectral scans with 1.03 and higher concentrations of CO2
3as along with the effects of the blackbody source, transmission tube windows
and nitrogen all normalized out. Since the computer can be programmed to
solve Beer's Law of atmospheric transmission, and since the path length is
known, the concentration of the gas in the chamber can be monitored con-
tinuously. Similarly, the system can distinguish between different gases by
their specific spectral signatures.

Figure 4 shows the spectral signature of fog oil in the test tube with
all other effects normalized out. At t=O, the concentration was 0.5 gram
Oer cubic meter. The oth,:r traces were made of successive five-minute
intervals to show decreasing concentration with time.

Figure 5 shows the spectral signature of red phosphorous s'-OKe in the
concentration of 0.7 gram per cubic meter with all other effects normalized
out. These two illustrations show the capability of the system to be pro-
grammed to identify battlefield smoke.

SI'.JLTANEOUS MEASUREMENTS OF EMISSION AND TRAINSMISSION

Principle

!t is desired to make simultaneous -easurements of sp-oke trans -ission
and sm;oke self emission. This can be accomplisned with a 12-550 '1K -
instrument system set jo for simultaneous radiometric and trans-issometer
modes. This can be done by chopoina both the radiometer/receiver and 'ne

source cnopper closed, the radiometer will see background radiation plus

smoke emission. wiith the source chopper ooen. the radiometer will see back7rcnc

and sm-oke emission plus source radiation attenuated by the smoke and
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it is planned to chno the radioryleter- it I000 ',-z and the source at
100 Hz. Thprelore. the coopper Dpen ind -hopper clsed sigrali data wiU
arrive at the IOC Hz rate. Wi to the C-VF set up to scan at 2 sec/ spectrim,
we wil1l have aoproxiratel / t-wo chops per spectral Doint.

Data Analysi-s

~ ew definitionc and equations voll help to make the mlatter cl1ear.
Let us. define the fol lowing.

T = Calibrated Source/Collimator E-lission

B = Background Emission

S =Smoke [mTissionle
t = Atr~ospheric Transmission

a

t = Smoke Transmission

WJith no smoke, and the source chopper closed, we are looking only at
background

V1  St

'W tn the soi)rce chopper open, wie see tackQrounc ol is sc.,rce

-Jith smoke present we will see smoke emnission p1-is smorke trans',-ission wl'
and wi 1-hoit the source

B1 = tt + S t .a as e a

1,C ±T)t at s S eta

'AJe desire to solve for ta. ts, and Se'. e, of course, knowi tne --'ait-ateo_
source T. The calibration signal V from the known source can ce esta:>s-,e:
originally by a close-up measiremeni'viith no atmospheric Dath. ..e te
find that:

/V 1V
ta Vc

-j V.

S v t V -Vca 2 1

S t
t



It is seen that proper computation from the measurements can give all desired

values.

Rol's. William (Barnes Enqineering Company), "Two-Color Sandwich Detector

using InSb/PbSnTe," Infrared Physics, 1977, Vol. 17, pp 419-421.
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AIRBORNE TRANSMISSOMETER CONSIDERATIONS

Albert L. Thomas, Jr.
Engineering Physics Division
Southern Research Institute

Birmingham, Alabama

There are several reasons for not using the optical scheme of the
"Projected beam" transmissometer in airborne infrared measurements. Probably
the most significant one is that the data from this type transmissometer does
not correlate well with the signals obtained by seekers used in corresponding
atmosnheres and ranges. It is believed that rescattering of detectable radiation
by particles and droplets in or near the path of the optics increases the
indication of a transmissometer but decreases the contrast signal in a seeker.
Also, since transmissometers normally chop the emitted beam and do not
respond to steady radiation, they are not sensitive to scattering of sunlight
into the measuring path, as are seekers.

However, both of these effects would be appropriately measured by a
passive detector having a small instantaneous field of view and a scanning
angular coverage similar to that of a seeker. Such a detector and scanner is
now commonly called a FLIR (Foward Looking infrared).

An alternative approach for a transmissometer system would consist of
visible (TV) and IR scanners (FLIRs) covering the .4 to 1.1 im band, the
2 - 5um band, and the 8 - 14 um band, and contrast detection and tracking signal
processing equipment. The method would simply be to lock the detection circuit
onto the target signal so as to continuously read the position and size of the
target contrast data in the data field. Any object o- constant temperature
or visible contrast will do as the target. Data processing would consist of
extracting the ensemble average of the contrast between the target and its
background. The tracking logic would determine and present to the recorder the
address of the target as well as its size. Range must also be recorded along
with factors describing the atmosphere.*

In application, flying toward the target as range zero is approached,
the detected signal would approach its maximum value. Therefore the system, is
self-calibratini. The data obtained would be compared with the normal contrast
extinction function, CR/C I = exp (-K . : • R) at several ranges. Figure 1

shows the expecteo character and range of the data for atmospheres between
light haze and fog and for the path lengths and ranges of greatest interest.

For the transmissometer function, the TV camera should use a silicon diode
array vidicon which has a unity gamma. A motorized iris would be preset to pro-
vide linear exposure at range zero and would be constant during a run.

*For example, LOWTRAN requires dry bulb temperature, dew point te,-oerature and

sea level visible range or some measure of the atmospheric aerosol.
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MARINE TRANSMISSION MEASUREMENTS

James Dowling
Optical Sciences Division
Naval Research Laboratory

Washington, D.C.

The Navy has been actively engaged in laser extinction measurement pro-
grams since the early 1970's. The specific interest is in marine paths of
moderate length (-,5 km) for (DF, HeNe, ND-YAG, CO, C02) laser sources in the
1800-6600 cm- 1 (and generally 0-7800 cm-1 ) band. Typical measurements are
taken with full meteorological support and seek a variety of atmospheric
(water vapor) pressure conditions.

Among the principle objectives of Navy marine measurements is the
definition of an accurate, reliable data base for the validation of present
and future laser transmission models. As a consequence, it is hoped that
significant improvement in transmission modeling can be realized with this
field data augmerted by laboratory measurements.

An immediate payoff from measurement programs is the collection of high
quality, high resolution (FTS) transmission spectra for a variety of atmospheric
paths which can be used in comparison with existing models (HITRAN, LOWTRAN).

Notable problems encountered in taking actual transmission measurements
include atmospheric turbulence and the effects of water vapor absorption An
accurate characterization of this latter process will, hopefully, be a
significant result of the measurement program.

The accompanying figures show measurement and model comparisons.
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OPAQUE DATA COLLECTION AND ANALYSIS PROGRAM

William Gallery
Air Force GeoDhysics Laboratory (OPI)
Hanscom Air Force Base, Massachusetts

The OPAOUE (Optical Atmospheric Quantities in Europe) program grew out
of a proposal by a NATO study group to develop a statistical data base for
atmospheric optical properties in the European environment. It is directed
towards a realistic assessment of NATO force capabilities with regard to
existing and potential electro-optical (EO) systems. The data base will be used
in conjunction with validated transmission models to evaluate various EO
systems, but the general measurement program is not tied to any oarticular
choices of such systems.

Seven sites have been selected (Figure 1) as representative of the
European environment. At these sites, measurements have been (and are being)
taken every hour on the hour (LMT) for a two year period. The United States
has collected data during the winter of 1976-77 and summer of 1979. The
European programs were initiated in 1979 and will continue through 1980.

Presently, over 90 months of data from the various stations av,. eei
collected with final submission due by 1931.

The measured optical and meteorological parameters are outlined in
igure 2.

In summary, the ultimate AF/Dl oayoff will be statistics of EO/IR
weather in the European environment: two years of seasonal grouno station
data as well as airborne measurements.
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OPAQUE MEASURED OPTICAL OUANTITIES

VISIBLE

Transmission, Day-Night, Photopic, 500ms Vn < 20 km
*Scattering Coefficient, Day-Night, Several "s
Horizontal and Vertical Illuminance, Day-Night
Path Luminance, Day-Night, L(-, 25o), L(.)
Spectral Solar Transmission, Ti(')
*Direct Contrast Reduction
*Angular Scattering Function
*USAF and FRG Aircraft Measurements

INFRARED

Transmission (650" r Source), 500 m,
*Laser Transmission,
*Laser Scattering, 1.06, lO.6::m,
*Sky & Background Radiance.

MEASURED METEOROLOGICAL QUANTITIES

SU:UIJTA':E3UL WITH OPTICAL MEASUREMENTS: Temperature
De... Point or Relative Humidity
Rain Rate
Pressure
Wind Speed and li'ection
*Cloud Height and Cloud Cover

Aerosols

Standard Meteorological Observations from Nearby Meteoroiogica' Static,,s.
Including Radiosonde Flights.

Not all stations

Figure 2. Measured Optical and Meteorological Darameters.
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Ronalcl r-. Grijenzel andI'4 ri M a ri1n
Electr-o tical Senlsor Science and Engineering Group

ir Force '.,riqnt Oeronautical Latoratories/Avlonics Laboratory
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hrcjad band atm-osoheric transmission over an eiont kilometer land oath at the
.r'aetinq S',stems Characterization Facility :TSCF', lelriqht-Patterson Air
:"orce Base, Ohio. The Barnes 'Icdel ld-'WP Transmissometer has not (to our
knowledq e) )reviously been used for lonq oath transmiission measurements.

Ou xoreneatteTSCF sugnest that the rModel Md-AP configuration ima'
not cer'mit measuremnent accuracies of + 1 over an eiwit' kilometer land oath.
'lartin '1979) demonstrated that modifications to toe Barnes 'lodel 14-1,P
trans-'issometer electronic detectinq circuitry and the receiver and source
ontic-s are necessarv to achieve hich mleasureplent accuracv in the nresence of
ootical turbulence over lone atmosoheri c oa ths .

The redesiqn and fabrication of a new receiver ootics asserbi
was required because of the atmosnheric turbulence effects encountered
,ihen Drooacating the source bear over the eiraht kilon-eter ranr(e. Thre Barnes
!1odel la-~! P standard receiver antics creates a blur circle lar~ier than toe
detector surface (lartin, 1979). In the nresence of at-'osche-riC turoulence,
toe blur circle may terorarilw dr-ift off the detector surfaces due to beaim-
wander and "adulate the output. Since scintillacilon of the tea-, intensitv
oiue to turbulence occurs simiultaneously, the interoretatian of the -easure'-erts
t- calculate atmlosoheric transmission loss is subject to larcle error. T7h e

1:rezeiver ontics desirined by the Avionics Labora torv resul ts i n a mc

-Daller blur circle and its size can be controlled. The object of -e esir--
is to ensure that all the energy entering the entrance aoerture of toe
receiver ootics is focused and contained on the detect.or.

Even wvith coanoes in the receiver optics, it- was still nec:essar.
coanae toe Barnes electronic receive, circuitrv. Because c' atmos7 'zr',-
tirbulence, the dom~inant noise in the receiv.er outouLt si.onal is the 4ntre-S'
sc4 ,t illa t io n w h ichv results from the orooa-,ation Onrouao toe tuirtulen: '
7TDr oath lenqths o" eicot <ilo!eters or -rore the Rarnes e-lectron~zs vou

.7.'~ t- " 7.' r- Ct - v.. 'a--. -:

e a S re 'e r 5. The les~ c" :erl -e e ao>lc
'c0 r7 ia tr -oitn v1 , o."s f 'r e - cte 3 ' cte-
te f 'aa airr 1:~~U 4~-~c t? 4 2t en~ 0 - e7?



beam from the primary mirror was observed as the beam was scanned from
the center to the edge of the mirror. Because the receiver optics are
smaller in diameter than the source primary, calibration procedures were
questionable. This will be remedied by placing the black-body cavity
closer to the aperture. However, this placement of the black-body does
not permit simultaneous operation of the visible and black-body sources.

REFERENCE

Martin, William C., 'Optical Tests on a Barnes Transmissometer",
these proceedings, page 51.



OPTICAL TESTS ON A BARNES TRANSMISSOMETER

William C. Martin
Electro-Optical Sensor Science and Engineering Group

Air Force Wright Aeronautical Laboratories/Avionics Laboratory
Wright-Patterson Air Force Sase

The Electro-Optical Sensor Science and Engineering Group recently
purchased two complete transmissometer systems (Model 14-WP) from Barnes
Engineering Company for the purpose of measuring atmospheric transmission
in the visible and near infrared (IR) spectral regions. These measurements

were to be made over horizontal path lengths of up to eight kilometers.

Repeated attempts to measure transmission with an accuracy of + 17 over
an eight kilometer path were unsuccessful. Since this transmissometer, to our
knowledge, has never been used over these longer path lengths it was deemed
necessary to perform a complete analysis of the instrument and precisely
determine its optical characteristics. The results of this analysis are the
subject of this presentation.

SYSTE DESCRIPTION

The transmissometer source consists of a 49.5-inch focal lencth
primary mirror with a 16.5-inch clear aoerture, a small diagonal fold
flat, the aperture wheel, chopper mechanism and lioht sources (visible
and blackbody). The transmissometer source is intended to function
like a searchlight, with the illuminated apertures located in the
infinity focal olane of the orimary, sendine out a collimated beam wit
a divergence dependent upon the aperture size beino used and the foca,
leroth of the orirrary mirror. Fioure 1 shows an ootical layout of the
source asseibl,.

-ith each source there are three receivers .,nich have Si. 'nSi "c
anCdTe detectors to cover the visible, 3-5 micrometer and S-12
spectral regions, respectively. The oertinent carameters of each o' --e
receivers is oiven in Table 1 below. The optical configuration of a receie."
is shown in Figure 2.

The receiver fore-ootics (ori'ary and secondary ri rrors 4ace -he
source aoerture in the plane of the field stot; this i"ace is re'aye: t
one-to-one by the transfer Tnirror assembly to a second i"-ace owcint, .,r -

in turn is aqain relayed at unit 'aonifi cation throun -. e :ort-niuous i
Variable Filter (CVF) to the detector. The fore-coTics i, both toe
visible ana 3-5.m receivers are described by 3arnes as soneres, ,.ere-s
the ori"ary irror of tne J-12 m receiver is ar, .isD-ere. cocusinc i= eac'.
receiver for minimum spot size is accoplisnec 'vi "h e coa'



CONCLUSIONS AND COMMENTS

The results of AFWAL/AA tests suggest that attempts to measure atmospheric
transmission over long paths of eight kilometers or greater with accuracies of
+ V. may exceed the de i(jn limitations of the Barnes M1odel 14-WP transmissometer
with the CVF provided. The data indicates that the transmissometer sources,
from an optical viewpoint, should oresent no oroblems in terms of obtaining
accurate transmission measurements. Nevertheless, the receivers may not
be adequate for longer path measurements. While it is certainly true that
the receivers are not intended as imaging devices, it is necessary that all
the energy from the source, as collected by the receiver, fall on the
detector--none of it must be allowed to fall outside the detector--or a
loss of accuracy will result. In other words, a flat field-of-view over a
reasonable pointing angle is required of each receiver. This can only be
achieved in the current units by either having larger detectors or smaller
blur circles. The former is unattractive from signal-to-noise considerations.
Reworking the existing optics to improve soot size is feasible. However, we
have experimentally determined that the 4.25-inch collection aoerture of the
Barnes receivers (plus obscuration) is too small for use at 8km--the signal-
to-noise for certain CVF settings is practically zero. This would indicate
the need for a larger receiver collection aperture. Details of this ana.,,sis
can be found in AFWAL/AA-TP-79-1123.

One question which needs to be addressed is why Barnes found it neces-
sary to aspherize the primary mirror of source =2. The effects of the two
different primary mirror shapes on beam distribution at an Skm pronagation
distance are largely unknown. They should be minimal, but an actual
experimental determination has not yet been made. This will be delayed until
adequate means for collecting the source energy are developed.

At this time an effort is underway by the Air Force to completely I
redesign the receiver optical system. It is felt that if an adequately
sall blur circle can be obtained with the new optics, then the theoretically
obtainable accuracy of the entire system will no longer be optics liited.

REFERENCE

Martin, William C., "Optical Tests on a Barnes Transirissometer Svste,-,"
Technical Report AFALAA-TR-79-1123, February 1979.



TABLE 1

TRANSMISSOMETER SYSTEM PARAMETERS

DETECTOR

Si InSb HgCdTe

Focal Length 8.5' 8.5" 8.5"

Aperture 4.25 4.25" 4.25"

Detector Size 1mm x Imm .030" dia .5mm x .5mm

Detector Window -- Si coated Irtran 2

Field-of-View 5 mrad 2.5 mrad 2.5 mrad



I <PRIMARY
DIAGONAL ! MIRROR

APERTURE
WHEEL

PRISM II VISIBLE
BLACKBODY ILIGHT

______________________________SOURCE

Figure 1. Source Optical Layout.

FIELD TRANSFER REL~aY DE7EC70P
STOP MIRRORS DOUBLET

FOPEOPTICS

Figure 2 Receiver Optical Layout.



DIRT I, II

Bruce Kennedy
Atmospheric Sciences Laboratory

White Sands Missile Range

DIRT (Dusty Infrared Tests) I, II had as their objectives real time,
realistic battlefield measurements and data collection of transmission and
particle size. Detonation of typical Army projectiles dispersed particulates
within line of sight. Attenuation and transmission were continuously
monitored with devices such as the NRL filter transmissometer.

Mobile meteorological support included the standard measurements:
temperature, pressure, relative humidity, wind direction and speed as
well as solar radiation (incoming and outgoing).

In addition to the meteorological parameters, impact criteria
(crater diameter and depth) were recorded for future data analysis.

The accompanying figures provide examples of measured data and
reveal temporal effects of battlefield obscurants on transmission.
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DOCUMENTATION OF ATMOSPHERIC OPTICAL PROPERTIES
DURING THE TESTING OF AN

ULTRAVIOLET VOICE COMMUNICATION SYSTEM

Michael E. Neer, Joseph M. Schlupf and Jeanne Kuhlman
Scientific Technology Associates, Inc.

Princeton, New Jersey

During the last week of July and the first week of August 1977, a
research oriented ultraviolet voice communication system was tested in a
desert like atmosphere. In order to verify the effects of atmosoheric
prooagation and scattering on the Derformance of this ultraviolet voice
communication system, a series of measurements was made to determine
atmospheric optical prooerties. The atmospheric measurements made included
ozone concentrations, aerosol particle size distributions, single scattering
phase functions, temperatures, humidities, color photographs, extinction
coefficients and scattered radiance. Extinction coefficients and scattered
radiance were measured at distances ranging from 0.7 to 3.0 kilometers.
These measurements were made using a relatively isotropic 200 watt mercury-
xenon lamp. The angular dependence of radiation coming from this lamp was
measured and taken into account in the modeling. The soectral distribution
of radiation coming from the lamp in the wavelength bandpass of the ultra-
violet radiometer is shown in Figure 1. Extinction measurements were made
by pointing the detector directly at the 2UO watt lamD with a narrow field-
of-view. Scattered radiance measurements were made by systematically
rotating the detector optical axis away from the source-to-detector line-of-
site to various elevation angles. As the elevation angle of tne detector
optical axis was increased above the source-to-receiver line-of-site, the
detector field-of-view was also increased to allow for a laraer scatterino
volume. Mie scattering theory was used together with the measured oarticle
size distribution to predict aerosol scattering ard aerosol absorotion
coefficients such as those shown in Figure 2. Ozone concentration measurerents
were used to predict ozone Tbsorotion coefficients also shown in Ficure 2.
- -' ' -----..-- -r e : ,, - 1 -. , . . - . . . - - .

:ne<~-y co Cre,]: -C e ;: tin] J.2e " -ce-.,= , z:ec'es. ---
-c -ne ..... e-:Q cefficients ia equa*...=- -

shown in Figure 2. Measured values of the extinction coefficients are snown
in these figures as circular data points.

An atmospheric propagation and scattering model known as OSIC 'Off-
Axis Scattered Intensity Calculation) was used to oredict the scattered
radiance at various elevation angles and distances from the source laro. Con-
parisons of measured and predicted scattered radiance are shown in Ficure 3
for measurements made on July 26.

Once the validity of the OSIC model had been established for credictinc
both directly transmitted and scattered radiation it was usec to successfully
credict the oerformance of the ultraviolet voice communication syste:-.
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TRANSMISSION MEASUREMENTS AND SIMULATION

Frederick G. Smith
Optimetrics, Inc.
Ann Arbor, Michigan

Modeling of atmospheric transmission in the visible and IR bands is of
major importance to any EO system evaluation program. Although much progress
has been made on various codes, the high variabilities of atmosoheric properties
and operational scenarios continue to present formidable modeling problems.

Transmission measurement programs are critical for model validation
and in fact, the measurement of atmospheric properties is necessary to drive
the models. Consequently, there is a definite need for communication between
the modeling and measurement communities.

Figure 1 gives the basic definitions of aerosol transmittance, calculations
and simulation. Figures 2 and 3 provide comparison between measured and
computed transmission.

From a modeler's viewpoint, several suggestions for possible improvement
in the acquisition of broadband transmittance measurements can be offered.

1. In the 3-5 ;m band, use two filters to cover the
two distinct windows: 3.3-4.2 -m and 4.4-5 n.

2. Use a filter and detector combination to tailor the
transmissometer system response towards similarity to the
(military) system of interest (e.g. for the 3-5 -m recion,
an InSb detector with a range filter could be used to dunlicate
a FLIR response.)

3. Maks spectral measurements.
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BARNES INTERCOMPARISONS TRIAL; PERSHOPE

William Gallery
Air Force Geophysics Laboratory (OPI)
Hanscom Air Force Base, Massachusetts

Intercomparisons of the Barnes transmissometer systems utilized by
nations participating in OPAQUE were performed on determine, among other
things, the accuracy limitations of the IR transmission measurements
made with these instruments.

Measurpment of spectral characteristics (total spectral res, Dnse as
a function of detector spectral response, filter transmittance an( lens
spectral characteristics) were made for each transmissometer rece ver.
Figures 1, 2, and 3 provide results of this analysis.

Comparative field measurements were taken over a .5 km path during
several days of testing. The transmissomters were all calibrated by bringing
the receiver close to the source as per the Barnes calibration technique.

Table 1 compares statistics. In particular, the U.S. systews' measure-
'ients differ (up to 16;. in the mean) from the European systems' meas ,ements.
i4oreover, the deviations show spectral dependence.

Since these effects were not eliminated with the Barnes' close un
calibration technique, a decision was made to (temporarily) calibrate against
computed high transmittance values (LOWTRAN)

RE FE RENCE

Fenn, R., R. Toolin, and V. Turner, "Intercomparison Tests of the OPAQUE
IR Transmissometer," AFGL Preliminary Report, November 1977.
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TABLE 1

COMPARISON OF BARNES TRANSMISSION MEASUREMENTS

18 September 1977, 15-, Pershore, UK

Transmittance over 500 m

BARNES TRANSMISSOMETER 3-5 m 8-12 um

Mean* Stan. Dev. Mean* Stan. Dev.

Denmark 87.4 2.17 85.9 2.6,

France 91.5 2.72 92.8 1.46

UK, repeat 83.1 3.86 84.4 2.33

Germany 83.8 2.93 89.4 2.23

Netherlands 84.7 2.1 83.4 2.28

UK 88.4 3.1 84.3 1.83

US 500 meter, repeat 91.4 2.81 99.6 2.39

US 500 meter 90.8 2.58 100.4 4.06

Mean f-om 100 samples over 5 minute period.
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ATMOSPHERIC TRANSMISSOMETER CALIBRATIO!,

Frederic M. Zweibaum
Barnes Engineering Company

Stamford, Connecticut

Absolute measurements of radiant energy are very difficult to make.
Therefore, when investigating a physical property such as atmospheric trans-
mission, it is best if the measurement process does not depend on absolutes.
Barnes' measurement method operates on the principle of determining the ratio
of the irradiance actually received through the atmosphere from a source, to
the radiance that would be received with the atmosphere removed.

The concept of calibration is that the receiver "see" a radiation
source with the same angular subtense at both the calibration range of zero
path length and at the selected operating range.

In the Barnes' calibration method, the source assembly is used in two
ways. First, it is deployed at the desired range and used to make the trans-
mission measurement. Second, it is placed close to and aligned with the
receiver and used to make the calibration. In this second mode. an aperture
is placed in front of the source in the collimator to simulate the same source
angular subtense as the source at the range used during the measurement.
Electrical attenuation can be used to compensate for energy level differences.
The advantage of this method of calibration is that the atmosphere is effectively
removed and that the identical source is "seen" at both the measuring and the
calibration ranges.

Analysis

Now the measurement concept is stated and analyzed. The transmission
measurement is based upon determining the ratio of the source radiation
received through the atmosphere to the ratio that would be r 2ceved with the
atniosphere remc.,ed. This is expresses as:

RH TN A d 2

a _ s -c

v N A f 2
s a

where

- ateisoheric tr:"-ission i;::nsior!ess),

= radiometer responsivity (./olts -cmr -w

H = irradiance received through atmosphere (wa--tt,-cm -'a

H = irradiance received throuah vacium (wiatt --
v
N = source radiance (;acts-cm- 2 '

= peratire of collimator mirror (c:'7'

distance to source (cm'.

A a aoertjre area of source in coliator (c," 2 anc

f = Cocal ,ercth of collimator ' irror .
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Now, of course, we cannot remove the atmosphere and receive Hv
directly, but we can simulate Hv. Noting that Ac d- 2 is a solid angle, _s,
what we are really saying is that the quantity Ns-s can be simulated
to an accuracy better than the accuracy of a direct (absolute) measurement
of the source radiance, Ns. By using the same real source at different
distances, the source brightness can be completely unknown, and dependable
values of transmission can be found.

The radiometer can be calibrated to read directly in percent T by
setting R, the radiometer responsivity so that, while seeing the calibration
source,

100 = R Ns~ s

This normalizes the output so that the radiometer reads directly in percent
transmission when viewing the range source.

When possible, it is desirable to use the same or identical sources
for field or calibrations use. This is done in the systems supplied by Barnes.
By using the rttio method, the absolute value of the source radiance does not
affect system accuracy. In the Barnes system, only the stability of the
system, the system noise, and the geometric and optical uncertainties in
soecifying the field solid angle of the source affect the accuracy.

Types of Errors

Only the major error sources in transmission measurements need be
considered. The square root of the sum of the squares (RSS) of the individual
errors will be used to express the total error for want of a better criterion.
Af thic time, we will concider the 8-14 m region only. The time Deriod con-

-i 'e'e: -_ cf the order of several days.

T, nc x~noa;ental types of errors are found. -;-e F4-st _ype is JLe
instabilities in the electronic components of the system, including siqnal-to-
noise ratio, and can be divided into categories (a) through (d) below. This
affects the accuracy of measuring low-level signals. The second type of
error is due to uncertainty in measuring the optical dimensions involved when

-e. .. ne ",c'sccu ,' -. ration n.4 ' co'ie.e: a :ec-e ,'

(a) Source Radiance Variation - A variation of 5 kelvins under
worst conditions is to be expected. This results in a oercent
radiance error of _ F.

'b) Electronics - Well designed, stable amplifiers are emcloyed, with

drift on the order of 0.25

(c) Detector Stability - 0.2:.

,J' System Noise - at 100 to I signal-to-noise ratio,

tie) Geometric Errors - These errors are systematic and can be calibrated
out. A method of removing errors of this tvpe is oresenten ir tre
next section. Several typical ceometric errors are incluceo telow.
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Characteristic Dimension Typical Error Perrentage Errc-r

Cal Aperture 0.003' +0.00005" 3.3
Focal Length 25.6" +0.0005" 0.04
Clear Aperture 4.075" +0.0005" 0.03
Range 1 km +Ir 0.1

The root-sum-of-square error is dominated by the source uncertainty and
is +1.145-.

IMPROVING CALIBRATION ACCURACY

Several procedures have been devised and suggested to improve calibration
accuracy. These include a method for removing geometric error by making
measurements at several ranges, and a proposed portable transfer radiometer
to check calibration in the field. Each of these will be considered briefly.

Reduction of Geometric Error by Measurinq at Several Ranges

Suppose when calibrating the radiometer by setting 100 = R Ns  s'
optical imperfections introduce an error so that ts Asd- 2. Then we can
say that xs + Asd- 2 . Now when we view the source at true range, d,
we get:

R Ns  As  d
2  

T t  +

R RN \ SR s 's s

Here, Tt is the true transmission and , is the erroneous reading.

By working on a clear day when conditions in the visible appear uni-
form over the pathlength, it is possible to determine this error experimentally.

A second reading is taken at range 2 d.

This will result in a new apparent transmission:

R Ns As d
2  2

2 4 R N

Note that the factor 4 appears from doubling the range and i 's -e
square of the true transmission. We can substitute - in the equation -r -

2+
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If we multiply :2 by 4 and divide by , we get:

4 2

t

Thus, by varying range, which can be very accurately measured, systematic
calibration errors can be discovered. The method of course. depends on uni-
form transmission over the range.

An interesting point to notice is that the calibration error factor,

1 + - , is constant. For example, at range 3 d:
5

R N A d 2  3
t = t1 + T" t

3 9 R N 9

Therefore, once the factor is known, it is applied to the apparent

transmission in a simple manner, independent of range.

Reduction of Long-Term Error by Portable Transfer Radiometer

A portable transfer radiometer or transmissometer rccalibrator is pro-
posed to reduce long-term error. it provides a method for recalibrating a
transmis-orneter system without removing the transmitter or receiver assemblies
frcm thelt installations in the field. This is a most important savings in
time and permits measurement programs to continue without significant interruption
when a question concerning calibration arises.

The transmissometer recalibrator is a portable instrument consisting
essential!/ of a small chopped source, a filter radiometer with excellent
short-term stability, and a chargeable battery power supply capable of running
the recalibrator for several hours. The battery is used only as a 'keeper"
during transport between the transmissometer source and receiver and from the
user's home station.

The recalibrator is supplied with the values of two voltages, called
Vr and Vt. These values are printed on the instrument for ready availability.
T,e significance o: these quantities will be explained below. :.e shall now
step through the calibration procedure.

Sefore use in tne field, the radiometer is self-calibrated Against its
own internal source and the radiometer is adjusted to produce an output '-.
The switch is left on and the instrument is carried to the transmitter assemc'v
in the ;ield. There it is plugged into the local oower source anc readjstec
to produce V. exactly when looking at its own source. The instrument then
looks at the'fieid source with its calibration aperture in piace anc records
Ine output volt:ce as V

Cpeatinc on its internal batter',, Dower. the recalinr~tcr is ca',iec to
the recei,,er asse,bly. o]c;gged i!to tne 7ocai cower, and tie rec .,ibratcr sc:rce



is adjusted, if necessary, to produce )c" Now the transmissometer receiver
looks at the recalibrator source and its output is adjusted, if necessary,
to make its ouput equal to VR where

Vs X VR/Vc = Vt

When this adjustment is made, the transmissometer system is effectively
recal ibrated.

CONCLUSIONS

The calibration method that has been described together with the
certain adjustments and checkR provide the most appropriate procedure that
has been developed to date. Barnes Engineering Company does not express
complete satisfaction with this method, but it has not yet received any suggestions
for a better approach. Although the use of an evacuated chamber running the
full length of the test range would provide a theoretically perfect calibration,
such a facility is not expected to become available. A request is made for
suggestions to improve calibration methods.
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ATMOSPHERIC TRANSMISSION AT BLOCK ENGINEERING

Geert Wijntjes

Block Engineering
Cambridge, 'Iassachu-et%

Block Enaineering has longstanding interest in atmospheric transmission
related efforts. In general, these have involved custom design of transmission
measurement systems, use of Block owned equipment to make atmospheric trans-
mission measurements in support of target and background signature measurements,
as well as soecialized research and develooment efforts.

Most of the equipment and measurements have involved interferometers
of the Michelson type either used as source modulators or as spectroradiometers.
Other systems have involved filter radiometers and multi-laser based systems
of the wholly contained beam type. Design principles for these efforts include
optical systems with oversized detectors and the use of field lenses to
minimize alignment errors and scintillation effects. The overriding philosoohy
has been to make measurements at spectral resolutions as high as technically
feasible and then to convolve them down to the requirement at hand.

Absolute calibration to the lO00 line or vacuum transmission level
has been approached in a number of ways. Among these are the use of a
laser which is wholly contained within the receiver aperture, -a t2chni.>e
pioneered atNtL), multiole range measurements and normalization to clear
bans using existing propagation models.

The use of a rapid scan Michelson interferometer as a source ' odulator
has many advantaoes. Some of these are listed belo'.,.

a High efficiency, since only one steQ of modulation is used.
No additional choppers or other forms of <odulation are involved.

* High source chonoina frequencies, which result in complete
elimination of signals due to background and forearound radiation.

* Hich scan rate, giving virtually total irmmunitv to atmosoheric
scintillation and source instabilities.

* Sroadband spectral resconse limited by detector and bea!-s')litter
response.

s Low dynamic range in each high soeed interlerogram scan, allowincrecording by simple analog techniques without loss of si-1nifi_-ance

in typical long term data recording senuences.

'ts Drinciole disadvantage is that throughout of the source 4s 7i"-ite:
co ;i.nat can te acceoted by the inter'ero-eter, de( -radinq tie rad 4Io,'le-'c

oerlor'rance coipared, for an exarnle, ..jith tnat obtained ro:" a are chocce
source. set of spectra obtanea '.ith raaid scan Tnte'n e i'eters ,'e -ownin t nis ur-es I and 2.



These were obtained in either a double-ended measurement configuration
or as single-ended measurements using plane mirrors or retroreflectors. The
spectral range is from 1 micron to 1 millimeter.
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(corrected for relative instrument response).
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ATMOSPHERIC TURBULENCE MEASUREMENT

Curt A. Levis
The Ohio State University ElectroScience Laboratory

Department of Electrical Engineering
Columbus, Ohio

A series of atmospheric turbulence measurements were made in conjunc-
tion with the Airborne Laser Laboratory (ALL) program at the Air Force
Weapons Laboratory. Of particular interest is the characterization of the
refractive-index structure parameter CL via measurement of the temperature
structure Parameter Ct. n

An operational technique for measuring C (and thus C ) from high-
t .naltitude aircraft was developed. It utilized hot-wire anemometer probes to

measure the temperature fluctuations. By utilizing two probes at different
overheat ratios and reducing the data simultaneously by spectral analysis
it is possible to separate the temperature fluctuation effects from velocity
effects in a noise-resistant fashion. This becomes important at high
altitudes.

The present data base is growing but is yet grossly inadequate for
application. The data are not correlated with meteorological and orographic
observables; future experiments are needed to relate these to measured
turbulence parameters.

Initial probe designs were by L. E. Pape with analysis by S. A. Collins,
Jr. and Y. S. Liu; more recent designs were by W. C. Rose with analysis by
C. A. Levis and J. P. Serafin.
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ADVERSE METEOROLOGICAL EFFECTS ON ATMOSPHERIC TRANSMISSION

Eugene M. Wilkins, Senior Scientist
Vought Corporation Advanced Technology Center

Dallas, Texas

MOISTURE VARIABILITY

Moisture variability in the atmosphere is much greater than is generally
realized, and causes difficulty with transmissometer evaluation in the real
atmosphere. It is especially troublesome when attempting to verify atmospheric
transmission models, and also when attempting to reconcile EO system performance
with on-going meteorological conditions.

The solar radiometer has only recently been recognized as a valuable
moisture monitor (Volz, AFGL, 1974, Pitts, et al., NASA/JSC, 1977). The
principle of operation is the ratioing of solar transmissions in two adjacent
IR bands, only one of which is subject to strong water vapor absorption.
The two wavelengths respond equally to all other constituents.

A brief review of published data collected by means of these
radiometers points out an obvious need for more measurements of this nature
to establish spatial and temporal variations of precipitable water for a
variety of climates.

Figures 1-3 are recordings of precipitable water made by NASA's
DeMonbrun autotracking radiometer system. These traces reveal fine structure,
since they are derived from continuous recordings. A temporally fluctuating
precipitable water trace is evident in all cases.

Decreases in precipitable water sometimes, but not always, coincide with
sudden increases in optical depth at other wavelengths. This suggests that
an interaction of moisture with particulates to form a disperse droplet Dop-
ulation (invisible cloud) may be responsible for the fluctuation. This can
occur in a layer of atmosphere where the relative humidity is 80% or more
(Wilkins, 1976) with optical depth changes of the kind seen here.

The fast resoonse and continuous recording mode of the DeMonbrun
system make it possible to examine the moisture structure for scales on the

order of one second or smaller. This was done for selected one-minute intervals
of the 31 March (Figure 2) recording. fleans and standard deviations for
twelve one-minute intervals are given in Table 1. Comparison with the trace

of Figure 2 shows that the standard deviations are generally less than I:-
of the mean except for the one-minute intervals taken durinq periods of large
variability such as the first two and the one taken at 10:50 AM. For these
the standard deviation is 3-5%, which is very large for so short a time scale.
The statistics at 10:58 AM are based on 85 individual readings during the
one-minute period.

In summary, then, the temooral variability of total orecioitable water,
based on the limited data base available, appears to relate to time scale as
follows.
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TIME SCALE VARIABILITY

0.5-2 second 1-5% of mean
1 minute 8-12%
20 minutes 15-20-1
1 hour 25-50:i
4 hours I00-200 1

Since no attempt was made to select periods which would maximize the
moisture variability there is no reason to believe tnac even larger eAtremes
do not occur. The temporal variability gives a clue to spatial variability,
since much of the observed variation must be due to structure swept past by
the wind.

It should be emphasized that these dramatic moisture events may occur
entirely during clear skies and are not predictable on the basis of any
current forecasting technology.

TRANSMISSION MEASUREMENTS VERSUS MODEL PREDICTIONS

Because of the difficulty in describing the moisture content of the
atmosphere at any place and time there will always be considerable uncertainty
in the assessment of E) system effectiveness. This uncertainty is not due to
lack of knowledge about moisture transmission, but it is aggravated by
moisture variability and sensitivity of the system. The LOWTRAN transmission
model will yield good results if the variability is averaged out, if particulate
interactiops with moisture are small, and if the moisture concentration is rot
too high.

Figure 4 gives a comparison of theory with actual 8-12 um transmissometer
measurements (Bergemann, 1977) in moist atmospheres. The dash line represents
perfect agreement. There is considerable scatter about this line, and the
largest error is by a factor of two. Most of this scatter is due to the
inability of the moisture sensors to adequately define the moisture path
in the presence of spatial and temporal variability. The scatter in Figure
4 is reasonably symmetrical, and absence of bias in high moisture situations
lends some confidence to the use of the LOWTRAN model. At least, the
limitations are fairly well identified.

The transmissometer range at Eglin Air Force Base used by Bergemann is
very well instrumented, and attempts were made to relate the transmission
measurements to various meteorological parameters. Table 2 lists both
measured and computed attenuation coefficients for a variety of visual
ranges between 9.5 km and 24 km. Several important points must be empnasized
from these results.

(1) There is a fair correlation between visual range and
transmittance, but attempting to account for the other
meteorological variables does not improve the relationsnio
between measured and predicted attenuation coefficients.

(2) Although no haze was reported, the attenuation coefficients
are comparable to those measured under moderate haze conditions.
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(3) The measured attenuation is almost invariably greater
than predicted, but the largest discrepancies occurred for
relative humidity in excess of 77%. This could be caused by
a small population of droplets which would not have been
taken into account by the LOWTRAN model.

When aerosols and/or water droplets are an important contributor
to attenuation, the situation becomes much worse. Mie theory computations
using various particle size distributions of haze, fog, clouds, and precipi-
tation are useful for ball-park estimates, but they do not fare very well
in field trials. The Hannover, Germany experiments (Biberman, et al., 1977)
were very revealing in this regard. For "well behaved" data, meaning a
relatively clean and dry atmosphere, the transmissometer measurements
were in aoreement with LOWTRAN within +3% for 85% of the time and within
6% for 95% of the time. However, for The aggregate of all of the transmissometer
measurements the comparison with the model was described as follows.

one third - +5% (accurate)

one third - +15% (fair)

one third - "wild"

These observations give us an idea of the portion of the time that tests
may be performed without undue interference by meteorological factors.

EFFECTS OF HAZE AND FOG

The marine atmosphere of the Atlantic Ocean invades Europe to an
average height of 5 km during most of the time. The probabilities that haze
conditions will be equal to or worse than average, hazy or heavy haze
conditions at Berlin are given as follows:

Average Hazy Heavy Haze
Visibility km 7 km 4 km

Prob. for Dec-Jan 99% 60% 50%

Prob. for June-July 85% 0%5

These statistics (Wilkins, 1979) present a rather grim picture. By using
the climatological average moisture content for these visibility limits and
the mid-season months we can construct a table of attenuation coefficients
for 10.6 um radiation such as Table 3, which does not take into account the
interactions of particulates with the atmospheric moisture. As a result, the
attenuation coefficients are unrealistically low in July, when the moisture
content is highest, and also in heavy haze, where the aerosol-moisture
interactions are almost invariably present.

Table 4 gives averages of the attenuation coefficients for actual
measurements of IR radiation via transmissometer near Hannover, Germany. The
ranges were 1180 m and 4310 m long and were instrumented for temperature,
humidity, and aerosol counts, as well as for quantitative measurements of
visual range. Here, the increased attenuation due to greater moisture-
aerosol interaction in summer haze is quite obvious. The simple combination
of a haze model with a moisture model does not suffice to predict haze
attenuation.
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These measurements show an increase of about 8 dB/km between heavy
marine haze and light fog. The data also showed that this increase is
dependent more on the total moisture content than on changes in droplet size
distribution. However, it must be remembered that the two are closely
related, and also, accurate measurements of droplet size distribution are
impossible with available instrumentation. The true relationship of
attenuation to particle size distribution is not really known, although
theoretical models indicate considerable sensitivity.

The Hannover experiments also showed that point-to-point transmission
measurements at ground level do not necessarily reveal the true situation
for slant range approaches. Balloon sounding made during haze and fog
conditions showed that the water content (and the corresponding IR
attenuation) very often increases with height in the lowest 200 m. Figure 5
gives samples of mositure soundings and the corresponding (calculated)
extinction coefficients at three wavelengths (Biberman, et al., 1977).
Aerosol and droplet models were used for the extinction calculations.

For the haze situations of 2/28/76, the extinction coefficient is
essentially independent of height, but the three fog situations show sig-
nificant increases with height. There is no reason to suppose that this
condition is restricted to the Hannover region, and so further investigations
are badly needed.

EFFECTS OF CLOUDS AND PRECIPITATION

Wilkins (1979) has compiled statistics on the risk of encountering
each of the nine basic types of clouds over Europe and the Atlantic Ocean,
and has given backscatter and attenuation coefficients for each type in
10.6 im and 3 mm wavelengths. The statistics are broken down by season and
time of day. The study shows that the probability of a cloud-free line-of-
sight (P/CFLOS) is very low, esoecially in winter, for flights at altitudes
above 300 m. Even in partially cloudy conditions the P/CFLOS is very low
for typical aircraft speeds if acqjisition time is one second or longer.

Tables 5 and 6 give the consequences of these weather elements in
terms of albedo and extinction coefficients at 10.6 Pm and 3 mm. Cumuliform
and stratiform clouds and accompanying precipitation are dealt with separately,
and rainfall rates peculiar to each type are given. The models (Gaut and
Reifenstein, 1971) are segmented into layers according to different water
densities and droplet sizes typical for each range of altitude given.
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TABLE 5

EXTINCTifN COEFFICIENTS AND ALBEDOS FOR
PRECIPITATION FROM CUMULIFORPI CLOUDS

10.6 tm Radiation 3 mm Radiation

Related Altitude
Element Range Ext. Coeff Albedo Ext. Coeff Albedo

(dB/km) (dB/km)

Cumulonimbus 8-10 km 14.7 50% 14.5 0.4%

with rain 6-8 177 52 47.9 23

(150 mm/hr) 4-6 237 52 63.9 23

1-4 474 52 128 23

0.3-1 201 51 17.4 41

0-0.3* 7.61 51 8.2 61

Cumulus 1-4 237 52 63.9 23

with rain 0.4-1 57.5 51 48.9 41

(12 mm/hr) 0-0.4* 3.17 51 3.83 56

Cumulus 1-3 118 52 31.9 23
with rain 0.5-1 28.7 51 24.9 41

(2.4 mm/hr) 0-0.5* 1.64 52 1.85 56

Cumulus Conjestus 2.5-3 31.9 50 21.0 38

(no rain) 2-2.5 63.8 50 42.1 38

1.6-2 51.0 50 33.7 38

1.2-1.6 68.6 52 13.8 22

1-1.2 100 59 4.83 2.5

Altocumulus 2.4-2.7 50.2 59 2.42 2.5

Stratocumulus 0.3-1.2 83.7 59 4.03 2.5

Cumulus 0.5-1 167 59 8.0 2.5

Humilis 1-1.5 335 59 16.1 2.5

1.5-2 167 59 8.0 2.5

*Rain shaft only, no clouds



TABLE 6

EXTINCTION COEFFICIENTS AND ALBEDOS FOR
DPEC!PT7Tj1 :DOM STRATIFORM CLOUDS

10.6 urn Radiation 3 mm Radiation

Related Altitude
Element Ranae Ext. Coeff Albedo Ext. Coeff Albedo

(dB/km) (dB/krrn)

Steady Rain 2-4 km 670 5901 32.2 2.5%

(15 mm/hour) 1-2 1,000 59 48.3 2.5

0.3-1 670 59 32.2 2.5

0-0.3* 12.7 51 16.7 52

Rain 1-1.5 335 59 16.1 2.5

(3 mm/hour) 0.5-1 670 59 32.2 2.5

0.15-0.5 335 59 16.1 2.5

0-0.15* 2.5 51 3.3 52

Drizzle 1-1.5 335 59 16.1 2.5

, .2 mm/hour) 0.5-1 670 59 32.2 2.5

0-0.5* 154 52 23.0 14

Cirrostatus 4.6-6.4 7.4 50 1.55 nil

Altostratus 2.4-3.5 84.0 65 2.22 0.4

Stratus 0.15-0.91 140 65 3.69 0.4

Fr-ontal Fog 0-0.05 51.2 57 2.28 1.0

'- eavy Haze -- 2.48 20 1.31 0.0

*Rain shaft only, no clouds
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ASTRONOMICAL EXTINCTION MEASUREMENT AND ATMOSPHERIC TRANSMISSION

William Porch
Atmospheric and Geophysical Sciences Division

Lawrence Livermore Laboratory
Berkeley, California

Atmospheric transmission (in the visible part of the spectrum) has been
measured routinely using astronomical techniques since the turn of the century.
During the last 10 years our group at Lawrence Livermore Laboratory has been
using multispectral astronomical extinction measurements to unfold pollution
and meteorological parameters. Our work has shown two important results
that modelers and experimentalists in atmospheric transmission should be
aware of. First, evidence is quite strong that aerosol characteristics
(principally size distribution) in the Bay Area are different at night than
in the day. With no photochemical source, higher relative humidity and less
mixing, the size distribtuion tends to narrow to nearly monodisperse aerosol
layers of size (%.5 um). This is revealed by removing ozone, water, Rayleigh,
and NO2 extinction effects and seeing that the remaining aerosol extinction
with wavelength often increases with increasing wavelength. This is a specific
test for the size distribution referred to above and is rarely seen during the
day. The second important result is that inversion strength and height are
usually the dominant meteorological parameters related to atmospheric
extinction. Small variations in the inversion height especially in poor
visibility conditions make large differences in atmospheric transmission.
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IN-SITU SPECTROPHONE MEASUREMENT FOR GASEOUS/PARTICULATE AEROSOLS

Charles W. Bruce
Atmospheric Sciences Laboratory

White Sands Missile Range

Laser sources were applied to spectrophones about a decade ago. Some
applications were reported in succeeding years, e.g., References 1-3, but
their application to in-situ measurement of aerosols (atmospheric gases/
particulates) is a recent phenomenon. There are two general types of
systems; a static, twin chamber device in which a pressure rise proportional
to the absorption coefficient is measured (Ref. 4). This type of system
must be closed and thermally stabilized. It is subject to drift and is
clearly not suited to flow-through use. The second chamber is to cancel
the unwanted "window" signal.

The second general type uses a chopped or pulsed probe beam and an
acoustic sensor in a generally resonant integral microphone system. A
report on such applications is available (Ref. 5).

The first figure shows comparative ozone results (Ref. 6) using a
chopped c-w source system. The next figure shows an application of a pulsed
source system to another atmospheric gaseous absorber - at another wave-
length region (Ref. 7).

The third figure shows the application of our basic technique, which
involves acoustically isolated resonant subcavities (to effectively elimin-
ate the window signals) operating in a differential mode to separately
obtain atmospheric gaseous and particulate absorption values in situ, in
flow through fashion. By grounding the filtered or the unfiltered units,
all three (total, gaseous, particulate) quantities may be obtained (Ref. 8).
Lab use of such a system is diagrammed in Figure 4 (Ref. 8).

Finally, in this brief vignette, such systems have been used for field
measurements and much more compact units than that of Figure 4 are currently
:ewq tested.

Spectrophones do measure a quantity proportional to the absorption
coefficient. This is significant when the components of the extinction,
the scattering and absorption are needed (HE Laser, radiation budget,
contrast modeling, albedo problems). The spectrophone is also linear with
absorption coefficient over a number of decades while accuracy of.a
transmission measurement is quite limited in span. Absorption due to
atmospheric particles is also measurable though care must be taken to
consider the particle heating, cooling and flow problems when designing
the system. It should also be noted that aerosol particle characterization
is currently done primarily as a point measurement and may best be
correlated with a point type propagation measurement.
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A FEASIBILITY STUDY: APPLICATION OF LIDAR TRANSMISSION
MEASUREMENT IN THE SLANT VISUAL RANGE PROBLEM

Ronald H. Kohl
University of Tennessee Space Institute

Tullahoma, Tennessee

The geometry, distances and transmission values to be measured which
are applicable to transmission measurement in the slant visual range (SVR)
problem were described (Figure 1). The required lack of any instrumentation
or material at the airborne end of the visual path was emphasized.

The interpretation problem in attempting transmission measurements using
lidar was introduced. Initial emphasis was put on the lidar equation, to
see if workable techniques could be produced before looking at minimizing
the effects of multiple scattering.

The possible use of lidar radiation scattered from the particles of the
obscuring atmospheric dispersion was next discussed. An example of a tech-
nique which comes close in principle to making unambiguous transmission
measurements under a variety of conditions was described followed by a discussion
of the reason for the failure of this technique. The general problem occurring
in utilizing scattering from the obscuring particles was presented in terms
of an example. This was a plot of the attenuation coefficient for a homogeneous
dispersion and the family of curves of attenuation coefficient versus range
which give the same lidar return signal as the homogeneous dispersion
regardless of the lidar used (Figure 2). Individual curves, though giving the
same lidar signal, differ greatly in transmission through the dispersion.
These curves were used to point out that even if the backscatter to attenuation
coefficient ratio were constant with range, the very slight uncertainty in
this ratio, in techniques which utilize its numerical value, will make any
attemot to measure transmissions about and below 0.1 meaningless. (In addition,
these curves give an indication that slight variations in this ratio will
cause at least some techniques that rely on its being constant with range to
fail in attempts to measure transmissions about and below 0.1). No sufficiently
unambiguous technique which utilized scattering from the particles of the
obscurant and which was applicable to the SVR problem could be devised or
found.

For this reason use of the scattering from the atmospheric gas was
investigated. A general technique was developed and presented which is free
of ambiguity. A variation of this technique was discussed which promises reduced
multiole scatter and T2 problems due to reduced lidar beam path length, but
suostitutes other problems which appear to limit it to measurement of trans-
missions greater than 0.1.

The croblem with these last techniques is the very weak signals involved
due to the very weak scattering processes (molecular Rayleigh and Raman) which
would have no chance whatsoever of detection save that frequency shifts occur.
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Because of this a general approach was taken and those constraints were
looked at which are imposed by nature, physics, eye safety, and SVR use in
order to see what possibilities were allowed by these general constraints,
constraints that any lidar system would have to satisfy.

It was found that eye safety alone set the optimum pulse repetition rate
for laser scattering in the near UV and near IR, the regions of interest in the
SVR Problem. Using this optimum pulse repetition rate, maximum pulse and
time averaged output energies were found. (Other curves are available
including some weighted by wavelength to the inverse fourth power).

At present we are just concluding our study of the possibility of using
Raman scattering. We are also considering Rayleigh scattering possibilities
and the effects of multiple scattering via Eloranta and Shipley's small angle
estimation technique.
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DEC:SION POINT

'0 150

RUNWAY APPqOACH LIGHTS

DISTANCES IINVOL/E0 IN THE SLANT
RANGE 11ISBILITY PROBLEM

3 B ,
ICC 200,

RUNWAY . I
0 1,908' 2,570' 3,315,

'AE !SUPEHE%7 ^F R1A.'SM1SSEC'1N
F CM 3 CS x014

Figure 1. Geometry, Distances, and Transmission Values
Involved in the SVR Problem.
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MULTIWAVELENGTH CONTRAST TELEPHOTOMETER

Michael T. Gannon
Meteoroloc} Research Inc.

Altadena, California

The ability to see objects at a distance is affected by two mechanisms.
First of all, light can be absorbed and/or scattered away from the path of
vision by gas molecules and airborne particles. In addition, light is
scattered by the atmosphere into the path of vision. Such light is often
called glare, or atmospheric air light. Thus, a black object will increase
in brightness from the air light and bright objects will be reduced in bright-
ness by absorption and scattering.

The MRI VistaRanger* (manual or continuous) Telephotometer measures the
light energy (or radiance) at four visible wavelengths of a target or sky.
All measured values are relative to the standard light source used in the
calibration. Then apparent target contrast, Cr, is defined to be:

Nt - Ns

Cr c c

N
s

c

where N c and Ns are the target and sky radiance respectively, and c denotes
the color of the light. In addition, values of Nblue, Ngreen, and Nr?d can
be used to characterize color or color change. Measured radiance va ues, in
the blue, green, and red portions of the spectrum, are combined mathematically
to uniquely determine the color of a given target or sky. Color changes
from one set of measurements to the next can also be calculated. Thus, the
MRI VistaRanger measures parameters that relate directly to what an observer
sees, namely: (1) apparent target contrast; and (2) apparent target color.

The use of trade names in this reoort does not constitute an official endorse-
ment or approval of the use of such commercial hardware or software. This
report may not be cited for purpose of advertisement.
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ATMOSPHERIC OPTICAL PARAMETERS

Robert E. Turner
Science Applications, Inc.

Ann Arbor, Michigan

There are two major problems with the measurement of atmospheric
transmission. One is that the devices used are generally broad band
and the transmission which is measured is dependent upon the response function
of the instrument. This can be corrected by using narrow band devices or
spectral instruments. The second problem is that photons which should be
scattered out of a beam of radiation are sometimes scattered into the
detector, resulting in an increase in the transmission over what it would
be for a beam of infinitesimal width. A solution would be to use lasers
with narrow beam widths or to model the scattering with wide beam sources.

For modern electro-optical military systems contrast and the spectral
radiation field are of considerable importance and in some cases they are
of greater importance than spectral transmittance. It is essential therefore,
that one develop instrumentation to measure atmospheric optical parameters
upon which contrast and radiation depend. A detailed description of many
of these parameters and the relationship of one to another is provided in
the figures.
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RADIATION COMPONENTS FOR SOURCE, TARGET, SENSOR GEOMETRY

L(s,-.) =L 0 ,: )T(s,7) + L (s,2)

L(S,2) - radiance at sensor,

L0(O,2) - radiance at target,

T(s,C2) - transmittance between target and sensor, and

L (s,?:) - path radiance.
p

TARGET RADIANCE

Lif? fn.. (',V)) + L( ) (+'L d2' + L
snsky + surf( thermal

-bi-directional reflectance of target, and

n -surface normal.

PATH RADIANCE

Lp(s L p,scatt (s,)+Lp,emiss ('I

L (sj- radiance scattered into path, andp,scatt

~p emi- radiance emitted along path.

iqure . adiati!on E'quations.
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CONTRAST

Lt(X,S) L L(".,S)
C(XS) L b xS)

= C(0) Lb(A: T(),,S)

L t (,S) -target radiance at distance S,

L b(,;x,S) -background radiance at distance S,

L b (,O) -background radiance at target, and

T(N,S) -transmittance along distance S.

CONTRAST TRANSMITTANCE

T ( S) C ,S) L b ( ,O)
Tc ( ) C 7-1 0 -Lb(YS T

L p(I.,S) -path radiance.

Figure 4. Contrast Transmittance Equations.
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WHY MEASURE SOLAR IRRADIANCE?

SPECTRAL OPTICAL THICKNESS T 0 (N) IS DETERMINED

= cos o2n T

0 - solar zenith angle,

E0 (x) - extra terrestrial solar irradiance, and

E(\.) - solar irradiance at radiometer.

RADTf- REQUIREMENTS

1. Variable Field of View (e > 0.5 Degrees)

2. Wavelength Bands: 380-.00 %M, 120-4,10 1IM, 450-470 NM,
510-530 NM, 540-560 NM, 580-600 ;IM, 620-640 NM,
660-680 NM, 700-720 NM, 730-750 NM, 330-850 NM,
930-950 11M, 3 - 5 -M (spectral), 3 - 12 -.M (spectral)

3. Accurate Clock Drive

4. Rugged, Physically Stable for Field Operations

Figure 6. Solar Irradiance Considertions.
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INSTRUMENTATION IS NEEDED TO MEASURE
THE ATMOSPHERIC OPTICAL QUANTITIES ...

1. Solar (Lunar) Radiance

2. Solar Aureole

3. Sky (Diffuse) Radiance

4. Global (Sky Plus Solar) Irradiance

5. Spectral Transmittance (Visible Region)

6. Spectral Transmittance (Thermal Infrared)

7. Aerosol Mass Density (GMS/CM3 )

8. Aerosol Column Density (GMS/CM2 )

NEEDED: Calibrated, Visible And Near IR Spectro-Radiometers
With Accurate Clock Drive And Variable Field of View.

NEEDED: Calibrated Thermal Infrared And Visible Narrow Band
Transmissometers W!ith Variable Beam Width.

NEEDED: Instrument For The Remote Measurement Of the Particulate
Mass Column Density.

NEEDED: Instrument To Measure Liquid Water Content.

Figure S. Conclusions.
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DETERMINING REFRACTIVE INDEX STRUCTURE CONSTANT
Bv TWE SCr ITILL, T74" E-

Carl D. Vougnt

Lockheed Missiles and Space Co., Inc.
Huntsville, Alaca:a

An important property of the air along an optical path is hat of the

refractive-index structure or C2. The effect of high values of Cn is to
degrade the resolution of an imaging optical system.

The scintillation of an incoherent light source viewed through the
atmosphere is an indication of the optical (thermal) turbulence in the
mediim. The twinkling of a star is the most familiar example of this kind
of scintillation. In scintillation type C2 detectors, a light source is
directed at a receiver placed some distance away. The receiver consists
of a collecting objective focused upon a photo diode. As the atmosphere
between the light source and the receiver becomes more turbulent, fluctua-
tions appear in the output of the photo diode. The amplitude of the fluctua-
tions is a measure of the difference in index of refraction of cells which
traverse the line of sight By measuring the log intensity variation, a
determination of average C along the path can be made.

n
A drawback to this method is the occurrence of saturation (for

simplistic receivers) as frequency and intensity of the fluctuations become
large: photo diode output remains relatively constant ,th further increases
in C2 .

To decrease this saturation effect, a dual aperture receiver can be
utilized in which twc objectives with separate detectors placed side-by-side
are compared. The outputs are subtracted in a differential amplifier.
This difference signal is less orone to saturate with large values of C .
The spacing between the apertures is chosen large enough so that a majority
of cells which produce the scintillation Phenomenon are uncorrelated
between the two apertures.

Basing equipment design (including the dual aperture technique) on
Previous research done at the National Oceanic and Atmospheric Administration,
Lockheed (Huntsville Research and Engineering Center) has developed a
C2 detector suitable for the particular requirements of the Army Test and
Evaluation Directorate at Redstone Arsenal.

When such a CA receiver and its light source have been insta led at
the desired site, one can relate the orocessor output voltages to Cn through
a simole calibration orocedure. 'he processor has a switch selectable
'calibration mode." ';,en the orocessor is operated in this "calibration
mode,' the amoliciers are DC couoled, byoassing the filter stage. Calibra-
tion consists of setting a single adjustment to establish the overall gain
of the amoliFier in the orocessor. To determine the aoorooriate setting,
the system is operated at night to reduce background illumination. The
lanD is turned 'on" then "of " and the difference in orocessor output voltage
level reoresents V in the following equation,

123



C2 5.16 X 106 V2

nL V

where V is the processor output voltage and L is the distance in meters
between the lamp and receiver.

The above procedure will calibrate the unit for a set of conditions
where the transmission along the path is equal to that during calibration.
Obscurants which are interposed between the receiver and light source alter
calibration.

In the Redstone application, three Lockheed systems each with a range
o 800 meters are placed end to end along a North-South line to monitor
Cn approximately two meters above the ground along a line 2400 meters in
length. In addition, at a point approximately 800 meters from the North end,
four receivers are operated over a short East-West line at heights above the
ground from two meters to sixteen meters. The outputs of the processor
are sampled twenty times per second by a Hewlett-Packard 1000 computer.
Calculations of C, are based upon one-second averages of the processor
outputs and logged on magnetic tape.

The data obtained from this type of C2 detection system is the weighted
average of CA over the path. The weighting constant is unity in the
center and near zero on both ends. According to theory, the weighting
function can be shifted toward the receiver or toward the light source from
the center by choosing different apertures for light source and receiver.
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THE EFFECT OF ATMOSPHERIC AEROSOLS
ON EO SYSTEM PERFORMANCE

Michael E. Neer
Scientific Technology Associates, Inc.

Princeton, New Jersey

INTRODUCTION

In reviewing the effects of atmospheric aerosols on the performance
of electro-optical systems, preliminary discussion will focus on the parameters
which affect the optical properties of the atmosphere, and how these parameters
fold into the overall determination of system performance. Next, the effects
of atmospheric aerosols on electro-optical system performance including
the detection of incoherent radiation sources, as well as the propagation and
detection of laser radiation will be given. Finally, the manner in which
the optical properties of the atmosphere are measured will be discussed and
reference made to a recent series of aerosol measurements on San Nicolas
Island.

ATMOSPHERIC OPTICAL PROPERTIES

The optical properties of the atmosphere are determined by the combined
effects of molecular absorption and scattering, as well as aerosol absorption
and scattering. While aerosols are the primary subject of this meeting, the
effects of molecular absorption and scattering cannot be ignored in determin-
ing atmospheric optical properties. Typical atmospheric aerosol particle size
distributions are shown in Figure 1 for continental, maritime and fog type
atmospheres. These particle size distributions have decidedly different shapes
and magnitudes. The ordinate in Figure 1 represents the particles per
cubic centimeter per micron increment of particle radius. The abscissa
represents the radii of the particles in units of microns. If Mie scattering
calculations are carried out for these typical particle size distributions at
.9 and 10.6 microns wavelength, angular scattering functions such as those
shown in Figures 2 and 3 are obtained. The angular scattering distributions,
or single scattering phase functions, represent the fraction of radiation
scattered from the beam per unit length per steradian as a function of the
scattering angle. As can be seen from Figures 2 and 3, the scattering prop-
erties of these various aerosol types differ markedly from each other. If
:he angular scattering functions are integrated for all scattering angles,
the scattering coefficient kSCATT,A can be determined. The intensity of
radiation within the beam will attenuate exponentially with this scattering
coefficient.

The relationship between the basic atmospheric constituents, atmospheric
optical properties and the atmospheric propagation models used to predict the
energy incident on receiver aoertures is shown in Figure 4. As can be seen.
the concentration of ,olecular absorbers, the concentration and comoosition
of miolecular scatterers, and the concentration, corpositicc, ind size
distribution of atmospheric aerosols lead directly to the exoonential absoro-
tion and scattering coefficients. The absolute value of the single scattering
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phase function is also determined by summing the aerosol and molecular
components. The sum of all the exponential coefficients is known as the
attenuation or extinction coefficient which represents the exponential decay
of energy within a beam due to both scattering and absorption. These
atmospheric optical properties are required inputs of all atmospheric propaga- .0
tion models. Atmospheric propagation models range from very simple single

scatter models to more complex forward scatter models and very complex
solutions of the radiative transfer equation including multiple recursion
formulas and Monte Carlo techniques. The end result of these atmospheric
oropagation models is the determination of the total energy incident on the
receiver aperture, including the angular and temporal distributions, as well
as statistical fluctuations.

The optical properties of the atmosphere are primary factors controlling
the response of many electro-optical systems. As an example, the factors
affecting the response of infrared missile warning receivers are shown schem-
atically in Figure 5. In order to predict the response of a particular warning
receiver, it is necessary to specify the generally time varying missile
to receiver geometry, including the height of both the missile and receiver
above the ground and the angular orientation in space of both the plume axis
of symmetry and the receiver optical axis. The missile plume radiation char-
teristics must be specified as a function of time, wavelength, and aspect
angle with which the missile is viewed. Likewise, the sensitivity of the
warning depends on both wavelength and angle from the detector optical axis.
The atmospheric ootical properties which affect warning receiver response are
the scattering and absorotion coefficients of both aerosol and molecular
soecies, and the angular distribution of the scattered radiation. Note that
the nomenclature used for the atmospheric optical properties in Figure 5
differs slightly from that used in Figure 4.

The angular scattering distribution, or single scattering phase function,
can be measured using a scanning oolar nephelometer. Scattering from a parallel
beam of incident radiation is detected with a narrow field-os-view detector
or various scattering angles. Typical results of such an experiment in the
ultraviolet oortion of the spectrum are shown in Figure 5 which represents
ata -easred in Drinceton. New Jersey in December of 1977 and again I
/anua,"/ of I3. ;s can be seen, the scatterina coefficien: or :he '" o
ecember was more than ten times greater than that measured on the 19th of

January. It is also interesting to note that the scattering at scattering
angles below 100 differed by several orders of magnitude from one day to
the other. This high sensitivity of low angle scattering to ambient aerosols
is extremely important in the performance of some electro-optical systems.
The theoretical solid line in Figure 6 was determined from measured aerosol
Darticle size distributions together with Mie and Rayleigh scattering theory.

Strong variations in aeroso' scatterinc are a'so o3ervec ,v:" : e
cay ana with altitude aoove the ground. Figure 7 snows a zyoicai variation
of the exoonential coefficients as a function of time of day, while 7igure 8
shows a typical variation of the coefficients with altitude above the ground.
it is apparent from Figures 6, 7, and 8 that the documentation of atmospheric
octical orooerties is not an easy task.
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EFFECTS OF AEROSOLS ON ELECTRO-OPTICAL SYSTEMS

It has long been recognized that atmospheric aerosols can have a
detrimental effect on the performance of narrow field-of-view detectors which
are looking for point sources of radiation through the atmosphere. These
narrow field-of-view detectors such as reticle seekers, televisions, FLIRS,
telescopes, and infrared warning receivers suffer a general degradation in
performance due to the attenuation or extinction of the radiation between the
point source and the detector. These types of systems are typically back-
ground limited which is the primary reason for the narrow field-of-view.
More recently, wide field-of-view detectors have become available for scenarios
in which background radiation is not the limiting factor. These wide field-of-
view detectors respond not only to directly transmitted radiation between
the source and detector, but also to scattered radiation from the source.

An example of the combined effects of absorption and scattering on wide
field-of-view detectors is shown in Figure 9 which is the result of a para-
metric investigation into the effect of receiver field-of-view angle on the
radiation received from a point source at a wavelength of 265 nanometers.
Nine different weather conditions were chosen for this investigation including
all combinations of high, medium and low scattering together with high, medium
and low absorption. The relative degrees of absorption and scattering are
shown in parentheses. As can be seen from Figure 9 when the field-of-view
angle is increased about the source to receiver line-of-site, the total amount
of radiation received increased significantly due to the scattered contribution.
The smallest total signals are received for low scattering and high absorp-
tion while the highest signals are received for high scattering and low
absorption. The manner in which the total received energy varies
as a function of range for a wide field-of-view (3 = 450) sys~eri is shcwn in
Fiqure 10. As can be seen, the received energy at a range of 6 kilometers
varies by more than three orders of magnitude. In general, the effects of
molecular absorption outweigh the effects of aerosol scattering at long ranges.

In sharp contrast to the detection of radiation from a ooint source
described above, the detection of radiation from laser beams is enhanced by
aerosols. in the coming years, strategic and tactical lasers will proliferate
in the battlefield. 14arning receivers designed to detect laser radiation
work primarily in the aerosol scattering mode. Due to small beam diver-
gences, it is unlikely that laser radiation will strike the warning receivers
directly. In many cases, it is absolutely necessary that the warning receiver
detect the presence of the laser radiation prior to a direct illumination.
Since laser warning receivers are designed primarily to detect laser beams at
laser miss angles of less than 50, the response of the warning receivers can
vary by orders of magnitude depending on the prevailing aerosol size distri-
bution. Figure 6, for example, showed a nearly three order of magnitude
difference in the aerosol scattering inside of 100 for two different days in
the same geograohic location. Thus, the performance of an electro-optical
system designed to detect laser radiation is driven strongly by the prevailing
,aeather conditions. The laser beam itself is attenuated by aerosol scattering,
so that the performance of the laser system is degraded by atmospheric
aerosols while the performance of the laser warning receiver is enhanced.
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An example of the sensitivity of laser scattering radiation to laser miss
angle is shown in Figures 11 and 12. igure 11 shows an experimental set-up
in which a laser beam is parametrically fired at various elevations above a
detector. Likewise, the detector is rotated to various elevation angles
above the laser. Aeasured values of the laser scattering as well as tneoretica
values, predicted from an atmospheric propagation 'ooel and aerosol particle
size measurements, are shown in Figure 12.

DESIGN. TEST AND OPERATION

The manner in which atmospheric aerosols affect the performance of
electro-optical systems should be taken into account early in the design phase.
Parametric analyses should be carried out to determine the degradation or
enhancement of system performance which could reasonably be expected in
various geographic locations and various weather conditions. These parametric
investigations may be largely analytical if the analytical models used have been
verified with experimental data. It is especially important that the analytical
models used represent such real world effects as absorbing ground planes,
vertical aerosol gradients, reflecting clouds and a completely general source
and receiver geometry.

In the testing and evaluation of breadboard, brassboard and prototype
electro-optical systems, it is necessary that the effects of the atmospheric
aerosols on the system performance be clearly understood. Since test programs
of this type are extremely expensive, it is not possible to test the systems in
all weather conditions and all geographic locations. It is, therefore,
necessary to extrapolate the performance of these systems via validated
models to other weather conditions and other geographic locations. In many
cases, test and evaluation programs are not sufficient in extent to include
these necessary mathematical extrapolations. Therefore, it is very important
that. as a minimum, the atmospheric optical properties existing at the time
of the test and evaluation be carefully measured and documented. It is also
important that experienced analytical modelers participate in the planning
of the test and evaluation programs to assure that all parameters required for
future modeling and extrapolations are accounted for.

Once a production model of the electro-optical system is in the field,
it may be necessary to have knowledge of the prevailing atmospheric optical
properties in order to adjust certain settings or interpret the response of
the system. Determining the atmospheric optical properties in an operational
environment is an entirely different problem than during the test and evalua-
tion program. During test and evaluation programs, experienced scientists and
large amounts of equipment can be located on-site for extensive, well documen-
ted and expensive measurements. in the operational use of the electro-optical
systems, either an extremely inexpensive and simple device must be used, or
an eyeball estimate of prevailing visibility, temperature, etc., must be used
to gauge these atmospheric optical properties.

Two approaches to this problem are currently being discussed in the
aerosol measurement community. One approach is to develop models to predict
tne atmospheric optical properties with very simple input such as visibility,
temperature, surface temperature, humidity and pressure. These models would

129

Adga



be developed through extensive exoerimental and theoretical research, programs
involving Sophisticated instrumentation and computer models. 7he other
approach is to develop very simple instruments which could be used in the
operational scenario by semi-skilled personnel to directly measure the
atmospheric optical properties. 'hichever approacn is to be taken, it is
certain that some interaction will be required between future electro-
optical systems and the prevailing atmospheric conditions.

DIRECT MEASUREMENT OF BULK OPTICAL PROPERTIES VS. PARTICLE SIZE MEASUREMENTS

it is important to realize that atmospheric aerosols are generally
composed of both solid and liquid ohase matter. Some devices for measuring
aerosol concentration or aerosol size distributions are applicable only to dry
aerosols and are, therefore, of limited value in making size measurements
relevant to atmospheric optical properties. Several techniques do exist
for measuring the particle size distributions of two phase aerosols using
techniques such as light scattering and electronic mobility. Some aerosol
measuring devices use Mie scattering theory in reverse to convert scattered
radiation into oarticle sizes. In this case, Mie scattering theory is used
to extrapolate the optical properties from perhaps a single wavelength and
a narrow range of scattering angles into other wavelength regions and other
scattering angles.

Before proceeding on, we should distinguish between remote and ooint
measurements of aerosols or bulk optical oroperties. Single ended remote
measurements are typically accomplished with lidar techniques in which reflect-
ed energy from laser pulses is used to infer atmospheric optical prooerties
or particle size distributions. Double ended remote measurements of either
extinction or scattering can also be used to determine atmospheric optical
properties with some spatial resolution. Remote measurements generally suffer
from either the inconvenience of performing double ended measurements or
the lack of information content available in a single ended measurement.
Point measurements of aerosol size distributions are typically made with
sampling type aerosol analyzers, while bulk optical properties are measured
via integrating or polar nephelometers. The single scattering phase functions
shown in earlier figures are measured with scanning polar nephelometers.
Point measurements have the advantages of both high information content
and the convenience of single ended measurements. Point measurements have
the disadvantage of representing only a single point which may be uncharacter-
istic of other spatial locations along the path.

The direct measurement of bulk optical properties using oolar nephe-
lometers or double ended extinction and scattering measurements can generally
be accomplisihed with a greater degree of experimental accuracy than the
orediction of these optical properties from measured particle size distribu-
tions and 1ie scattering theory. However, the ease and accuracy with whicn
these directly measured bulk optical oroPerties can be extraoolated to otne'"
wavelengths is not clear. It may, in fact, be necessary to use Mie scattering
theory togetner with these bulk optical measurements to infer a
carticle size distribution which can then be used to oredict the optical
ir'oerties at other wavelengths. 'Whether particle size measurements or
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directly measured bulk optical properties are used, extrapolation to other
wavelengths requires knowledge of the refractive indices at those wavelengths
which are generally unknown. Multi-wavelength scanning polar neohelometers
provide some indication of the trend in these refractive indices as a function
of wavelength.

Recently, an electro-optical instrumentation workshop was held at the
Wave Propagation Laboratory of NOAA in Boulder, Colorado. The purpose of
the worksho7 was to discuss instrumentation needs in the aerosol/atmospheric
optical properties area. Immediately prior to this workshop, a meeting was
held to discuss the results of a Knollenberg spectrometer experiment which
was carried out on San Nicolas Island in May of 1979. In the San Nicolas
island experiments, eleven Knollenberg particle measuring system aerosol
size analyzers were placed side by side for a two week period. Bulk optical
properties were measured simultaneously to these particle size measurements.
Without going into great detail, the results of this investigation showed
that the atmospheric scattering coefficients predicted from these particle
size distributions using Mie scattering theory varied by a factor of three
among the various instruments. Figure 13 shows predicted values of the aerosol
scattering coefficient from these various instruments as a function of time
of day. As can be seen, a factor of approximately three differences exists
between the lowest and the highest values of atmospheric extinction coefficient
inferred from the particle size measurements. In light of the fact that these
errors in the scattering coefficient will amplify exponentially in the deter-
mination of path attenuation, it is clear that the state-of-the-art in the
determination of atmospheric optical properties needs to be improved.

CONCLUSIONS

Atmospheric aerosols affect the performance of various electro-optical
systems differently. Small field-of-view receivers observing point sources
of radiation generally suffer attenuation due to atmospheric aerosols. Wide
field-of-view systems can be used to recover at least a portion of this lost
radiation due to atmospheric scattering. Atmospheric aerosols enhance the
detection of off-axis laser scattered radiation, as well as the performance of
non-line-of-site systems such as an ultraviolet voice communication system.
:n order to predict the effects of atmospheric aerosols on electro-optical
system performance, it is necessary to know the bulk optical prooerties of
the atmosohere, including the scattering and absorption coefficients due to
both molecular and aerosol species, as well as the angular scattering distri-
bution.

-or nany applications, the angular scattering distribution or single
scattering phase functicn is critical, especially 'or off-axis detection of
laser radiation. The detection of laser radiation for miss angles of less
tran 5 degrees is imoortant for -rost laser qarnina receiver designs. Theory
and exoeri-ent alile snow 'nat aerosol scatterinc at scattering angles of less
-nan : decrees car iar, :y several orders of racnitude from one day to the
next and fron Dre ieocraonic location to toe next. Thus, the oerforrance Df

t'ese systems is jr4ven by th.e orevailinc a tosoneric conditions.



Errors in the measurements of bulk optical properties are amplified
exponentially in the prediction of system performance. The state-of-the-
art in aerosol particle size measurements leaves a factor of three doubt as
to the value of the aerosol scattering coefficient and, therefore, improvements
in measurement techniques need to be made. Direct measurement of bulk optical
properties offers some promise in this regard since they can generally be
measured with a higher degree of experimental accuracy.

The effects of atmospheric aerosols are crucial in the design, testing
and operation of electro-optical systems. Parametric analyses must be carried
out in the early design ohases of electro-optical systems. Likewise, at the
time of testing and evaluation of these systems, it is important that the
atmospheric optical properties be accurately measured and documented so that the
results can later be extrapolated to other weather conditions and other
geographic locations. Once production models of these electro-optical
systems are in operation, it may be necessary to make adjustments in the
instrument settings or interpret the results based on the prevailing atmospheric
optical properties. Simple and inexpensive means must be developed for
determining atmospheric optical prooerties in the operational scenario.

Measurements of particle size distribution appear to be more techno-
logically difficult than direct measurements of bulk optical properties.
However, the extrapolation of the results of these directly measured optical
properties to other wavelengths needs to be investigated more thoroughly.
Whether aerosol oarticle sizes or direct measurements are used to determine
bulk ootical oroperties, extrapolations to other wavelengths require knowledge
of the wavelength dependent refractive indices which generally are not
available.
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PARTICLE MEASURING SYSTEMS: PARTICLE COUNTERS

John Knollenberg
Particle Measuring Systems, Incorporated

Boulder, Colorado

A discussion of various Particle Measuring Systems (PMS) particle
sizing equipment was presented.

Two families of instruments were described.

(1) Those measuring from scattered light (Active, Classic and

Forward Scattering Spectrometer Probes).

(2) Those measuring from extincted light (2D Optical Array Probes).

Typical features of PMS scattering probes are:

(1) In situ sizing

(2) Variety of sizing ranges

(3) Solid state photo detectors

(4) Programmable size ranging

(5) Minicomputer compatability

Typical applications of PMS systems are:

(1) Air oollution monitoring

(2) Stack plumes monitoring

(3) Pharmaceutical manufacturing

(4) Cloud physics/precloud and haze measurements

(5) Mining

Calibration is generally performed with spherical particles (glass, latex
beads).

Two oroblems for particle sizers in general were noted.

(1) The trajectory of a drop (as it passes through the sample volume)
can affect measurement. Smaller particles are more prone to these
effects, as they may be ignored at the extremities of the sample
volume.

(2) Coincident droolets may bias measurements.

Figure 1 indicates the aoplication of PMS soectrometers to oarticle
size ranges.
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ROYCO PARTICLE COUNTERS

Alvin Lieberman
ROYCO Instruments Inc.
Menlo Park, California

Several Royco particle counters were introduced at this presentation.
A composite of optical and physical characteristics for selected models is
given in Table 1.

The optical layout for a ROYCO forward scattering system is shown in
Figure 1.

A response curve for wide-angle scattering optics appears in Figure 2.

Latex spheres provide typical calibration criteria.

Attention was focused on the problems of sizing error and coincidence
(particle clusters) as related to concentration measurements. Figures 3 and
4 illustrate these effects.

Finally, the uncertainty due to aerosol data quantity on measured
concentration is given in Figure 5.
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TSI PARTICLE SIZING EQUIPMENT

Jugal Agarwal
TSI Incorporated

St. Paul, Minnesota

Several types of Thermo-Systems, Incorporated (TSI) aerosol analyzers
were presented.

Electrical Aerosol Size Analyzer (EAA). Counting and sizing with the
EAA is based on a process of charging the particles with a unipolar charge
and then measuring the mobility distribution of the charged particles.

Condensation Nucleus Counter (CNC). Continuously flowing aerosol
is saturated with alcohol and cooled while being sampled. The aerosol
vapor condenses on the particles (nuclei) to form droplets approximately
5-10 um in diameter. The stream exits through a nozzle and passes through
a narrow light beam. Light scattered from the droplets in the forward
direction, is collected and focused into a photodetector. For high concentra-
tions (> 1000 particles/cm3 ), the intensity of light scattered by all the
droplets in the view volume is measured. For other concentrations, electrical
pulses generated by the light scattered from individual particles are counted.

Typical application of TSI particle analyzers include the following.

(1) Air quality research.

(2) Aerosol manufacturing.

(3) Airborne aerosol sampling.

(4) Atmospheric cloud physics research.

(5) Medical research.

REFERE NCE

Agarwal, j., G. Sere, M. PourDrix, "A Continuous CNC Capable of Counting
Single Particles," Proceedings of 9th International Conference on
At,,ospheric Aerosols, Condensation and the Nuclei, Galway Ireland
'1977).
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PaRTICLE SIZE MEASUREME';T USING ELECTRICAL RESISTANCE

Shecard Kinsman
-,.ulter Electronics, Inc.

rialeah, Florida

It is common to reasure oarticle size distributions and concentrations
in size ranges from 0.5 to over 200 _.m using the Coulter Counter*. A
requirement is that the sample be pre-collected. Methods of collection are
membranes, imoaction plates, liquid impingers, cyclones, and thimbles.
7rom the collectors the oarticles are introduced into a conductive liquid
such as I "iaCl in H 0 or 4 ammonium thiorcyanate with alcohol.

2
-he suspended oarticles are measured and counted at rates up to 3000

per second as :ney are forced through a small hole or aperture. A sensing
signal is generated each time a oarticle passes through the aperture.
An electric current flows from one electrode to the other through the
liquid and through the aerture. Each passing particle displaces conductive
liquid in pronortion to its volume causing a signal pulse. Pulses are
separated into size intervals and counted. Size distribution data output can
be X-Y Plotted, printed, read digitally or observed on the cathode ray tube.

Aerosol dust size distributions along with concentration values are
quickly obtainable in the laboratory for verification of field tests.

All sorts of test dusts such as A-C fine dust can be orofiled with
excellent definition and a high degree of statistical accuracy. Calibra-
tions with standard particles is fast and reproducible.

The limitations are as follows.

(1) 0.5 to 200 ;m size range.
(2) Sample must be collected and then liquid susoenced.
(3) Analysis must be done in a lab.
,4) Particle volume rather than aerodynamic diameter is 1easired.

According to Tombs and Corn, conversions can be made.
(5) Particles must be stable in the suspending liquids.

The advantages are as follows.

(1) Fast analysis (such as 30 seconds).
(2) Both size and concentration data are available.
(3) Sensitive down to 0.5 ,m diameter.
(a) Less than a milligram of sample is required.
(5 Sensitive to bimodel oarticle systems.
(6) High statistical accuracy.

7) Fast, reproducible microspnere calibration.

The use o' trade names in this report does no, constitute an of'icial endorse-
:ient or approval of the use of such commercial hardware or software. This
reoort may iot be cited 1or ouroose of advertisement.
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MARINE MEASUREMENTS: SAN NICOLAS ISLAND

Gary Trusty

Optical Sciences Division
Naval Research Laboratory

Washington, D.C.

The Navy has been involved in large scale laser transmission/extinction
measurement programs at San Nicolas Island in the Pacific. The site
affords a local geography which is particularly conducive to measuring
gradients of transmission and particle size distributions above the surf.
Certain of the particle sizing aspects and results of the programs were
presented.

Of particular interest is the dependence of size distribution (and
extinction properties) on relative humidity in this marine environment.
Since measurements are often made in 80%+ R.H., many of the particles are
water saturated. Figure 1 displays a typical effect of R.H. on the size
distributions.

A wind factor has also been observed. In low wind conditions, the
highest particle counts (hence extinction coefficients) are observed near
the surf: a definite gradient is apparent. Under higher wind conditions
(3-15 m/sec) the gradient is less noticeable if, in fact, existent. The
counts are all time-averaged so that an "instantaneous" profile remains
unknown.

Knollenberg particle counters have been utilized for these measure-
ments because of their in-situ capability. Calibration (standardization)
of the instruments are performed frequently and pose no difficulty.

To sum the state of the art with regard to marine measurements of
particle size distributions, it is generally accepted that accuracy can
be achieved to within a factor of two with available instrumentation (Figure 2).
This is by no means acceptable but does indicate that progress has been
made.
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HIGH HUMIDITY SMOKE TESTS

W. Michael Farmer
University of Tennessee Space Institute

Tullahoma, Tennessee

Discrepancies between field and laboratory measurements of particle
size and distirbution for various smokes and fog oils pose problems to re-
searchers. The impact of humidity on particulate size and distribution
have been extensively investigated and the results were reviewed in this
presentation.

Theoretically, as relative humidity (R.H.) increases so should hydro-
scopic particle size. Modelers incorporate this idea in their transmission
codes. Actual measurements, however, show something of a counter-trend, as
increases in R.H. tend to be accompanied by decreases in smoke particulate
diameter. Table 1 quantifies this comment and implies that in certain cases
this characterization is too simplistic: diameters for some obscurants
actually behave somewhat "theoretically" once humidity levels reach 90%+.
It has also been noticed that as R.H. decreases, the size distributions tend
to spread out,

Testing at UTSI with particle size interferometers (PSI) and Knollen-
berg counter (PMS) particle sizing equipment indicates that discrepancies
between the measurements of the twe syste-s (Table 2) is a result of the
technique of the PMS device: not all of the particles in the field were seen.

The typical size distribution probler. of defining the size bins
was reviewed. It was emphasized that much care must be given in this regard,
otherwise the measurements can be quite misleading.
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MEASUREMENTS OF ATMOSPHERIC SCATTERING ASSOCIATED WITH
SHORT DURATION LASER PULSES AT 1.06 in

3 t--- Nee, - ,2 se,, ". -c.-

Scientific Technology Associates, Inc.
Princeton, New Jersey

During the preliminary design of the AVR-2 Laser Warning Receiver,
a theoretical and experimental parametric investigation was carried out to
determine the effects of atmospheric aerosols on laser warninq receiver
oerformance. This oresentation describes the experimental portion of that
investigation. The purpose of the experimental measurements was to verify
the atmospheric propagation and scattering model used in the warning
receiver analysis. The measurements were carried out in July of 1978 at
the Wayside Laser Test Range, Fort Monmouth, New Jersey with the cooperation
of the U.S. Army ERADCOM, Electronic Warfare Laboratory.

The laser used for this investigation was a neodenium yag laser with
approximately 4 megawatts peak power and a pulse width of 20 nanoseconds.
The radiometer was composed of a fast silicon detector with a narrow band
pass filter at 1.06 microns. The field-of-view of the radiometer is shown
in Figure 1, while the time response of the radiometer to the incoming
radiation pulses is shown in Figure 2. The signals from the radiometer were
displayed on a single sweep dual beam 400 megahertz oscilloscope and recorded
on Polaroid film. Knollenberg Particle Measuring System size analyzers
were used to measure the aerosol particle size distribution. A samole
particle distribution is shown in Figure 3. A typical variation of the
aerosol scattering coefficient with time of day is shown in Figure 4.
The scattering coefficients were determined by utilizing the measured particle
size distributions together with Mie scattering theory. A comparison of a
measured single scattering phase function with that predicted from Mie theory
using measured particle size distributions is shown in Figure 5. Figures
6 and 7 show comoarisons of measured and predicted laser scattered radiation
for laser elevation angles and detector elevation angles at various times and
source to detector distances.

03S



DETEC rkR ANGULAk kLSPONSE

-3 -2 1I 0 1 2

ANGLE FROM DETECTOR AXIS, DEGREES

Figure 1. Field of View: Radiometer.

.4 -CURRENT VS TIME

1.2

Incident~ Radiationl Pulse

liectroIir tNeupotse

CL, E- C- ~ 10[- u - t ~ - E- t J-'

IME :N " JNJCJ

-iqture 2 irne Pesponse- Radiometer.



-j

V) c

4-0

-4-



-J

-4 -

C.,.

4-j

CC - .4-

0C El-

a. -CCC >'0

- C, C C,10



MEASUREMENTS OF ICE PARTICLES

Jay D. Hunt
SVERDRUP/ARO, Inc.

AEDC Division
ETF/TAB

Arnold Air Force Station, Tennessee

The Air Force has an interest in the simulation of icing clouds.
For the experimentalist, this means that accurate droplet sizes must be
obtainable for comparison with the specifications modeled in the research
programs.

Problems that confront particle sizing/counting devices used in
icing studies include large number densities, a wide range of particle
diameters (10-150 .m) and the relatively large particles that such sizes
present.

In addition to coping with these conditions, the ideal instrument
must be an in-situ, real-time device.
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ATMOSPHERIC PARTICULATE SIZE DISTRIBUTION MEASUREMENTS (1973/75)
MADE WITH THE AFGL/EPSILON BALLOONBORNE SIZING SPECTROMETER

Henry A. Miranda, Jr.
Epsilon Laboratories, Inc.

Bedford Massachusetts

The AFGL/EPSILON balloonborne particulate sizing spectrometer, an
instrument specially designed for operating up to stratospheric altitudes,
is described very briefly. A unique feature of this instrument is its
very high sizing resolution. This specific system characteristic, which we
believe to be an important ingredient of any particulate sizing spectrometer,
has been determined empirically by simply sampling monodisperse particulates
treated as unknown particles and recording the resulting system response
spread function. The outcome of these tests indicates that size distributions
with very steep slopes (of up to D-18) can be reliably measured with this
device.

Size distributions with such extreme slopes can be found in the strato-
sphere at altitudes beyond about 20km, whereas in the troposphere the size
distributions are generally characterized by much more shallow slopes ranging
between D-4 to D- l . Selected data taken from four stratospheric flights
in 1973 and 197- are shown to illustrate the variability of size distribution
slope. This variability appears to be a characteristic aspect of atmospheric
size distributions, both in the stratosphere and in the troposphere as well.

As an example of the latter, three sample sets of data, taken at 3 kr,
5.5 km, and 12.5 km, on the upleg portion of one of the 1973 balloon flights,
are also presented (Fig. l). These observations, made under very benign
meteorological conditions (i.e., very clear sky, low humidity, lcw turbulence,,
low wind) indicated particulate size distribution slopes of D-8 , D-7 .5, and D-6
respectively. The corresoonding integral concentration of Darticles greater
than 0.25 micron diameter were 171 particles/cm 3 , 22.9 particles/cm3 , and
2.66 particles/cm 3 respectively. These three size distributions clearl,
show that, even near the surface of the earth, slopes very much steeper than
the - slope (which is commonly considered to be characteristic of size
dstributions) are very likely to be found under clear, quiet, dry atmosoheric
conditions at the Holloman, New Mexico, locale.
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THE LDWSS/BELDWSS PROGRAM

Matthew V. Maddix
Redstone Arsenal Army Missile Command

Huntsville, Alabama

The Army has recognized the impact that battlefield obscurants have
on the performance of EO systems and is assessing the performance of such
systems with elaborate computer simulations. Such a simulation must account
for the system's performance parameters and must have accurate characteriza-
tions of the environments within which the system must function. The LDWSS
(Laser Designator/Weapon System Simulation)/BELDWSS (Battlefield Environment
Laser Designator/Weapons System Simulation) simulation development and
validation program (a four-phase program) is outlined in this presentation.

LDWSS, a program for treating system level problems, consists of:

(1) development and validation of environment and subsystem
models;

(2) integration of such models into an overall weapon system
simulation (Figures 1 and 2); and

(3) weapon system performance analysis.

Data requirements for the BELDIVSS Phase III Test Program scheduled
for FY80 are shown in Table 1.
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TABLE 1

DATA REQUIREMENTS FOR THE BELDWSS TEST PROGRAM

AEROSOL CHARACTERISTICS

* Type/Number/Location/Timing of Submunitions

* Burntime/Persistence of Cloud

* Cloud Geometry/Location

* Aerosol Particle Size Distribution

0 Aerosol Density Along LOS

* Aerosol Temperature

* Aerosol/Background Contrast

* Transmission at 4 Wavelengths Along LOS

* Laser Spot Centroid Position/Motion

0 Backscatter Pulse Shape/Stretching

e Aerosol Phase Function

ENVIRONMENTAL CHARACTERISTICS

9 Wind Speed/Direction/Shear

0 Temperature/Slope

e Humidity/Dew Point

0 Solar Insolation/Angles/Obscuration

I Cloud Type/' Coverage/Height

0 Time

0 Visibility

* Precipitation Kind/Rate

e Ground Cover/Soil Type/Moisture Content

* Barometric Pressure/Trend

* Atmospheric Structure Parameter
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St. Oaul, Minnesota

Standardization and calibration of aerosol measuring instruments can
best be accomplished by the use of monodisperse aerosols. The size, and
sometimes the concentration, of the calibrating aerosol must also be known
to a sufficiently high degree of accuracy. The quality of the calibration
is often dependent upon the quality of the calibrating aerosol used and the
accuracy to which the particle size and concentration are known. Figure
1 shows the size range of some of the commonly used aerosol size
distribution measuring instruments, and the size range and other pertinent
characteristics of the monodisperse aerosol generation techniques that can
be used for instrument calibration.

Condensation coagulation is a generation method based on the rapid
condensation of NaCl vapor in a cold air stream and the controlled coagulation
of the resulting ultrafine aerosol.

The electrostatic classification method consists of generating a
polydisperse aerosol with an atomizer and extracting particles within
a narrow size range from the aerosol with a differential electrical mobility
classifier.

Commercially available polystyrene and other latex spheres provide a
relatively simple technique of generating a monodisperse aerosol of known
size.

The vibrating orifice monodisperse aerosol generating technique is
oased on the instability and uniform break up of a liquid jet under
periodic mechanical disturbances.

REFERENCES

Pui, D. Y. H., B. Y. H. Liu, 'Aerosol Generation and Calibration of Instruments,'
Mechanical Engineering Department, University of Minnesota, TS!
Quarterly, V, No. 2, 1979.

Agarwal, J. Gilmore Sem, TSI, Inc, TS: Quarterly.
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CALIBRATION AND SAMPLING CONSIDERATIONS
IN PARTICLE SIZING

John Knollenberg
Particle Measuring Systems, Incorporated

Boulder, Colorado

The dominant problem in calibrating particle counters is the uncertainty
in the sizes of calibration particles. A particular study (Porstendorfer)
of commercial latex spheres was mentioned. It was found that the sampled
particles had dimensions differing from their specifications.

Another calibration problem concerns correlating the scattering due to
calibration particles with that due to an actual sample. Glass beads and water
droplets scatter differently. A certain sized bead may scatter as a differently
sized droplet. The relation between the sizes should be known for accurate
calibration.

Figure 1 illustrates a typical calibration curve.

In making particle size measurements of a given aerosol sample, the
experimenter must consider the following.

(1) How does the beam affect the sample?

(2) How is the sample obtained? Is it representative of the ambient
volume? Have heavier particles been missed?

It was recommended that holographic and particle counter measurements
be compared.
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PARTICLE COUNTER CALIBRATION SPHERES

Shepard Kinsman
Coulter Electronics, Inc.

Hialeah, Florida

Dow Latex monosized spheres have been used for calibration of particle
counters for a long time. These latices so far have not been Pvailah!e in
sizes over 4 microns in monosized systems. Monosized calibration spheres of
larger sizes are not available. Any size between 6 ;m and 100 1m diameter
can be made. The normal diameters marketed are: 5.0 - 10.0 - 15.0 - 20.0 -
43.0 - 90.0 -m. Determination of the sphere size as shown on the container
label is a critical aspect of using calibration material. Kubitschek of
Argonne National Labs has suggested an optical microscope procedure which
forms rows of arrays of particles in a single layer on the microscope slide
so that each measurement can include several particles instead of ore
particle. Three or four different types of measurements should agree witn
each other when dealing with spheres.



.PAQUE AEROSOL COUNTER INTERCOMPARISON

William Gallery
Air Force Geophysics Laboratory (OPI)
Hanscom Air Force Base, Massachusetts

A review of work on the intercomparison of various particle sizing
probes used in the OPAQUE program was presented.

The intercomparison objectives included determination of size response,

concentration prediction and wind effect on the instruments.

Test Procedure involved "ambient" (indoor) and outdoor measurements.

Among the conclusions of the study were the following.

(1) Mean deviations in size definition were about 10-20-; maximum
deviations from the nominal diameter were within 47.

(2) Ambient measurements showed fair agreement in particle size
but a number concentration or density which often differed Ifrom
the controlled value) by a factor of From 2 to 5.

(3) The direction or orientation of the instrument is imoortant:
distribution evaluations may be significantly affected wi-n a
probable discrimination against larger particles, in general

() The orevious discreoancies in measurements seem to nave
been due to misalignment of the octical orobes.

RET EPE.IC E

Cress, 7. and R. 7enn (Editors), 'OPAQUE Aerosol Counter Intercomoarison -
25 April 1977 - ' May 1977,'' FGL-TP-73-OOO4.
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CALIBRATION OF KNOLLENBERG AEROSOL COUNTERS
WITH WATER DROPLETS

2. E. A. Selby
Carl Weiser

Grumman Aerospace Corporation
Research Department
Bethpage, New York

Analysis was performed on two Knollenberg aerosol counters. A
four-fold objective was defined as follows.

(1) Generate and measure sizes of monodisperse water droplets
prior to their entry into the Knollenberg counters.

(2) Determine the response of the instruments to monodisperse
water droplets of known size.

(3) Investigate the size of the active sampling areas

of the probes.

(4) Investigate the depth of field of the probes.

The calibration results and conclusions for each counter are given
(Figures 1 and 2). An overall summary is provided (Figure 3).

Recommendations for future work include the following.

(1) Use satellite water droplets to calibrate the ASSP-1O0
for the size range 5 - 20 m.

(2) Calibrate the ASSP-IOO number count by using
satellite droplets.

(3) Check response of the ASSP-1O0 to variations in
refractive index typical of maritime aerosols
(SALT:H 20 solutions).

(4) Investigate the impact of Knollenberg measurement
uncertainties on extinction.
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MODEL NO: Instrument Name and Description Size Range
ASSP-100 Axially Scattering Spectrometer Probe (Dia. LM)

1.7 - 28.4

SUMMARY OF CALIBRATION

FREQUENCY ORIFICE

MEASURED CHANNEL RECORDED OF DROPS, DIA,
DIA,(m) NUMBER DIA.* Hz ( m)

32.5 11 - 15 20 - 28.4 128 10

28.5 11 - 15 20 - 28.4 146 10

28.0** 11 - 12 20 - 24 159 10

23.5** 11 - 13 20 - 26 159 10

Channel bandwidth approximately 2 wm

Velocity reject circuit active

CONCLUSIONS
(ASSP-lO0 INSTRUMENT)

1. A given size droplet beam excites up to 5 consecutive
channels.

2. As active sampling volume is traversed by droplet beam
from left to right, the group of channels excited
shifts from lowest to highest and back to lowest.

3. We could not generate useful droplets <23.5 um with
the TSI instrument.

4. We were not able to probe ASSP sampling volume (this
would r1,n0re a major mod of TSI droplet generator).

5. More work needed.

Figure 1. ASSP-1O0 Results.

178



MODEL NO: Instrument Name and Description Size Range
OAP-200 Optical Array Cloud Droplet Spectrometer Probe (Dia. pm)

20 - 300

SUMMARY OF CALIBRATION

MICROSCOPE OAP-200 OROPLET GENERATOR

S FREOUENCY ORIFICE
MEASURED CHANNEL RECORDED NO.OROPS SEC OF CRCFS, SIZE RUN
0IA. rn) NUMBER CIA.(rn ) RECORDED Hz urn) N0.

104 5 94 - 113 18,000 18,0Oc 50

103 4,5 74 - 113 37,500 37,900 50

02" 5 94 - 113 37,400 37,900 50 Si

93* 4 74 - 94 42,000 42,200 50 S2

33* 3,4 54 - 34 37,800 38,COO 35 S3

68 3 54 - 74 27,000 27,200 35 28

61* 2,3 34 - 74 ---* 74,000 35 S4

50 2,3 34 - 74 - 53,600 35 7B

59 2,3 34 - 74 49,300 53,600 35 88

52 2,3 34 - 74 35,000 35,000 20 38

26 1 14 - 34 --- 117,000 20 C3

25 1 14 - 34 --- 152,000 10 01

23 1 14 - 34 -** 673,000 5

Salt water droolets Lised

Aaximum counting rate of OAP-200 is 50,000 droos/sec

CONCLUSIONS
(OAP-200 INSTRUMENT)

1. Recorded droplet sizes to within the 20 um manufacturers tolerance in
all cases.

2. Recorded count rate agreed with measurements to better than 2% (within
manufacturers stated frequency range i.e., <50 KHz).

3. Sensitivity of active sampling area was found not to be uniform

e.g., it was C> rather than

4. Depth of field was found to be < specified value (i.e., one channel
lower than specified).

5. As a result of 3 & 4 above, the active sampling area was found to be
smaller than specified which leads to an underestimate of predicted
iuiroer lensity by about a factor of 2.

Figure 2. 04P-20O Desults.

179



1. OAP-200

0 The OAP-200 was found to perform within its specifications
for water droplets ranging in size from 23 to 104 1.m diameter
as regards number of counts per channel and size.

* Calculated number densities based on these measurements
could be underestimated by as much as a factor of 2,
because of the apparent non uniform sampling area.

2. ASSP-100

0 An adequate calibration could not be performed due to
problems in attaining small droplets and difficulties
in interfacing the TSI droplet generator with the
ASSP-100.

* Multiple channels are simultaneously excited by single
monodisperse water droplets.

0 The number of channels excited depends on position of
droplets with sampling volume.

Figure 3. Summary of Analysis.
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PARTICULATE SIZING PRECISION AND THE RELIABILITY
OF SIZE.DISTRIBUTION MEASUREMENTS

Henry A. Miranda, Jr.
Epsilon Laboratories, Inc.
Bedford, Massachusetts

The measured size distribution of aerosols can be seriously in error
if any of severa:l instrumental deficiencies delineated below are not
scrupulously avoided. -Some of the deficiencies to which particulate sizing
spectrometers are prone involve subtleties that have remained obscure. Most
of the deficiencies can be stated in general terms.

(1) Non-uniformity of illumination throughout the sensing

volume.

(2) Sensing volume which is a function of the particle size
(e.g., smaller particles not "seen" near the edges
of an otherwise well-defined sensing volume, while
larger particles detectable throughout).

Output sizing pulses which depend upon geometrical
)arameters within the sensing volume, (such as, for
example, their duration which in turn might affect
the pulse height determination).

(4) Inadequate attention to the measurement of background
levels.

(5) Statistical fluctuations in signal pulse levels.

The net effect of these deficiencies - or of any single one of these - is
to distort the output in such a manner that the slope o7 the measured
size distribution is less steep than that of the actual size distrioucion.

The observed system response to monodisperse particles is a most useful
parameter for assessing the severity of this effect. In particular, the slope
of the observed instrumental spread function (i.e., wings thereof) can be
used as a quantitative measure to determine whether or not the measured size
distribution is reliable. For example, whenever the slope of the latter
is found to be comparable to that of the wings of the system spread function,
this is an unmistakable indication that very gross errors have been
injected into the measurements by one or more of the above type of system
deficiencies. In order that the measured slope of the size distribution be
useable without invoking complicated inversion techniques to recover the
desired information from the raw data, it is necessary that the slope of the
wings of the system spread function be at least one (and preferably two)
orders of magnitude steeper than that of the actual particulate size distri-
bution being examined.
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Particulate Size f(R)

Distribution
Function

Size-Binning g(R)
Filter Function

i/

P(R) f(R) g(R)

N(R 0 f P(R)dR
0 0

R0

Figure 1. Action of Ideal Size-Binning Filter in Developing
Particulate Output Count per Size Bin.
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Figure 3. Specific Example of Filter Wing Effect, in
Idealized Form.
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Figure 4. Schematic Illustration of Size Distribution
Distortion by Filter Wing.
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OPTICAL IMAGING TECHNIQUES FOR PARTICLE SIZE MEASUREMENTS

Steven Gustafson
Applied Physics Division

University of Dayton Research Institute
Dayton, Ohio

The techniques of (conventional) high-speed photography and in-line
pulsed holography, with regard to particle sizing, were briefly compared.

It was noted that the conventional approach with an optical microscope
often confronts refraction problems which could lead to systematic errors.
The effect has been observed for relatively small (7 pm) diameter particles.

Some practical findings for the holographic method include the
following.

(1) Only drops in the depth of field are illuminated.

(2) A diameter measurement is readily obtained from the
apparent "glint" separation.

(3) Diameter definition in the presence of refraction
and diffraction effects is possible, however,

(4) A distortion on the particle surface or other
nonuniformity of the droplet may degrade the
measurement.
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BASIC GEOMETRICAL CONSIDERATIONS FOR CONYEF'!TiuNAL HIGH-SPEED PHOTOGRAPHY

d0

Examination d.
ZVolume M dj

0

00 f

F rn

fr 1 + 1/rn

Film r>sin 3

d

BASIC GEOMETRICAL CONSIDERATIONS FOR IN-LINE PULSED HOLOGRAPHY

D/2>4
L a

Closest Particle VLocation r > si2

/L~

LL

_________________________Holographic

D Film

Figure 1. Geometrical Considerations.
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PARTICLE FIELD HOLOGRAPHY AT
ARNOLD ENGINEERING DEVELOPMENT CENTER (AEDC)

Ron A. Belz

R. W. Menzel
Arnold Air Force Base, Tennessee

Holographic techniques have proven useful in the determination of
particle sizes of ice droplets in flow fields. Certain of these techniques
used at Arnold Air Force Base were discussed. Brief descriptions of the
Subscale Icing Facility holocamera and its applications, as well as the
AEDC Hologram Reconstruction System were presented.

Calibration of the system using a resolution chart at various positions
in the neutral flow field was reviewed.

It appears that field measurements with the holographic technique
are possible as in-flight holograms have been successfully made.

The accompanying figure gives an idea of the factors upon which
quality of the in-line hologram depends.

188



6

S

10.0

=

x 1.0

BAD
MARGINAL GOOD

J 2 grams/rn3

1.50 grams/n 3

I gram/ 3  L = 15 cm

10- 2

1 2 3 4 6 8 10 20 40 60 100 200 400 1000

D, um

Figure 1. In-Line Hologram Quality Dependence on Liquid Water
Content (LWC), Volume Depth (L), and Droplet
Diameter (D).
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LASER INTERFEROMETER FOR PARTICLE SIZE
DISTRTBUTION STUDIES

Don W. Roberds
Advanced Test Diagnostics Branch

SVERDRUP
Arnold Air Force Base, Tennessee

A particle sizing interferometer (PSI) measures the size of individual
particles passing through a set of interference fringes by observing the
visibility of the oscillation in the scattered light. A PSI was developed
at Arnold Engineering Development Center to measure water droplet size
distributions in a wind tunnel used for icing studies. Droplets were sized
in st in the range from 8 to 80 micrometers while droplet velocities in
the air flow exceeded 100 meters per second. Number densities ranged up to
a few hundred per cubic centimeter. Details of the design have been pub-
lished elsewhere (Reference 1).

A laboratory evaluation of the PSI was made subsequently using oleic
acid droplets produced by a Berglund-Liu monodisperse particle generator.
Figure 1 shows a size distribution histogram obtained for five different mono-
disperse streams produced. Particles with diameters 5 microns apart were
easily resolved. The scattered light was observed in the on-axis forward
direction.

Anomalies in wind tunnel data indicate that number densities in the
tunnel flow may have been too high for observing sinqle droplets. Laboratory
work is being directed toward light collection from several dgrens off-axis
in the forward direction in order to effectively decrease the observation
probe volume and thus reduce the occurrence of multiple particle observation.

7

REFERENCE

Roberds, D. W.,Optical Engineering, 18, 236 (1979).
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IN Sim CHEMICAL ANALYSIS OF INDIVIDUAL AEROSOL PARTICLES

Frank K. Dearborn
Air Force Geophysics Laboratory

Hanscom Air Force Base, Massachusetts

The majority of existing experimental approaches to the determination
of aerosol composition have two major problems in common, specifically, the
failure to establish that:

(1) no interaction among the various materials sampled takes place
immediately following the collection procedure and that con-
tamination by the sampling device is nonexistent; and

(2) 7.here is no guarantee that chemical reactions may not occur
between the time of particulate sampling and post flight
chemical analysis.

Many theories as to the complex chemical interactions of the (upper)
atmosphere have been developed over the years -- all of which are initially
dependent upon knowledge of the size concentration and distribution, basic
chemical composition and various other parameters -- none of which are known
to a high degree of accuracy. A new instrument, which is in an intial bread-
board study phase, may permit a definitive solution to some of the existing
problems.

The design of the following instrument is of a proprietary nature
and is the subject of a Patent Application by Epsilon Laboratories.

Ambient air is sampled through a 1 millimeter I.D. flow tube under
laminar flow conditions. A gap in this tube is illuminated by a ribbon-
shaped beam of 6238 to HeNe laser light in a direction perpendicular to the
sampling flow. As aerosol particles pass through the sensing gap, the
resultant scattered light is collected by two separate annular optical
channels and detected with individual photomultipliers. The signal output
oulses have a typical duration of about 60 microseconds correspondinq to a
,_arti,:le transit tii;:e across the il>irnination bean, which is about 0.3 milli-
meters in width.

Output signals from the twin photomultipliers are amplified logarith-
mically and digitally recorded on nine track magnetic tape which is IBM
370 computer compatible.

Following the detection and sizing of an individual aerosol particle,
appropriate decision circuitry (which processes signal output pulses from
the aerosol spectrometer to establish particle size thresholds) is used to
trigger a small pulsed C02 laser operating at 10.6 microns which vaporizes
the particle. The vapor cloud thus generated is illuminated by a pulsed
Xenon flashtube and the resultant scattered light flux is detected by the
employment of an ultraviolet transmission grating configured as a slitless
spectrograph. The soectra obtained is then recorded by photographic or
other suitable means for subsequent spectral atalysis and chemical
identification
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The possibility of detecting and identifying a relatively large number
of constituents of the atmosphere is shown in Table 1. This partial listing,
along with selected characteristic spectral signatures which might provide
a means of molecular identification, gives some indication of the potential
value of this device.

While the instrument as described is specifically designed for use in
the upper atmosphere, the basic design principles should be equally valid
for ground level and lower atmosphere exploration as well. In this connection
it cannot be emphasized too strongly that any hope of correlating in situ
ground measurements of aerosol size distributions with integral line-of-sight
transmission and/or scattering measurements rests upon knowledge of the
index of refraction of the scattering centers. This, in turn, is dependent
upon a knowledge of the chemical constituency of individual aerosol particles -data on which, at present, are virtually nonexistent.

Because of an inherent sensitivity to the index of refraction of
particulate materials, optical sizing instruments do not generally measure
the true particle size. While careful instrument design parameters may be
chosen to alleviate this difficulty, it is present to a greater or lesser
degree in all instrument designs and is a complex function of particle size
and index of refraction, light source characteristics, and detection angles.
The existing AFGL/Epsilon sizing spectrometer partially overcomes this
problem by employing twin optical channel detection, presently at 10 and
30 degree angles. The ratio of signals from these two channels is appreciably
less sensitive to refractive index error than is obtainable by more conventional
single channel systems. Signal to noise ratios, however, limit this tech-
nique to the larger particle sizes.

The development of the described particle composition analysis device
would permit a measure of the index of refraction of an individual particle.
By iterative processing, this information may be used as a correction
factor to essentially eliminate the present sizing uncertainties due to
refractive index dependence.

The present aerosol spectrometer is capable of sizing particulates
from about 0.25 to 1 micron diameter. Preliminary calculations indicate that
extension of small particle measurement capability could go to 0.1 and possibly
as small as 0.05 micron diameter.
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TABLE 1

ATMOSPHERIC CONSTITUENTS

RESONANCE TRANSITION

SPECIES SPECTRAL REGION REMARKS
0so 2  1900-2300 A Several discrete bands in2600-3400 these two regions

CO2  <1850 A0
0

H2S 1900-2700 A Broad continuum

H2CO 3530; 3430; 339J;o
3370; 3295; 3260 A

0

NH3  <2168 A At elevated temperatures,
some "ho " bands appear

0 at 2431A
8370 A Distinct band

0 0

NO2  4555 A and 4352 A Irregular, ill-defined
0 structure

3910 A Diffuse region
7500 A Strong absorption band

0

HNO 5500 A Weaker bands

H20 1450-1860 A
0

NaC1 3030 A-5540 A

HC1 2300 A
0 0

HCO 2  3300 A-4400 A
0

ClO 3620 A

CH 4  <1500 A0
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PARTICLE SIZING NEEDS/PROBLEMS OF JET ENGINE TECHNOLOGY

Charles Stanforth
Measurements Development Engineering

General Electric Company
Cincinnati, Ohio

There are critical needs for particle size measurements in jet engine
technology. These include applications in:

(1) the design of fuel nozzles (for emission and performance
evaluation);

(2) the design of spray nozzles used to simulate rain and
ice aerosols for laboratory measurements at the engine
inlet; and

(3) measurement of particulates in smoke and gaseous emissions.

Typical measurements involve droplet sizes (10-200 Lm range), concentra-
tion and spatial distribution.
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INSTRUMENTATION AND THE STATE OF THE ART
OF PARTICLE SIZE MEASUREMENTS

.4. Michaei Farmer
*niversizy of Tennessee Space "nstitute

Tullahoma, Tennessee

A brief review of recent developments in particle sizing instrumentation
and techniques was presented. Among the new (optic-acoustic) devices/methods
discussed are as follows.

(1) Laser Velocimeter. The University of Arkansas has experi-
mented with sucha velocimeter for application to industrial
stack measurements. The laser drives particulates within a
chamber. Monitoring a simultaneous acoustic signal for frequency
lag enables discrimination of particle sizes.

(2) A spectrophonic technique developed by the General Motors
labs can be used to measure emissions. The acoustic signal
from particles traversing an infrared laser beam can be pulse
analyzed to reveal size information of diesel soot.

The following comments pertinent to the state of the art of particle
sizing were offered.

(1) A serious problem for measurement devices is the lack of particle
sizing standards. The NBS does not, at present, set standards.
It has, however, recently begun a program which should determine
and coordinate the efforts needed to establish such standards.

(2) Optical counters give size and concentration in terms of
calibrated particles (typically, latex spheres). Oddly or
imperfectly shaped particles may thus give misleading measure-
ments.

(3) Reliable particle size measurements require knowledgeable,
experienced personnel as well as realization of instrument
limitations.

(4) Measurement fidelity can often be checked by dyeing an aerosol
and comparing the collected sample with the measured expectation.
A similar use of a radioactive tracer may also test measurement
reliability.
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ATTENDEES

ATMOSPHERIC TRANSMISSION AND PARTICLE SIZE MEASUREMENT WORKSHOP

23-25 October, 1979

Mr. Jugal K. Agarwal Mr. Vince Chimelis
TSI, Incorporated Air Force Avionics Lab
Manager R. and D. RWI-3
P. 0. Box 43394 Wrighit-Patterson AFB, OH 45433
St. Paul, MN 55164 (513) 255-6361
(612) 483-0900

Mr. Roger Cranos
Mr. John Bankovskis Air Force Avionics Lab
Air Force Avionics Lab Wright-Patterson AFB, OH 45433
Wright-Patterson AFB, OH 45433 (513) 255-2759
(513) 255-6361

Mr. Leonard W. Crouch
Mr. Ted Barber AFAL/RWF
Atmospheric Sciences Lab Wright-Patterson AFB, OH 45433

* White Sands Missile Range (513) 255-3050
White Sands, NM 88002
(505) 678-2542 Mr. Merton Crowell

1500 Wilson Blvd.
Mr. Joseph J. Bastian System Planning Corporation
Pacific Sierra Research Corporation Arlington, VA 22209
4126 Linden Avenue
Suite 106 Mr. Ronald Dawbarn
Dayton, OH 45432 ARO Incorporated
(513) 254-3589 VKF/AP

Arnold AFS, TN 37389
Dr. Ron Belz (615) 455-2611
SVERDUP/ARO, Incorporated
Laboratory Division Mr. Frank Dearborn
Tullahoma, TN 37388 AFGL
(615) 455-6400 Hanscom AFB

Bedford, MA 01730
Mr. Charles W. Bruce (617) 861-3091
Atmospheric Sciences Lab
Atmospheric Sensing Ms. Margie Dent
White Sands Missile Range Redstone Arsenal
White Sands, NM 88002 Huntsville, AL 35809
(505) 522-5346 (205) 876-4405

Mr. Eldon Burgess Mr.Charles Dimarzio
Dugway Proving Grounds Raytheon Corporation
Dugway, UT 84022 430 Boston Post Rd.
(801) 522-5346 Mail Stop C-35

Wayland, MA 01778
Mr. Ed Butterfield (617) 358-2721
US Army Atmospheric Sciences Laboratory
E-0 Division Delas-E-ME
White Sands Missile Range
White Sands, NM 88002
(505) 678-4207
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Mr. Robert Doherty Mr. Faison P. Gibson
Obscuration Sciences Lockheed Missiles & Space Company, Inc.
CSL Laboratory Huntsville Res. & Eng. Center
Department of the Army P. 0. Box 1103 West Station
Aberdeen Proving Grounds, MD 21010 Huntsville, AL 36807
(301) 671-2760 (205) 837-1800

Dr. James A. Dowling Mr. Edward Gliatti
Naval Research Lab Evaluation Branch, AFAL/RWF
Optical Sciences Division Wright-Patterson AFB, OH 45433
Code 5567 (513) 255-3050
Washington, D.C. 20375
(202) 767-3068 Mr. Ronald Gruenzel

AFAL/RWI
Mr. Don Duncan Wright-Patterson AFB, OH 45433
Pacific Sierra Research (513) 255-6361
4126 Linden Avenue
Suite 106 Dr. Steven C. Gustafson
Dayton, OH 45432 Applied Physics Division
(513) 254-3589 University of Dayton Research Institute

300 College Park AvenueMr. Nicholas A. Engler Dayton, OH 45469

Applied Systems Division (513) 229-3724
University of Dayton Research Institute
300 College Park Avenue Mr. Patrick Haines
Dayton, OH 45469 Applied Systems Analysis
(513) 229-3921 University of Dayton Research Institute

300 College Park AvenueMr. W. Michael Farmer Dayton, OH 45469

University of Tenn Space Institute (513) 229-3921
Gas Diagnostics Division
Tullahoma, TN 37388 Mr. Augie J. Huber
(615) 455-0631 USAF

3246 TESTW/TEEP
Mr. William Gallery Eglin AFB, FLA 32544
AFGL (OPI)
Hanscom AFB, MA 01731 Mr. Jay 0. Hunt
(516) 861-4447 SVERDRUP/ARO, Incorporated

AEDC Division
Mr. Mike Gannon ETF/TAB
Meteorology Research, Incorporated Arnold AFS, TN 37389
464 W. Woodbury Rd. (615) 455-2611
Altadena, CA 91001
(213) 791-1901 Mr. Gary Johnson

Coulter Electronics, Incorporated
Mr. Harold Geltmacher 590 West 20th Street
AFAL/RWI Hialeah, FLA 33010
Wright-Patterson AFB, OH 45433 (305) 885-0131
(513) 255-4200
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Mr. Herb KaDlan Dr. Donald Lewis
Barnes Engineering Company Department of Electrical Engineering
30 Commerce Road University of Dayton
Stamford, Ct 06904 300 College Park Avenue
(203) 348-5331 Dayton, OH 45469

(513) 229-3611

Mr. Edward H. Kelly
Det 10, 2 Weather Sq. Mr. Alvin Lieverman
Eglin AFB, FLA 32544 Royco Instruments, Inc.
(904) 882-5960 141 Jefferson Drive

Menlo Park, CA 94025
Mr. Bruce Kennedy (415) 325-7811
Army Atmospheric Sciences Lab.
Electro Optics Division Dr. Allan Lightman
White Sands Missile Range, NM 88002 Applied Physics Division
(505) 678-4303 University of Dayton Research Institute

300 College Park Ave.
Mr. Shepard Kinsman Dayton, OH 45469
Fine Particle Applic. Lab (513) 229-3221
Coulter Electronics, Incorporated
590 W. 20th Street Mr. Radon Loveland
Hialeah, FLA 33010 US Army Atmospheric Sciences Laboratory
(305) 885-0131 E-O Division Delas-EO-ME

White Sands Missile Range
Mr. Philip J. Klass White Sands, NM 88002
Senior Avionics Editor (505) 678-4207
Aviation Week & Space Technology
National Press Bldg. Mr. James K. Luers
Room 425 Applied Systems Analysis
Washington, D.C. 20045 University of Dayton Research Institute
(202) 624-7586 300 College Park Ave.

Dayton, OH 45469
Mr. John D. Knollenberg (513) 229-3921
Particle Measuring Systems, Inc.
1855 S. 57th Court Mr. Theodore Lyon
Boulder, CO 80301 General Electric
(303) 443-7100 Advanced Technical Program

Mail Zone H52
Mr. Ronald Kohl Cincinnati, OH 45215'
University of Tenn Space Institute (513) 243-3207
Tullahoma, TN 37388
(615) 455-0631 Mr. Valente Macias, Jr.

OL-B. 2 Wea Sq.
Mr. Curt A. Levis USAF
The Ohio State University Kirtland AFB, NM 87117
Electro Science Laboratory (505) 264-0451
Department of Electrical Engineering
1320 Kinnear Road Mr. Eugene Mack
Columbus, OH 43212 Calspan Corooration
(614) 422-5147 Box 400

Buffalo, N.Y. 14225
(716) 632-7500
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Mr. Mat V. Maddix Maj. Patrick Morris
Redstone Arsenal U.S. Army Aviation Eng. Flight Activity
Army Missile Command Advanced Methodology
Huntsville, AL 35809 USAAEFA DAVTE-TI M.S. 217
(205) 876-4405 Edwards AFB, CA 93523

(805) 277-4708
Mr. Paul Malone
Cincinnati Electronics Mr. J. R. Moulton
2630 Glendale-Milford Rd. Night Vision & Electric Optics Lab
Cincinnati, OH 45241 DELNV - VI
(513) 563-6000 FT. Belvoir, VA 22060

(703) 664-5743
Mr. William C. Martin
AFAL/RWI Mr. H. R. Munkelwitz
Wright-Patterson AFB, OH 45433 Brookhaven National Laboratory
(513) 255-6361 Dept. of Energy and Environment

Bldg. 815
Dr. George E. Mavko Upton, N.Y. 11973
General Dynamics Convair (516) 345-4517
Box 80847, MZ 42-6210
San Diego, CA 92138 Mr. John F. Myers
(714) 277-8900 Applied Systems Analysis

University of Dayton Research Institute
Mr. Roy A. McCrory 300 College Park Ave.
AFAL/RWI Dayton, OH 45469
Wright-Patterson AFB, OH 45433 (513) 229-3921
(513) 255-6361

Ms. Carolyn J. Nash
Mr. Robert Mielke Science Applications, Inc.
Monsanto E-0 Technology Div.
Mound Facility 8400 West Park Drive
Mail Drop DS102 McLean, VA 22102
Miamisburg, OH 45342 (703) 821-4314
(513) 865-4111

Dr. Michael Neer
Dr. Henry Miranda, Jr. Scientific Technology Associates, Inc.
Epsilon Laboratories CN 5203
4 Preston Court Princeton, N.J. 08540
Bedford, MA 01730 (609) 921-3892
(617) 275-2770

Mr. Peter Nelson
Mr. Phillip C. Monfette TSI, Inc.
U.S.A.F. P. 0. Box 43394
Headquarters 658th Test 3roup St. Paul, MN 55164
Holloman AFB, NM 88330 (612) 483-0900

Mr. Bill W. Montgomery Dr. Frank E. Niles
Lockheed Missiles & Space Company, Inc. Atmospheric Sciences Laboratory
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P. 0. Box 1103 West Station White Sands, NM 88002
Huntsville, AL 35807 (505) 678-3721
(205) 837-1800
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Mr. Robert J. Parker Mr. Eric Sondergelt
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