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PROPAGATION MODELING AND APPLICATIONS FOR

ELECTRO-OPTICAL SYSTEMS

I. INTRODUCTION

The need to evaluate the performance of eleetro-optical (E-O) systems in the natural and
battlefield environment has, in recent years, generated a flurry of activity directed at the
measurement and modeling of the atmosphere. As the emerging results of these efforts are
applied to the analysis of E-O systems, a new understanding of the utility and limitations
of such devices is now developing. Some of these measurement. modeling. and analysis

activities are reported here.

In Section 11 the fog and snow multispectral transmission data base that has been
collected over the last 1 years is deseribed. Simple algorithms representing thix data are
derived. Section T outlines a study of TOW system performance sensitivity to changes in
the meteorology of the environment. Considerations of target signature variability are
taken into account. Results from sueh a study can be used to establish eritical
meteorolgical parameters associated with svstem performance. A discussion of this can he
found in Section 1V.

Sections Voand VI present a brief deseription. sample predietions. and validation of two
maodels for hattefield obscuration. Section V oaddresses a model for instantaneons white
phosphorus (WP) smoke. and Section VI addresses a model for high-explosive (HE) dust.
Both models are a subset of the total obseuration modeling performed by NV&EOL and
the General Research Corporation (GRC).! 27

IL AEROSOL TRANSMISSION THROUGH THE NATURAL ATMOSPHERE

Absolute atmospherie transmission measurements in the visible. near IR, 3- to 5-pm and
8 to 12-pm regions have heen colleeted through various fogs that have been observed at
Ft. A. P. Hill. Virginia: Grafenwoehr. Germany: and Baumholder. Germany. Portions of

this data have heen previously reported.® but Figures 1 and 2 show the present data base
! The sermempirical models were formulated by Dr. R Zirkind, General Research Corpander Contraet N DAARO2-T 100300
with the U Arms Night Vasion and Electro-Opties Laborators . Fi Bebvoir, VAL Mee L P Obert, comtract monitor, The con-
tractal effort provided models which are moree comprehensive than foensed upon here, CPhe reader s eeferred to docamentation

i References 2 amlb 3).

TR Zickidd A Obseuring Aerosol Dispersion: Model.” Volso 1 & 1L CR-231 for T Arms NAXEOL undes Contraet Mo
DAARO2ZTRC0366 by General Research Corpo Melean, VAL Dee TR nelassified),

R Zickmd. =\ Preliminars Deseription of an Faplosne: Dust Clond Model” Tech Memoeandum for Us Army NVE RO
wader Conteaet Yoo DAARZTRC03060 by General Research Corpe Melean, VA Dee THUnelassified),

Joo Ko Moulum, R f0 Bergemann, and Mo G0 Sl (0 buropean Winter: Simospheric Eavironment (L7 RIS

Procesdings, Aug 7O 1Neeret).




in it~ entirety. s a general rule. systematie sealing between visible, 3- to 3-pm. and 8- 10

12-pm aerosol extinetion has been found. with the cleanest relationships associated with
data collected in individual fogs.

Figure | shows curve fits to the data relating visible and 3- to 5-um extinetion through
fog. The wet and dry curves are fits to data subsets defined by observed meteorological
conditions. The “wet™ condition is indicative of a high-aerosol moisture content. Each
day of data was classified as wet or dry by its predominant optical character when an on-
site determination of the fog's nature was not made. The middle curve. as noted. is a fit to
all of the data, The relationship between visible extinetion and that in the 8- to 12-pm
handpi s i~ shown in Figure 2.

The equations corresponding to the curve fitx shown in Figures 1 and 2 are the

following:

\\§ ET FOG: O, = I”-.'DIT + 25953 log 0 - TB2 theg g 1
Oyy = “)-I.I P4 2871 log o - 895 alog 0 0°

I)R\ FOG: O, = I“-I.MT + 3398 log 0 ,-803 dog o )
Ouin = “)»I.TI'.!+ 205 log o -328 (log o,

COMBINED: O, = l“-l.n+ 200 oy g =511 dlog o0

— -O0R+ LRI Jow g =202 (log o
Oy = 10 o a2 g a

0.. = I().;!.'W+ S50 dog g, 2281 og o, F

[EE : !

Additional data gathered at 1.06 pm has resulted in the sealing law that ix also shown
above, These formulations are carrently being used to evalute E-O svstems performanee

under limited-visibilits conditions,

Data has also been gathered under conditions of <now, Figures 3 and 1 show visible vs,
3.9-pum data and visible v, 8- 10 12-pm data collected at Fr. A, P HillL Virginia. and
previously reported.® The resultant extinetion relationships due to snow alone have been
derived. correcting the original data for wmolecular absorption and fog/haze attenuation.
The correction factors were determined during snowfall-free periods contiguous to actual
measurement times, Note that some severe fog that oceurred during the measurements had
a dramatic effect on the extinetion relationshps, More generally. it is apparent that the
mixed hazel/fog/=now condition is important sinee this ix the way snow appears in nature,

YO soba il K. Berseunann, “Multspectrat Propagation Measurements Theongh Soew ™ Teel Dhgedt of the Fop. Meeting

Tt nelassifiedy,

on Opt. Prop. through ierh . Rain & Fog OSA \ny
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Figure 1. G/AP aerosol model 3- to 5-um. :
(Low visibility aerosol attenuation data and 1
derived empirical fits for locations in Virginia and Germany.) ;
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Figure 3. Snow scattering model 3- to 5-um.
(Extinction data taken through snow at A. P. Hill, Virginia,
showing the relationship between the visible-near IR and 3.918 ym.)
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HL TOW SYSTEM PERFORMANCE SENSITIVITY

Using the G/IAP aerosol model described in Section I an investigation of the sensitivity
of the TOW nightsight performance to changes in the air temperature, relative humidity.
visibility. and target signature was conducted, Results were represented in terins of RIR |
where R is the maximum performance range (50% probability) for a given season and
target condition assuming no atmospheric limitations, Three signature <trengths were
chosen to represent the spread in measured signatures of a tank viewed from the front or
the =ide in summer or winter. Appropriate seasonal background temperatures were used.
Signature data was obtained from the Night Vision and Eleetro-Optics Signature Data

Base.

For real atmospherie conditions. the variation in R/Ra~ a funetion of visibility and
relative humidity is shown in Figure 5. For this summer condition. it i~ apparent that at
low visibilities the acrosol effect dominates and there i~ virtually no variation in perfor-
manee with atinospheric water content. At the longer visibility ranges. it is absorption

that dominates,

It a certain value of R/IR can be established as necessary to aceomplish a particalar
military task. henceforth referred to as a level of capability. Figore 5 can be presented in
a wanner that shows what combinations of meteorological conditions will allow at least
that capability lesel. As an example. Figure 6 defines those metearological conditions
that result in a 50% and an 80% capability lesel over the sutnmer 15) and winter (W),
Fhe most signficant thing to note i~ that certain ssstein capability Tevels are insensitive to
large-~cale variations in the atmospherie water content. In general, however. higher evebs

of sy=tem capability show the wore comples dependence on water vapor,
IV, CRITICAL METEOROLOGICAL PARAMETERS

The study deseribed in Section 1 indicates that, for certain levels of system capability.
a eritical meteorological parameter can be defined. Tn the case of the TOW nightsight at a
0% level of capability. this weteorological parameter is visibility. The visibility range
required is relatively constant over a wide range of variation in target AT, target aspect.
and ~ea~on. The re<ults chown in Table 1 indicate that a visibility of greater then about a
kitometer defines that condition when the TOW nightsight will perform to at least 50%

of it thearetical capability. Results for the W FOV detection tash are essentially the same,
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Figure 5. TOW nightsight capability.
{For a 50% recognition probability of the side view of a summer tank.)
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2. (1. Comparivon. Figure 9 <hows the compirison of model predictions o CLL
measurements. The data i< from the cmoke triads at White Sands Missile Range (W SMR)
conducted by the PM Smoke/Obscurants in July 77 Trail 9 (W P-3) consisted of the static
firing of five £2-in, WP rounds. Sharp rises and falls of the measured data may e at-
tributed o variation in windspeed and direenon, Predictions which are hased on mputs
of the average meteorological parameters eepoeted in Figure 9 plus the geometey of the

test configuration are indicated by the dashed curve.

3. Transmission Comparison. The final canple of validation in Figures 10 through
13 compares predictions to measured transmission from: Smoke Week T at Dugway Pros-
ing Ground conducted by he PM Smoke/Obscurants in November 777 Transmission ver-
~u= tune was measared by transmissometers in the Far (R Mid TR LOO-pm and visible
spectrim bands over the same sampling Line. Hustration of the agreement hetween
predicted and measured data for teval 31 which consisted of <in 135-mm. <taticalls fired.
WE smoke rounds i< shown for transmis<ion in the 8- 1o 12-pm (Figure 100, 3, g (Figare

LD BOSpm (Figore 1200 and visible (Figare 13) regions,

L. Smoke Barrage Predictions. The illustration of capabilities of the WP cmoke
model is concluded with a prediction of tranamis<ion for a smoke barrage. The Lavout of
the barrage <cenario as depicted in Figure 11 consists of 1two solless of 155-mm WP
~mohe, The Vs indicate the impact points of the firse volley ot 15 rounds whieh are
untformly distributed over the 1 kilometes front antime zero, The o< represent the impact
points of the wecond volles of 15 rounds which are aniformiy distribinted over the fron

and <paced between the anitial round- at time zero plus 30 second-.

The growth a~ a function of time of weveral of the clouds of the initial volles
i~ Hhustrated. The length of cach elond = indicated along a time axis with 10-<ceond tick
mark~ out to 2 minutes. The other dimension ilustrated i~ the width of the eloud, The
purpose of the clowd depiction is o illustrate the intersection of the clowd~ with the
observer-target line-of-<ight (LOS) as a function of time, AU 2 minates. four rounds of the

initial volles and three rounds of the <econd solley intersect the 1LOS,

Transmission for 8 1o 12-0m versus time atter initiation of the barrage -
plotted an Figure 15 for three atmospheric aability: conditions: moderately an<table.
neutealsand moderatels stable el Pasquill Caegories BeDoand B respectively, The
first-nnnute effects are highty dependent on the geonmetes. e intersection of the vlouds
with the LOS In order o relate these predictions with the GRAF D1 gl the
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8-12 «m TRANSMISSION

1.0

001

NUMBER/TYPE : 30/155mm WP
WIND DIRECTION  : 45°

WIND SPEED 126 M/S
RELATIVE HUMIDITY : 80%

PASQUILL CATEGORY : D

-
- o -
-—
— e -

ee CAT E
T S PP PP W—
| 2 3 4 5

TIME AFTER BARRAGE INITIATION (MINUTES)

Figure 15. Barrage transmission history.

17




9% transmission level is chosen as a threshold of interest. Table 2 i a summary of the
time that the 8- to 12-um transmission i~ helow 1% (excluding the fiest minute of the bar-
rage). Predictions are heing prepared for the Graf I ~ummer trials in which nonuniformii-
tvoof impacts s considered.

;-

[able 20 Time ¢5) 8- to 1 2-pm Transmission =2 1

Relative

Humidity Pasquill Category
(I B 1) I
40) §) 0 150
N0 ¥ [N =240

VI HE DUST MODELING EFFORTS

NV K EOL conducted the Grat i Realistie Battlefield Sensors Trials from 6-22
Novewber FOT8 at Grafenworhr. Germany, The purposes of these experiments were: (1 1o
deternne the eftfects of ;n‘lillvr) barrage obscurants on E-(} <ensor performance. and 2y
to quantify the optical propagation and transport properties of artillers-induced dust

|‘|H|I!I\.

Prior to the lest. NV K EOL requestedd from GRC and Aerodyne Rescarch. Ine.!! predice
tion= for the deseription of the dust cloud formed from ~ingle and multiple 155-mn HE
ronnds<, artillery delivered. point detonation. Both contractors worked with NV&EOL in
the planning phases of Graf 1 to identify any parameter gaps required by their models.
Predictions of the following praperties of the dust cloud were supplied to NV&EOL prior
to the te<t: (1) dos=t clond dimensions vso time (GRC and Aerodyne): (2) Concentration x
Fanath v~ time (GRCy: 43y estimation of the mass extinetion coefficients: visible throngh
Far IRGGRC sl Aeradyner: Ch transmission v, time (GRC and Aerodyne): and (3 ther-

atl history v e (GRO).

Both RO, under continuing contractual effort with NV&EOLL and Aerodyvne, under
comtract with \tmospherie Scienees Laborators tASLL have been working with the Grat
I resnlt= in order to expand their model deselopment. Aerodyne’s efforts are described by
Fheerobe. et alt Comparisons of predictions of the GRC HE Dust Madel to Graf 11

re~ult= and other recent field tests are presented herein,
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In addition to predictions. GRC suppliecd N&EOL with o first-cut HE dust medel
prior to the Graf 11 test. The formulation of the model i< outlined in Figure 16, Outputs
consist of temperature. dimensions, Coneentration s Lengthe and transmis<ion of the

cloud.

Predictions of the model are presently being compared to field test results and are

deseribed in the following paragraphs.

I. Graf ll. Event A Comparison. Exent A consisted of o siugle 1535w artitlers-
fired HE round which inteesceted  the  transmission  line-of-<ight upon  impact,

Meteorological conditions were defined as windspeed = 3.1 m/s wind direction = 270°,
and Pasquill Category =

Sificon and thermnal eloud height measurements and predietions for the visible
height are shown in Figure 17, Predictions were calenlated from the initial model in
which cloud rise was not a function of cloud heat and the modified model with a heat-rise
term.

The first-cut dust model assumed that thermal effeets within the dust eloud were
negligible, The cloud of a 155-mm HE round was predicted to reach equilibriuvm at 0.75
second. For time greater than (0.75 second, the clowd was dispersed as a funetion of wind
momentam and atmospheric stabifity. As evidenced o the conclusions of the Graf 11 test
results, heat was apparent in the cloud for approximately 10 seconds, Thus. an additional
cloud-rise ternt due to the exothermie reaction has been added to the initial model, The
thermal buovaney term i identical to that of the NV&EOL/GRC WP Smoke Maodel with
a heat release of 300 callg, After 10 seconds, the eloud rise is assumed to be due purely 1o
momentum. Predictions for the 8- to 12-pm transmission of the main cloud and stem are
compared to measured transmission in Figure 18, The stem of the cloud at equilibrium
was predieted 1o be 2.7 meters high for 155-mm HE, Although predictions of €1, and
transmission for both the cloud and ~stem were separate model caleulations, the emphasis
of original predictions wa~ on the clowd. Tlowever. it has heen determined that the
tran=mtission line-of-sight intersected the dust clouds at 2 1o 3 meters. The predictions are

now for the upper part of the stem/lower elond area.

2. Graf . Event B Comparison. Fxent B consisted of two HE rounds impacting

simultancously. Round | intersected the transmission line-of-sight while Round 2 wa< 25

meters of{ the line-of-sight. Meteorological conditions were defined as: windspeed = 2.5
mi~. wind direction = 270° and Pasquill Category = (0,

Measurements of cloud height of Round 1 and predictions using the heat-rise

term are compared in Figure 19,
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HEIGHT (m)

TRANSMISSION (Percent)

30
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PREDICTED VS. MEASURED CLOUD HEIGHT

EVENT A
— O MEASURED SILICON
5 % MEASURED THERMAL
—— PREDICTED (With Heat)
- —— PREDICTED (Without Heat)
X
1 1 1 ] o
0 5 10 15

TIME AFTER IMPACT (sec)
Figure 17. Predicted vs. measured cloud height. (Graf 11, 10 Nov 78) (Reference 10}

PREDICTED VS. MEASURED TRANSMISSION (8-12 um)
EVENT A

20 yXe
V4 —— MEASURED
/ —— PREDICTED STEM
/ O PREDICTED CLOUD
10 /
/
(o]
1 1 1 |
0 5 10 15

TIME AFTER IMPACT (sec)

Figure 18. Predicted vs. measured transmission (8- to 12-um). (Graf I}, 10 Nov 78.) (Reference 10}




PREDICTED VS. MEASURED CLOUD HEIGHT
EVENT B

60
o
40+ ©
£ o
—
b =4
&S
£ X X
20 -
| | | 1 1 | J

0 10 20 30 40 50 60
TIME AFTER IMPACT (sec)

O MEASURED SILICON
X MEASURED THERMAL
~— PREDICTED (With Heat)

Figure 19. Predicted vs. measured cloud height. (Graf 11, 17 Nov 78.) (Reference 10).

Measured and predicted 8- 1o 12-pm transmissions are compared in Figure 20,

The effeets of Round 2 are reflected in the transmission at 20 seconds from impact.

3. Fu. Sill Comparison. Artillery HE firings were condueted. and the resulting dust
was characterized at Fuo Sl Oklahoma. in May 78 for PM Simoke/Obseurants'*

Measured and predicted Cls for trial DPLI-005-T3. one round of 153-mm HE,

are compared in Figure 21,

1. Smoke Week I Comparison. Measured and predicted Cls are placed in
Figure 22 for trial No. 290 ~ix rounds of 135-mm HE. of Smoke Week H. The Smoke

Week I trials were conducted  at Eelin AFB
smoke/Obscurants'?

PV for Sohe Clecnrantss Sep T melassahieds,

o DREPMSMK F00 T Mar T DI N ADCRETETT (C ontidentialy,

I

Drar Db Lear Conntucted at Frosil ORLghoma, by Prigsas Proving Ground

i Novewher T8 for PM

Voleo bl B Frnad Test Keport by DI far

Stnohe Woa kT e troOpteead ob 0 Svaems Perfarmanee i Characterized Olseoral Favironment- at Felin APBCVL N 7o



PREDICTED VS. MEASURED (RELATIVE) TRANSMISSION (8-12 .m)
EVENT B
100 -

—— MEASURED

50 ——= PREDICTED STEM

TRANSMISSION (Percent)

1 1 L S U S
0 10 20 30 40 50 60

TIME AFTER IMPACT (sec)

Figure 20. Predicted vs. measured transmission (8- to 12-um). (Graf il, 17 Nov 78} (Reference 10)

72 — MEASURED
e -® PREDICTED
64 FT. SILL, OKLA
56 l DPI-005-T3, 16 MAY 78
[ WINDSPEED - 7.3 M/S
ZE‘ 48 - PASQUILL CAT - C/D
S i MUNITION - 155mm, ART'Y
2o 40 ' DELIVERED, 1 ROUND
d
o 32
24 -
16 '*
8-
0. ! L

0 8 16 24 32 40 48

TIME AFTER DETONATION (SECONDS)

Figure 21. Comparison of HE dust model to Ft. Sill data. {Reference 14)
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VH. CONCLESJONS

The significant results from the measurements. modeling, and analyses just de<eribed
can he summarized in the following manner:

1. Useful empirical models which caleulate extinetion due to scattering in the 3- to
epm and 8- 1o 12-um regions through fog and snow were developed. They all <eale 1o

visibility.

2. A method 1o represent a system’s performance sensitivity 1o variations in the
meteorological environment was developed. This methad defines the ssstem capahility. a
measure of operational effectiveness. a~ the ratio of the performance range through a
specified atmospherie condition o the performanee range expected if there was no

atmospherie degradation.

3. The meteorological conditions allowing at least a 30% recognition range capabilits
were caleulated for the TOW nightsight. This capability level is specified by a visibility
of at least | kilometer for a large rangeof tank signatures in a summer and winter en-
vironment, The visibility specification is a critical meteorological parameter of the TOW

system,

LA semi-empirical model capable of predicting the effects of smoke obscuration
on electro-optical svstems has been developed for use in combat simulations or evaluation
of smoke munitions by the Night Vision and Eleetro-Opties Laboratory and the General
Research Corporation. The NV&EOL/GRC WP Smoke Model. a ~ubset of the 1014l
madel. has been programmed for computer use.

3. The NVE&EOL/GRC WP Smoke Model ix well validated 1o available field test data
for it~ capability to predict cloud dimensions and transmission produced by static deploy-
ment of instantancous WP, Aspeets of the smoke model which have not vet heen resolved
because of a lack of data include the effects of high relative humidity on the vield factor
and the effects of artillerv-delivered smoke.

6. The HE Dust Maodel developed by GRC compares well with field data and

offers a viable 100l for the analysis community.

e,
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