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E Preface

4 retase

F- ' This topic was researched at the request of the Operations
F

.

Evaluation Group, Assistant Chief of Staff, Studiss and Analysis, USAF.
The performani:e of a laser guided stand-off missile in the close-air-
3 support mission is dependent on a compiex interdependent set of factors

including laser desian, target characteristics, receiver design, and

atmospheric conditions. Although the relationship among all these 1

factors is developed, this work addresses in detail only the problem

of atmospheric transmission in determining maximum missile lock-on
range. An applied approach is taken in which factors afiecting

atmospheric transmission are discussed, these factors are¢ then related

e e e st b e

to atmospheric observables, and these observables are then related to

an atmospheric transmission. An attempt is made to utilize existing

.

atmospheric models and widely accepted concepts to apply to this

" nmrwwf BT TR Y R T TR T T Ay

important operational problem. Where model theories are not supported '

L et

by measurements, censitivity analyses are undertaken. [t has become

obvious to the author in the course of this investigation that the

model predictions when compared to actual measurements are still
inexact due to the inaccuracies in the measurement and reporting of
meteorological conditions; the difficulty ¢f measuring aerosol
composition, size, and distributicn, and the many approximations which s

must be made tc reasonably calculate the atmospheric transmlzsion,

| would like to express my sincere appreciation to the many

pecple without whose assistance such an indepth Investigation could

T
hiet

N

§ never have been acuompiished in the ajioited time perind. in particuiar,
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Abstract

Laser designator characteristics, target composition and size,
laser designator-target~receiver geonetry, receiver characteristics,
and atmospheric conditions limit the maximum range at which a laser
target designator system may lock~on and track a target. This report
shows the relationship of these factors and develops a model for the
prediction of maximum lock-on range for a 1.06p laser target designater
system where atmospheric attenuation is the limiting system factor.

A transcendental lock-on range equation is developed which is
a function only of atmospheric conditions and the designator-target-
receiver gecmetry. Several qualifying assumptions are made in the
derivation of this equation: (1) the typical military target is a
diffuse Lambertian surface with ten percent reflectivity; (2) the
laser energy is reflected only from the target surface; and (3) the
reflected radiation is entirely within the field of view of the
receiver.

This report assumes the validity of the 8eer-Lambert Law for
describing atmospheric transmission of laser radiation. The deter-
mination of atmospheric attenuation is reduced to a calculation of the
attenuation due to aerosol scattering and absorption, molecular
scattering, molecular absorption, and scattering by fogs, clouds, and
rain. Theoretical calculations of the attenuation coefficients
demonstrate that fogs, clouds, and rain are the largest atmospheric
attenuators. For dry atmospheric conditions, the chief attenuating
mechanism of 1.06u laser radiation is the aerosol. Molecular

absorption proves to be of lesser importance while molecular (Rayleigh)

St T S Y Gttt s s S G AN T R e o “v;!_‘a
GEP/PH/74-b T - =




GEP/PH/7h-4

scattering is negligible.

Theoretical calculations of molecular absorption coefficients

VY

are made using atmospheric absorption 1ine intensities compiled by
! . Air Force Cambridge Research Labgratories. Molecular absorption
coefficients, which are a function of temperature, pressure and

relative humidity, are related to mean -seasonal atmospheric profiles.

3 Calculations of the aerosol attenuation coefficient are made using

Mie Theory; these calculations are limited to single scatvering theory. f
The calculations are based on a continental aerosol model using re- i"
fractive indices typical of those reported for Central Europe, although !
sensitivity analyses are conduced using other models. Aerosoi

E attenuation is related to ground level horizontai visibility. A

3 boundary (mixed) layer concept is used to describe the vertical ;

distribution of aerosols.

Mie Theory calculations are also made to determine the
attenuation coefficient for clouds where clouds are assumed to be
homogeneous. Attenuation coefficients for rain are calculated using
the geometrical approximation for Mie Theory where rairn showers are
assumed to be homogeneous and monodisperse. Rain attenuation
coefficients are related to rain rates reported Ly the meteorologist.
Attenuation coefficients for fog are related to visibility and are
those used in a previous Monte Carlo study.

Equations and Tables are provided for ease in determining
attenuation coefficients as a function of meteorological observables.
These coefficients may then be used to solve the maximum lock-on range

equation for various tactical scenarios. The model is specifically

xi
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designed for use in variable laser-target-receiver geometry and slant

path calculations.
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ATMOSPHERIC TRANSMISSION OF 1.06 MICRON LASER RADIATION:

APPLICATION TO STAND-OFF MISSILE PERFORMANCE

B S B il

!. Introduction

Y7y

~r

Background

Laser target designator systems locate targets using the same
basic principles used by conventional radar; that is, thé system de-

tects radiation reflected from an object (target). The purpose of the

Wl

laser target designator system, however, is to designate where the

TR T,

target is located relative to the receiver rather than to measure the
range. The laser transmitter, also calied designator or illuminator,
iHuminates the target with pulses of radiant energy in a narrow beam

and the receiver detector discerins {in its relatively wide field of

—

view) where the laser energy is being refli:cted, thereby locating the

3 , target (Ref 24:13<6).

[N

The receiver detector for the laser target designator system

] detects the narrow~band reflected laser radiation. Once the radiation i

is detected by the receiver sensor, then tracking is accomplished by

one of two methods. The receiver may track the ''one brightest spot in

the Tield of view' or may track the '"centroid of entire illumination

in the fieid of view" (Ref 52:23). This detection and tracking scheme

of the laser designator receiver system is then unlike the broad-band
detection systems which detect target~background contrast. These

broad-band detection systeis generally use a high-resoluticn TV imaging

'
1
)
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i
t
v
v
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system wWiich provides a target Imags on the TV scieen.

operator then must place a tracking gate over the display to begin
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receiver tracking.

é

The laser target desicnator system, on the other hand, requires
that the target be initially acquired by scme other means. This im-
piies that the target must have besen recognized by the system operator
using some means (usually visual) other than the designator system.
The laser designator may then be directed at the target (object). Once

the laser is illuminating the target, then receiver lock-on and tracking

i e i R L L SR TR A OUURT S LM WAL LS S
|
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is possible.

TR

Several factors determine the maximum range at which the

receiver may acquire and track a target once the target has been

T

i1luminated. These factors include: detector sensitivity and design,

target geometry and size, laser transmitter (illuminator) pcwer and

" *M"“, e

beam geometry and positions of the receiver and iiluminator relative

m

’ to the target. The last factor is complicated by the fact that the

2 miout e i byl

target must be initially acquired by means other than the designator

system. Because the laser target designator requires acquisition of

the target by other means, many tactical system uses have evolved.

e s S ot e A

Possible uses include: (1) the receiver and transmitter are co-located
on the same aircraft; (2) the receiver and transmitter are located on
separate aircraft; and (3) the transmitter is ground-based, but the

receiver is an aircraft. Thus, the laser radiation may traverse two

completely different paths. This repcrt addresses this general two

His Lol basail

path problem. The co~location of source and receiver then is a :
simplification of this more general case. %
An additional complicating factor is atmospheric attenuation i

of the laser radiation. The laser radiation is scattered and absorbed
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by atmospheric aerosols and melecules. Other atmospheric phenomena

such as clouds, fog, and precipitation also scatter and absorb iaser
radiation. In fact, this atmespheric attenuation is a serious system

timiting factor in the effective operational use of a laser target

designator system.

The determination of atmospheric effects on the laser radiation

may be reduced to a determination of the effects of the separate

attenuating mechanisms. These mechanisms--molecular scattering,

molecular absorption and aerosol scattering and absorption--~are then

related to meteorological observables. Using these relationships, one
can determine the total atmospheric attenuation of radiation as a
function of radiaticn path and the meteorological observables. Similar

relationships may be used to determine the attenuation of laser

radiation due to the other attenuating mechanisms: clouds, fog, and

precipitation.

Purpose of the Repert

The purpose of this report is to investigate the atmespheric
attenuation of laser radiation and to determine methods for prediction
of laser target designator system lock-cn ranges. This involves
Investigating the various attenuatlon factors and then associating
these factors with measurable atmespheric quantities. This report
includes the investigation of several different atmospheric attenuation

models to determine the assumpticns of each. The modeis also are

compared with each othar and with results of f1i
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Scope of Report

!
Since atmospheric attenuation of radiation is sensitive to

At ATl bl i i b i

the wavelength of the laser radiation, then it is necessary to limit

7

. the frequencies for which the atmospheric attenuation is determined.

PP ——

This report, therefore, investigates the attenuation of laser radiation

YA IR R R

for onec wavelength, 1.66u. In addition, this investigation is limited

T

to atmospheric attenuation models which predict laser target designator

A L e

system performaince in a continental geographical area such as Germany.

YT

It is also limited to vertical models of the lowest 20,000 feet of the

L b Uit ¢

troposphere.

A W £ HEIAC

The vreport compares various models for the prediction of

Auihcg (LA

atmospheric attenuation.

odlp\ey

An attempt is made to utilize existing models

whenever possible.

TITROTRY

Where existing models are unsatisfactory for this

particular tactical application, then they are modified to conform with g

R recent measurements. The report discusses in detail the attenuating

e
J

rmechanisms and the relationship of these mechanisms to the attenuation

1
models.

It does not, however, examine the details of the various sensor

systems. For an assumed sensor design, this report determines the

maximum system lock-on range where atmospheric attenuation is the

Tiniting system factor. In addition, two atmospheric related factors

not Included in this investigation are:

1}

(1) beamspreading due to

turbulence; and (2) change in the refractive index of air with change

. in altitude.

..... ; s 15 ot investigated because several

references Indicated that small pockets of air rising and falling in
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the path of the beam would cause local defocusing of the beam but that

PRV,
Iy
e

i

MsiddliL
wll

the energy reflected by the target will not Fluctuate significantly

o

cul
4

(Ref 6 and Ref 52). For the tactical prcblem being considered, then,

TR, & TP TR

turbulence is a negligible factor; for other systems, especially

communication systems, turbulence is not necessarily negligiblie

T TR O
'

(Ref 56:B-9).
The change in the refractive index of air with altitude is not

discussed due to the negligible effect that this refraction has on

laser radiation at these altitudes. This factor only becomes signifi-

cant for long slant paths when the angle between the receiver and the

3
o
4
1
E
3
.
E,
3
3
3
e

vertical is larger than 80° (Ref 14:42).

Assumptions

When modeling something as complex as the atmosphere, certain
assumptions must be made. These assumptions are too numerous and too
lengthy to enumerate at this point. The assumptions will be pointed
out in the discussion of each of the separate models, Two important
assumption=, however, are worth mention. One is that the laser
radiation is assumed to be moncchromatic. The other is that the beam

geometry is neglected and the attenuation of radiation in the atmos-

phere is then a furction only of the attenuating mechanisms.

range in an atmosphere-free environment are discussed. An atmosphere-

Development of the Report
- In Chapter Il, the variables that determine maximum lock-on
E free laser lock-on range equation is :.veloped. Chapter 111 discusses

atmospheric effects on laser radiation and modifies the laser lock-on
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range equation to include atmospheric effects. In Chapter iV, the

i e i Al g

atmospheric attenuation of laser radiation due to molecular scattering

YTV T

and absorption is discussed in detail. Chapter V describes atmos-

L data bt By

pheric aerosol in general. This general knowledge is then applied in

YA

Chapters VI and VIl in the development of the model for prediction of i
scattering and absorpticr due to atmospheric aerosol. Chapter Vi

discusses the ground level aerosol] atteruation while Chapter Vil

investigates the vertical aerosol distribution.

b
e e

Chapter V1l presents metheds for predicting attenuation in

i
t

clouds, rain, and fog. The use of the model is described in Appendix

it b F Lo a4

C. The conclusicns and recommendations are presented in Chapter iX.
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It. Develepment of the Atmosphere-Free Laser

Lock~on Range Equaticn

An understanding of the many variables that determine the
maximum range at which a laser guided receiver can acquire and track
the target (lock-on range) is essential prior to an investigation of
atmospheric attenuation. Excluding the atmosphere, factors which
affect the maximum lock-on range and which must be di.. s-.ed are:

{1) laser designator characteristics, (2) target size and composition,
and (3) receiver characteristics. In tracing the path of laser energy
from the laser to receiver, one must successively investigate the laser,

the target, and receiver~-all of which may limit detection range.

Energy From Laser. First, one must know peak laser power,

pulse duration, transmitter optics, beam profile and beam width- in
order to determine the power density within the beam. |f there is no
Intervening medium, then the radiant power or radiant flux of the beam
Is conserved. The radiant intensity, the power per unit solid angle,
will change due to the change in beam geometry, and it may not be equal
across the beam to begin with depending on whether beam profile is
gaussian or constant average distribution. Nevertheless, total power

is conserved. The radiant power arriving at the target then is the

peak laser power transmitted through the designator optics system

i
P, = PpTd (1)

vihere Ft is the peak power transmitted, i
P is the peak power of the laser, i
i
i

and Td is the transmittance of the designator optics.

7
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Actually, the beam loses some of its energy due to scattering and ab-
sorption by the atmosphere. For purposes of our present discussion,

however, all of the power arrives at the target area.

Energy Loss at Target. In this simplification, the target

becomes the first loss of energy. Target size, gecmetry, orientation,
and reflective characteristics determine the total radiant power

reflected into the direction of the receiver. If the beam size at the

target site is larger than the target, then the problem becomes more
complicated. |In this event, the beam will intersect the background
and reflect from these surfaces as well as from the target. This is a
serious laser designator problem for now the receiver may lock-cn the
background in lieu of the target depending on the various compositions
of the target and background. This problem is most clearly illustrated
with the following example. Suppose that the target were a long
narrow boat on the open water. The boat might be narrower than the
beam, and therefore part of the beam might "spillover! into the back-
ground which in this case is water. The water being highly reflective
or at least more reflective than the vessel might cause the receiver
to be guided to the background, thereby missing the target. Although
this problem of beam geometry versus target size is a‘serious system
limitation, it will be assumed for the purpose of this work that the
target is larger than the laser beam intersecting it. The besam, then;
Is reflected only from the target.

The direction and amount of this reflected radiation is

extremely important if the detector is to receive as much of it as

possible. Most military targets do not have highly reflective surfaces
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but absorb and diffuse the radiant laser energy. Moreover, their

a8 “-r-_oqu“st!»),&w‘ v

surfaces are usually highly irregular, often with edges and often at ;
many different angles to the incoming laser beam. Thus, in the
operational use, the amount and direction of reflected radiation will .
vary widely depending on the illuminated target surfaces, edges, and

composition and the relative positions of tne designator and receiver.

The following illustrations may place this difficult problem in better
perspective. Consider the relative positions of the designator and

receiver with respect to the thatched target as shown in Figure 1.

Laser ) ) !
Wﬂ\‘l:):ignator . ;

Receiver

SR

Laser Beam &
Normal to
Reflecting
Surface

e —— | ey

yerramm .

e C E s 5T TSV .
. - MM‘W‘M }‘- hlabic’ e

Fig. 1. Recejver Oriented at more than 90° from Perpendicular to !

Target Reflecting Surface 5
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The receiver detects no laser radiation because the detector is
oriented at more than 90 degrees from the perpendicular to the surface. "5
If this same target were oriented as in Figure 2, then the recelver

might see more of the projected spot size than the illuminator.
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Fig. 2. Receiver Located Along Normal to Reflecting Surface,

-
L]

I the targets were not the flat surfaces as shown in Figures 1 and 2,
but were highly irregular surfaces, then only a small amount of the
laser radiation might be reflected into the viewing angle of the
receiver. The prablem is further complicated by relative positions of
the designator and receiver or by their co-location.
The evaluation of the bi-directional reflectance, the ratio of

radiant power (or radiant flux as it is cften called) reflected into a
particular solid angle to the radiant power incident from a specific
solid angle, is extremely complex. This reflection is often a
specular reflection from a hard surface and the reflected radiation is
usually orders of magnitude less in all other directions (Ref 5). The
Target Signature Analysis Center (TSAC), Usiversity of Michigan, has
investigated the bi-directional reflectance of many materials of

tactical interest. TSAC's mathematical model for bi-directional
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reflectances consists of weighted sums of diffuse reflection from a
hard surface, specular reflection from a hard surface and multiple
diffuse volume reflection from a thin volume of scattering dielec~
trics on the surface (Ref 52:15). The three parts of the model are
weighted according to experimental results. In order to address the
reflectance problem at length, then a maximum lock-on range would have
to be calculated for each target of tactical importance.

Although the bi-directional reflectance problem is extremely
complicated, certain assumptions may be made. TSAC has published the
1.06 micron laser reflective characteristics of targets of military
significance. Variations in reflective properties were found for new
and old olive drab paints, surface conditions (wet, dry or dusty), and
target composition. Reflectances of 2.9% to 12.1% from clean surfaces
of a military jeep were reported by Mardis (Ref 52:19). Dusty sur-
faces nad refiectances as high as 60%. These targets, in addition,
exhibited less specular reflectance than many cther non-military
targets and background materials. For the purpese of this report, a
reasonable assumption for the target reflective characteristics is that
the target is 2 perfectly diffusing reflector of incident energy, a
Lambertian emitter or reflector, with a reflectance of 10%. This
assumption compares favorably with those made by others (Ref 24:13-8).

Briefly, a Lambert source emits radiation completely randomly 2
and this radiation propagates in all directions, from the source with
equal radiance, N. Then for the Lambert surface, the bi-directional

reflectance, oy summed over all solid angles vields th

(t]
ot
O
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reflectance, Pys given by
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where d is a differential solid angle. The reflectance into the

- solid angle subtended by the receiver then is

Ay

p
=t
Pp = 7 cOS etn (3)

where Q is the receiver solid angle and et is the angle between a nor-

mal to the reflecting surface and a line connecting the surface to the

receiver as shown in Figure 3. The solid angle subtended by the

e —— g —— 3
- ~

receiver at a distance Rr is

| e 2 ® |

where A_ is the area of the receiver optics. The area of the receiver

optics, A, = nd

r? swhere d is the diameter of the receiver, is multi-

plied by cos Qr? The angle ¢, is the angle beiween the line connecting

- the receiver and reflecting target surface and the normal to the 1
g !

receiver surface as shown in rFigure 3. The factor, cos $ps then is '
g Included for those occasions when the receiver is not looking directly %

at the target surface.

For the tactical application considered in this report, the t
recelver, in general, views the Lambert reflective surface (target)

. as a point source (Ref 42). The receiver, then being a long distance

from the target, effectively sees the entire surface and this surface

J| P

subtends a very small angle in the receiver's relatively wide field of

view.
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Fig. 3. Target-Receiver Geometry
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Combining Eqs (1), (3) and (4), then the power or radiant flux

23 e s e Tl f TR

incident on the receiver optics, P'r, is

P T,0. cos8 A cos
O Y S A (5)
r erz

This radiant flux is further reduced by the receiver optics. Hence,

the radiant flux received by the sensor, Pr’ is given by

b _ PppotcosetArcosérTr (6)
r erz

where Tr is the transmission of the receiver optics. This expression ‘
gives the power detected by the receiver in an atmosphere~free
environment from a laser of pesk pover Pp reflected from 2 Lambertian
surface of reflectivity G As it has been developed, this expression
is valid for the condition that the laser is the sole emitter of this
radiation in the viewing angle of the receiver.

Unfortunately, there are other sources of 1.06u radiation
within the receiver's field of view. This causes the receiver to
detect a background signal of 1.06u radiation. The strength of this
background signal and the design characteristics of the receiver
detector determine the minimum detectablie power at the receiver. This

is usually described by a signal-to-noise ratic (Ref 24:13-9) given by

, - BZP_ZR‘GZ
< ] A
= 5 !
N 2¢B (8P, +1 )R, 6Z+2FKTB R

~~
~f
~
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where S/N is the peak signal-to-r«ot-mean-square noise ratio of the

receiver detector for one pulse,
B is the bandwidth of the receiver (Hz),

B is the responsivity of the photodetector (amp/watt),

e Is the charge on an electron {1.6 x 10719 coul),

1

is the noise factor of the receiver,

G is the internal gain of the photodetector,

by is the detector dark current (amp),

K is Boltzmann's constant (1.38 x 10723 J/°%),

Pr is the peak power received,

P}, is the povwer received from background radiation (watt),
Rz is the detector load resistance,

and T is the Absolute Temperature of the detector (°K).

The radiant flux from the background radiation, Py, is found to vary
depending on the viewing angle of the detector. The reflected laser
power received is essentially monochromatic, but the background power
received is much broader spectrally, on the order of 100 to 200 Angtroms
with current detector filters in use. Thus, we must investigate the
power of background sources over the broader spectral region. We shall
discuss the broader range using 100 Angstroms (A) as an example.

One background source of 1.05%u to 1.069u radiation is the sun.
The sun is obviously a background source problem only during daylight
hours, but the problem is worthy of discussion. Radiation from the
sun incident on the earth's atmosphere is scattered and absorbed by the

atmospheric aerosois and moiecuies. The soiar irradiance at the mean
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earth-sun distance incident on the earth's atmespheric layer is
approximately 6.44 watts/m? in the spectral region 1.059n to 1,069y
‘ (Ref Si:16~h, 16-8) (Ref 58:7). The flux density of the solar radi-
ation at any point in the atmosphere is a complicated function of the
path traveled by that radiation. That is, the atmosphere's radiance
at the point of observrtion (detection) is a function of the sun's
zenith angle and the receiver's altitude and azimuthal and zenith
angles (which together determine the length of the radiance path), the
number and kinds of scatterers in the path, and the number and kinds of
absorbers in the path. The geometry of this problem is given in Figure
L,

There is no significant atmospheric absorption of the sun's
broadband (1.059u to 1.069n) radiation (Pef:48). 1In addition, the
emission of radiation by the atmosphere, and in particular by clouds,
is an important factor only for detectors that utilize the electro-
magnetic spectrum beyond approximately 4 microns (Ref 3:1314). Thus,
the problem is reduced to determining how mich of the sun's radiaticn
Is incident on the detector or is scattered into the receiver's field
of view.

There are three sources of background solar radiation that may
be detected: (1) strongly forward scattered solar radiation when the
sun is within the viewing angle of the detector, (2) solar radiation
multiply scattered into the receiver's viewing (look) angle, and (3)
reflected radiation from the target or target background within the
receiver field of view. The first of the three methods is the largest

background radiation source and a most important laser receiver problem.
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Fig. 4. Sun-Target-Receiver Geometry where 8_ is Sun's
Zenith Angle, 8 is Receiver's Zenith Angle,
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In general, our system receiver will be viewing a target located on

'
i

the ground. If the receiver is at a high zenith angle and the sun is

5

likewise at a high zenith angle, then the receiver views only solar

radiation that has been scattered into its field of view or reflected

b RN A by et

from the target area. Although the radiation from the sun is most

ey,

intense when the sun is near zenith due to the shorter path through

[ _—
¢ e ot ZaE

the atmosphere, the amount received is greatly reduced by the receiver's
viewing angle and direction of viewing. A significant problem exists,
however, in the event that the sun and receiver zenith angles approach

a maximum and the azimuthal angle of the receiver is such that the
receiver opposes (faces) the sun. Even tﬂough the amount of solar
radiation is a minimum due to its longer path through the atmosphere,
this solar radiance with a strong forward scatter component is incident
approximately normally on the detector surface.

According to Reference 61, the irradiance of the sun at a
zenith angle of 78.5% is 4 watts/m? at sea level. Many factors affect
the magnitude of this irradiance such as cloud cover, temperature,
precipitable water vapor in the air, pressure, number of particles in
the air, but this reported value is representative. Such irradiance,

which is nearly normally Incident on the receiver, results in a serious

system limitation especially if the receiver detector is otherwise

capable of detecting on the order of 1076 to 1079 watts/m?. This
problem is complicated by the fact that receivers have a wide field

of view and therzforc subtend a significant portion of this radiation
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Reduction of the field of view is a method of alleviating this problem,

N
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but this method exacts a large cost in target acquisition probability.

Elimination of this system deficiency may be accomplished by
restricting the tactical use of the weapon system such that during
periods of low sun angles the receiver approaches the target in such
a manner as to subtend the smallest receiver view angle intersection

with the forward scatter component of the solar irradiance. This

method means the receiver would be restricted to use only in the quad-

4
(SN
i
<
3

rants nearest the sun (receiver's back to the sun) and to high angle
deliveries--a condition unacceptable in a hostile tactical environment.
Another method of eliminating the solar background radiance is designing
the receiver logic such that it discriminates against continuous returns
as opposed to pulsed receptions. The design of system logic to eliminate
sensitivity to extended returns would also eliminate the problem of
detection of solar reflected radiation from the target and target
background since this raéiation is detected as a steady state back-
ground component.

Other possible sources of 1.059u to 1.069u radiation are the
moon, stars, and hot surfaces within the field of view of the detector.
The spectral irradiance of the night sky in this region is on the
order of 10712 less than the day sky equivalent, although this figure
is affected by the phases of the moon (Ref 2h:6-9). The laser
designator system in the absence of scattered solar radiation, then
may detect nanowatts of laser designator energy even without internal
system logic. On the other hand, any object within the field of view
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1t were extremely hot. Spectral curves for blackbodies appear in
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References 24 and 33 which indicate that objects with temperatures in
excess of 500%K emit significant radiation in the 1.059u to 1.069u
region. This too may be eliminated by the design logic; but in the
. event no logic utilized, this might be a system limitation.
For the duration of this report, the problem of background
» signal will be assumed to have been eliminated through the design logic
3 system which discriminates the extended return from the pulsed return.
If thls assumption were not possible then the more difficult problem
of determining the background signal for various receiver and sun
é zenith angles must be addressed at length. This problem is more com-
monly known as the radiative transfer problem. This is a much more
complex problem and cne that has only recently Fzen addressed for the
visible region (Ref 19).
In the absence of a background signal reaching the receijver,
the Johnson noise term (2FKTB) and the dark current term (ZeBldReGZ)

are the only remaining terms in the denominator of Eq (7). The design

R T T

specifications of the receiver then uniquely determine the minimum
power, P, that can be detvected by the receiver for a given signal-
to~root-mean-~square noise ratio. This value of Pmr is the minimum

detectable laser signal. When this power is equal to the power at the

poatdu g LT ki

receiver, P, computed in Eq (6), then this determines the maximum

& i

lock-on range of the laser target designator system in an atmosphere- ]

free environment. Further, if it Is assumed that the receiver looks

directly at the target (cos¢. = 1), then Eq (6) becomes

R2 - fETd°t°°5°tArTr (8)
¥ -n'Pr
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which is the atmosphere-free lock-on range equation.

Unfortunately the signal-to-noise ratio is not constant but
varies with temperature for the non-cooled detector heads currently
In use. A realistic signal-to-neise ratio (SNR) may be computed,
however, based on typical mission profiles and temperatures.

It is not the intent of this rzport to explore the character-
istics of various receivers and lasers. A typical laser peak power
and designator optics transmission value are assumed. The target is
assumed to be a Lambert emitter with reflectivity of 10%. Further, if
typicalily achievable values are assumed for the receiver transmittance,
T, and arex of the receiver optics, A., then the right hand side of
Eq (8) is reduced to a constant if one assumes that the receiver views
the target rnormally {cos 8; = 1), an optimum condition . Using the
de-ign parameters from Reference 24, then the right hand side of Eq
{(8) is reduced > 6.7 x 10%m2 (Ref 24:13-14). It is important to
recognize that this value is for one parvicular set of design parameters;
another set of parameters will yield a different value, but the method
of solution is the same and Eq (8) is a general result (for the
atmosphere-free lock-on range).

In summary, we have discussed the laser, the target reflective
characteristics, and the i2zceiver characteristics and their relationships
to the maximum lock-on range. In the development of the range equation,
we have assumed: (1) there is no loss of laser power to the atmosphere,
(2) the bzcam at the target is smaller than the target and is reflected
oniy from it and not the bagkground, (3} the target is a perfectly

diffuse Lambertian reflector with reflectivity of 10%, (4) the receiver

21
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5 so designed so as to discriminate against continuous background
returns, and (5) that the target is entirely within the field of view
of the receiver.
é
E
3
4
j
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111. Atmospheric Attenuation of Laser Radiation

As the maximum lock-on range equation was developed in Chapter
11, two important laser energy losses were Ignored--both of them the
result of atmospheric attenuation. As the radiant power travels
through the atmosphere, some of It is scattered out of the path to the
target or receiver and some of the radiation is absorbed. The scat~
terers and absorbers are the atmospheric gaseous molecules, aerosols,
and water droplets. Unless the designator and receiver are co-lccated,
then the two paths through the atmosphere are different; and therefore,
the energy losses due to the atmespheric attenuation are not the same.
Moreover, the nature of the radiation transfer in the two paths is not
the same due to the assumption that the target is a lLambertian surface.
The two paths will be addressed separately. The two losses will be
described mathematically and then related to the maximum lock~en range
equation from Chapter .

In describing the atmospheric energy loss, this report uses
the following terminology. Atmosgpheric attenuation is the process by
which energy is scattered and absorbed by the atmospheric constituents.
Attenuation coefficients are the constants used to describe the
attenuation due to aerosols, molecules, rain and others. Extinction
coefficient refers to the sum total of the separate attenuation
coefficients. That is, extinction refers to the sum total of al)
scattering and absorption (Ref 62:5), although this atmospheric process
Is called attenuation in this report. In much of the literature
concerning this subject, attenuation and extinction are used inter-

changeably.
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Atmospheric Effects on Laser Radiation (Laser to Target)

Assuming that there is some constant, o4, by which the
atmospheric absorption and scattering may be described for given atmes-
pheric conditions, then the intensity of radiation at any point in space
Is given by the fundamental law of extinction of Beer-Lambert (or
Beurguer, In European literature). It states that the extinction
process is linearly independent with respect to the intensity of
radiation and amount of matter, provided that the physical state (i.e.,
temperature, pressure, composition) is held constant (Ref 33:23). This
law postulates that matter in the optical path is in the same physical
state and therefore extinction is dependent only on the amount of mat-
ter. Then the monochromatic spectral transmission of radiation in the
atmosphere is (Ref 49:10)

st {¢)d2
PT=e © C

{9)

vhere o, = total atmospheric extinction coefficient per unit path
length,
. = total path length,
and df = incremental path length.

Van de Hulst in Reference 62 states that for diffuse light, Lombertis
law is valid for single scattering only for an optical depth of 0.1
or less where one optical depth is defined as the exponent required
to reduce the transmission to l/e of its original value. For optical
depths of between 0.1 and 0.3, a correction term is necessary to

account for double scattering and for optical depths in excess of 0.3

24

!

W T S VN S AR T S WPIUPTTIPIY 3 SUTE Powa| s _ .

et
Lo

!
i
[
*

P

..s—.

. -




', o “ B Rt s _‘:5 - T = i T j B T T 'u 7'~r~ 7‘— TR e
S GEP/PH/ 74~k

} then the full complexities of multiple scattering become a factor
] (Ref 62:6). Van de Hulst's work, however, refers only to diffuse
sources of light and not to the narrow collomated laser light. Zuev,

. Kalanov, and Savel'eo in Reference 73 have investigated the applica-

X

bility of the Beer-Lambert law to laser propagation. They experi-

mentally determined the validity of the exponential law for laser

ai

radiation up to optical depths of 12 (Ref 73:140). For optical depths
greater than 9, however, multiple scattering may be significant for
targets that are larger than 9 times the diameter of the laser beam.
i Optical depths larger than 12 were not experimentally verified by Zuev
because of light source and receiver limitations, but this reference
predicts valid ty of the law to optical depths of 30.

In the problem of the laser radiation incident on the target,
, the loss of energy can be determined then by use of the Beer-Lambert
exponential law. The power incident on the surface of the target is

then

-sRa o, (2)ds
o]

™y

P=PTe (10)

t pd

TSI

where o, (%) is the atmospheric extinction coefficient per unit path

length as a function of position, d is the incremental path length,

T

and Ry is the distance from designator to target. Thus, the radiant

power on the target is a function of the specific atmospheric

extinction coefficient, o4.

Atmospheric Effects on Reflected Laser Radiation (Target to

Recelver). On the surface it would appear that there need be no

Justification of the use of the exponential law for the reflected laser

25
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radiation. Since our model has assumed a diffuse Lambert reflector,
however, justification is essential. Conversely, if our model had
assumed specular reflection by the target, then the properties of the

laser radiation would have been preserved. Such an assumption is not,

L d

however, in agreement with the reflective characteristics of most mili-
tary targets as we have previously discussed; in addition, such an
assumption makes determination of directional reflectance exceedingly
complex.

] The diffuse reflection of laser from the target requires that
for single scattering the Lambert law is limited to optical depths of

y 0.1 or less as described by Van de Hulst. For larger optical depths,

‘ the full multiple scattering problem must be addressed. For extremely
narrow receiver fields of view, there is justification for use of the !
Lambert law (Ref 71:202), but for use in our model it must be acknow- ')

ledged that the use of the Lambert law for single scattering for the

atmospheric attenuation of radiation from target to receiver is a model ?
limitation. Because the multiple scattering problem is not addressed t

for this portion of the energy transport, then this model may result

in underestimation of the maximum fock-on range. ,
With this cautior. hen the assumption is made that energy ;
3
E transport from the targe. .. . 2iver is approximated by the Lambert i
Law and the maximum laser lock-on range equation becomes !
-4 o, (2)de '
) ‘2 PpTde °t°°5°tArTr ) |
* r +hr o.(2)de L
ot
> P e
r |
i
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where ot(z) is the atmospheric extinction coefficient per unit path
length as a function of pcsition, d¢ is the incremental path length,
and R, is the distance from target to receiver. Substituting the
design parameters constant (discussed in Chapter 11) into Eq (11) then

the laser target designator system maximum lock-on range equation be~

comes

R
R -r d d
L o, (2)ds / Gt(ﬂ) 2

R_2e = (6.7 x 10%%)e ©

(12)
r

which is a transcendental equation that is dependent on the specific

atmospheric extinction coefficients.

Atmospheric Extinction Coefficient

The extinction coefficient, as we have discussed, refers to
the absorption and scattering of the laser radiation by atmospheric
gases and particles. That is, the extinction coefficient is the sum
of all absorption and scattering coefficients. It is the sum of the
coefficients describing molecular scattering, molecular absorption,
aerosol scattering, asrosol absorption, and the scattering and ab-
sorption by clouds, rain, ice crystals, fog, snow and others. The
total atmospheric attenuation is a complex function of the number of
molecules, kinds of molecules, number of aerosols, ae}csol cemposi tion,
aerosol size distributions, number of water, ice, fog, snow, or cloud
droplets, droplet composition and droplet size distiibution in the
volume of air traversed by the radiation. Moreover, these factors are

not constant throughout the atmosphere, and therefore atmospheric

attenuation becomes a function of the particular radiation path. in

27
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addition, the scattering and absorption is dependent on the particular
wavelength of the radiation.

The problem of determination of atmospheric attenuation of
1.05p laser radiation may then be reduced to the following subproblems:
(1) determination of molecular scattering and absorption, (2) deter-
mination of the aerosol scattering and absorption, and (3) determination
of the scattering and absorption of other atmospheric particles (such as
clouds, rain and fog), and the relationship of these to observables or
measurable quantities. These separate forms cf scattering and absorption
are expressed in terms of separate attenuation coefficients. In general, !
these separate coefficients are additive yieiding the total extinction
coefficient,

On a clear day, for example, the atmospheric transmission of

laser radiation is a function only of the serosols and molecules

-k )
fo (ca+ o,/ 42

' T=¢ (13)
vhere o, is the zerosol attenuation coefficient (per unit length),
O Is the molecular attenuztion coefficient (per unit length®
and L is the path length. The aerosol attenuation coefficien’
the sum of the scattering and absorption
g = q +ﬂ (]ll)

a a a
where o is the aerosoi absorption coefficient (per unit length), and
8a is the aerosol scaitering coefficient (per unit length). Likewise,
the molacular attenuation coefficient is the sum of the molecular
. scattering and cbsorption

On = am + Bm (]5)
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where % is the molecular sbsorption coefficient (per unit iength) ,

and B, is the molecular scattering coefficient (per unit length).
The determination of these individual coefficients is the subject

matter of the next chapters. We shall successively investigate each

i of these coefficients by determining in each case the factors that

contribute to the radiai{nn attenuation. Next, since the atmosphere

Is inhomogeneous, the Factors must be related to position within the

! atmosphere. Last, these factors must be related to atmospheric obser=

vables or measurables, so that the laser's radiant power at &

o

1 particular point in the atmosphere is predictable.
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IV. 'Molec¢ular Absorption and Scattering

Radiation is scattered by all of the atmospheric gaseous mole-
cules, but it is selectively absorbed. There are many atmospheric
constituents. All are important for the determination of molecular
scattering; but oniy some of the molecules are effective absorbers of
radiation and these are effective only at certain wavelengths which

depend upon the structure of the molecule.

Molecular (Rayleigh) Scattering

All atmospheric molecules scatter radiation. Their size is
on the order of 1076p to 1078y and therefore the scattering cross-
section is quite small. Particles which are small relative to the
wavelength of the incident radiation experience the same electric
field throughout their entire dimensions, which are assumed to be
spherical, This external electric field establishes a dipole in the
small particle which is a function of its polarizability. This dipole
then emits radiation in the characteristic dipole pattern which results
in the removal of energy from the incident beam (Ref 8:184). This
phenomenon is called Rayleigh scattering, and the scattering coefficient
cap be expressed as
83 (HQZ-I)Z 6+3f

8 = 6
RAY 3t Ng 6-7f (16)

where A is the wavelength of incident radiation (cm), M, is the re-

9
fractive index of the gas relative to a vacuum, Ng is the number of
molecules per ¢m3, and ¥ is the depolarization factor, which for air

ls 0,052 and is often omitted (Ref 8:189).

30
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It must be emphasized that this equation is valid only for spherical

FT™ T

molecules and a correction term must be added for non-spherical

molecules. This equation, however, will prove useful in yielding an

. estimate of the molecular scattering in the atmosphere provided the

E number of molecules can be determined. According toc Avogadro's
hypothesis, the number of moiecules of any gas per unit volume depends
é oniy on temperature and pressure. For the U. S. Standard Atmosphere

; (1500 and 1013 mb mercury) the number of molecules in one cubic centi-
‘ meter is approximately 2.547 x 101%. Then for the U. S. Standard

temperature and pressure, the Rayleigh scattering coefficient for

1.064y laser radiation is

B8 é 8x° [(1.0002)2-132 é 8.16 x 10"9%/¢cm :
. RAY 3(1.064 x 10™4%cm)* 2.547 x 1019 ~

cm3 (17)

where Mg = 1,000273% {Ref 27:2).

Expressed in inverse kilometers, the molecular scattering coefficient

is

B, = Bray X (10° cm/km) (18)

The Rayleigh scattering coefficient for 1.064u laser radiation at 15°C
and 1013 mb mercury is 8.16 x 107%(Km™1). The molecular scattering
coefficient for the visible (A = .55u) at 15°C and 1013 mb is 1.14 x
1072 (Km™1).

In addition at higher altitudes (lower temperatures and pres-
sures) this coefficient becomes smaller. For slant path transmissions

from altitude, then, the average molecular scattering coefficient would
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be even less significant. Increasing the temperature to 35°C and

ol AR T 1 )
L a e

pressure to 1025 mb, conditions not normally escountered, does not
significantly affect the scattering. From these calculations, it
. becomes clear that molecular scattering is not a serious limiting

factor for reasonable path lengths of the laser radiation and may be

T

safely ignored for 1.064p radiation. Conversely, the Rayleigh scat~

tering in the visible may not always be ignored, but for cur purposes

it A0

now it is rather insignificant.

Molecular Absorption

PR T

The molecules are frequently excellent absorbers of radiation.

‘Holecular constituents of the atmosphere that are significant absorbers

are: (1) water vapor; (2) carbon dioxides; (3) ozone; (4) nitrous

T ST TR

' oxide; (5) carbon monoxide; {(6) methane; and (7) oxygen. Other trace
gases such as sulfur dioxide may also be good absorbers but they do

not naturally occur in the atmosphere and significant concentrations

Laldats a0

are limited to areas with large industrial activity.

The absorption by molecules is due to the changes in molecular
states caused by the addition of energy. The molecules absorb the
4 energy by changing vibrational, rotaticnal, or electronic energy levels
i or a combination of the three. Each single allowed transition gives a
particular absorption line. For each allowed vibrational encrgy level
transition there are many rotational energy levels possible thereby

creating a band structure or rather a series of closely spaced lines

ol oy

which overlap.

A great amount of work has been done in the fiecid of molecular

T oo 4]
-

absorption and moiecular spectroscopy. For a detailed account of the

¢
L
i
{
i
i
3
3
i
}
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theory of molecular absorption, the reader is referred to References
*% 33, 35 or 36,

From the exhaustive studies on absorption, there have emerged

{
]
P
3
|
i

varicus band models for prediction of average transmission for dif-
ferent spectral regions. Some of the better known broadband models

2 ' are the Altshuler, Statistical or Mayer-Goody, Elssaser, Random
Elssaser, and the Air Force Cambridge Research Laboratories Lowtran
li. There are also two approximation schemes used In the band models:
the weak~line and the strong-line approximations.

In general, these band models are based on experimental

measurements of the solar spectral transmittance or laboratory data.
The data is then smoothed te provide continuous curves and average
transmittance in the various spcatral regions. In addition, these
models are statistically extrapolated into spectral regions where data
is not available. For purposes of predicting low resolution spectral
transmittance, a band model is adequate if it is based on measurements
in the spectral region. However, for laser transmittance where high
spectral resolution is required, then the band models are woefully
Inaccurate. Laser wavelengths are assumed to be monochromatic so an
average transmittance for a spectral region does not prcvide laser
transmittance. To determine laser transmittance, a line by line
calculaticn is necessary.

Such a compilation of molesular absorption lines has been the

. ongoing project of the Air Force Cambridge Research Laboratories since
1567. At present, this inclusive work Includes the -

vibration-rotation lines of seven naturally occurring molecules of

¥

significance (including their isotopes) in the terrestrial atmosphere.
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These seven are the same atmospheric constituents listed earlier in

T

this section. With the exception of oxygen, all of these molecules
are minor atmospheric constituents, but they represent most of the
\ absorption lines ir the visible and infrared. This work assumes
(and investigation seems to support the fact) that all of these gases,
with the exception of water vapor and ozone, are uniformly mixed in
the atmosphere. Each of the lines in this study (Ref 47) represents
either a theoretical calculation based on atomic and molecular theory
3 or actual solar or laboratory data or both.
% In order to compute the transmittance of a given spectral line
in the atmosphere it is necessary to describe the absorption coef-

ficient as a function of frequency for each line. The four essential

T

parameters for each line are the resonant frequency, vo(cm‘l), the

intensity per absorbing molecule, S(cm™!/molecule cm™2), the Lorentz

chi

line width parameter, ao(cm“llatm), and the energy of the lower state,

WA
-

E"(cm~1). The frequency, Vo, IS5 t0 a close approximation independent

of temperature and pressure., The intensity, S, is pressure-independent

] and its temperature dependence can be calculated rrom E'" and v. The
line half-width at half maximum, a, is proportional to the pressure
and is temperature dependent. The precise line shape is uncertain

but theoretical computations usually begin with the Lorentz line shape,

which has two limitations: (1) Lorentz lineshape for infrared
frequencies requires modification for pressures lower than 100 mb

(which is not a factor in our case},and (2) The Lorentz lineshape may

%
—
-

fie {iv-v°i>>u) or when coi-

lision broadening forccs are dipole-quadrupole (Ref 47:2,3).
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Reference 47 gives the intensity as a function of a temperature

T Ny T

as

1.&395"(7-75)]

s(7g) Q,(Tg)e, (1) [ s
s = vm oM © (19)

TR T T

Where E" is the energy of the lower state of transition (cm-1), Q,

is the vibrational partition function, Q, is the rotational partition
function, T is the temperature (°K), and Tg is 296°K. Assuming a
Lorentzian line shape, the line half width at half maximum at any

temperature, T, and pressure, P, is given by

T

:

‘ o =ag 1,:-0 To (20)
? where o, is the measured or computed line half width at temperature

§ ] To and pressure P,; P, is the pressure at which experimental

measurement or theoretical determination of a, is made, and T, is the
temperature of the experimental measurement. The molecular absorption
1 coefficient due to the absorption by one molecule of one molecular

species for one absorber line is

- S o (21)
*“1m L (v-v,)? + o?]

where S is the line intensity,

a Is the line half-width,

ez e 1 oty
] SRRV

Vo, is the central line frequency,

LMy

and v Is the laser frequency, which is assumed to be monochromatic.

oy
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Generally, however, a large number of absorption lines belonging to
different molecular species contribute to the attenuation at a spe-
cific laser frequency; that is, the absorption coefficient per

molecule for a laser of frequency, v, is

.. mlj (22)

ﬂ[(v-vij)° + dijzj

y = L 3
%/ 5

where subscript i refers to the different spectral lines of each
molecular gas and subscript j refers to the j different molecular
gases. Multiplying the absorption coefficient by the total number
of molecules along with the path length yields the optical depth.
Another more conventional method for our purposes involves defining
the total absorber density along the path. Multiplying oy, by this
absorber density gives the molecular absorption coefficient per unit
-path length, which is the way we have defined all absorption and

scattering coefficients. Then

o = I Sij %y " (23)

m Ji “[(“'”ij)z + uijzl

where m; is the number density of each molecular gas, j, per unit

path length.

Distribution of Molecular Absorbers. |If the density of each

molecular absorber were known for all points P in the atmosphere then
Eq (23) would yield the molecular absorption coefficient. The mole-
cular concentrations of the atmospheric gases, however, are not

uniform. They vary for the different temperatures, pressures,
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locations, and air masses. Several approximations will be made.

“
P

,
s

The first assumption is that the atmosphere is horizontally

e e h
- {/‘//‘
»

stratified. All horizontal paths are defined as being through uni- i

el
S I

P

. form air masses. By this stratification, two categories of . )

Raiaaacn Yt g

atmospheric gases emerge: (1) the uniformly mixed gases, and (2) '

the unmixed gases. OF the seven molecular absorbers under consideration

only two fail te qualify for the first category. These two, ozone and

Rt S
e
L

water vapor, are not only a function of atmospheric conditions but they

P L PO

are also a function of geographical location and their evolution

properties.

LSl e ict ey

For the uniformly mixed gases, the concentration is generally
written as the equivalent length of pure absorber in the path as a

function of the pressure and temperature. For the horizontally

eV
LTI T PRI P VIO Y JURNOPIPA ' RO L

: stratified atmosphere, this concentration, AL, is the product of the

path length, R{cm), the fractional part of the total atmospheric

PV VS

volume of absorber, ¥, and the pressure in atmospheres, P. This
: concentration is most conveniently expressed in units of cm-atm

reduced to standard temperature and pressure (STP) (Ref 49:87).

it A s eoma s i NN e LA

The AFCRL report, Optical Properiies of the Atmosphere, gives \

3 this molecular concentration for a horizontal path at any altitude,

P T
fR (i—)(%) (c:m--atm)STP (24)

I atm. This concept of equivalent absorber

z, as

e a0 o e et Pt b ¢ —iaians Y

AL

PO

vhetre Ts = 273°K and Pg

JURPFT S

path at standard conditlons may be extended to vertical paths provided

y

the vertical molecular distribution may be described. For uniformly
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3 mixed gases of fractional concentration by volume, f, the vertical
distribution is modeled using the hydrostatic equaticn which states

that the change in pressure zlong a smai? vertical path is the pro-

duct of the molecular density, gravity, and path length. |f the
hydrostatic equation s Intergrated from an altitude, z, out to
infinity, then the hydrostatic equation may be expressed In terms of

the scale height of the atmosphere above altitude, z, H{z)

%
5
gé

P(z) = golz)H(z) (25)

L Ll

]

where P(z) = pressure at altitude z,

P
0L sla

an
U

p{z) = molecular density at z,

4

g acceleration due to gravity

For a vertical column of air at STP, H{o) = 7.99 Km (Ref 49:88).

The scale height in Km for any altitude z may be determined by

H{z) = 10.2 (3(—2~)-> {26}

p(z)

After some manipulation then the amount of absorber for a slant peth
P

between altitudes z and z becomes
2

1
Pz, )P (z,) i
AL = f x10.2 ! 2_Ysec 9 (27) ,;
o :
i
where 8 is the angle from the vertical (zenith). Values for the con- i3
kY
§
. centration of the uniformly mixed gases along with values in {cm-atm) 3
STP $
foi vertical paths o sea jevel are oiven in Tabie i, These vaiues ';iE
3
’ for vertical paths when multiplied by the fractional pressure change 3
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and the secant of the zenith angle yield the (cm-atm) of absorber

STP
between two pressure levels or rather two altitudes.

Table |

Concentrations of Uniformly Mixed Gases

A mrr g

(cm-atm% p in

Molecular PPH by Vertical Path

Constituent Weight Volume From Sea Level

Atr 28.97 106 8 x 105

co2 Ly 330 264

NO2 Ly 0.28 0.22

co 28 0.075 0.06

c"u 16 1.6 1.28

o, 32 2.095 x 10° 1.68 x 10°

This result is useful in that it allows us to determine the
rnumber of molecules per unit area in the path. Since there are
always Avogadro's number of molecules in 22.4 liters at STP then the

following relation for the uniformly mixed gases may be derived

1 {cnmatm) = 2,69 x 1019 molecules/em?’ (28)
: sTP
Unfortunately, the gases ozone and water vapor do not behave
so slmply. These gases are more dependent on their particular

production processes and their concentrations in the atmosphere are

'y ,l S P Leren €T
4 Vbt tites - st
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subject to wide variation. Ozone production and distribution is
important for some absorption problems, but for purposes of this
report, its contribution for molecular absorption is negligible

for two reasons: (1) ozone concentrations at or below 20,000 feet
are quite small, and (2) absorption lines of ozone of sufficient
Intensity are not within the spectral region of interest. For these
reasons, this discussion will be restricted to the atmospheric con-
centrations of water vapor.

The amount of water vapor in air depends on such diverse
atmospheric conditions as the wind speéd, atmospheric pressure and
temperature and on the history of the air mass and on geographical
location. And the concentration of water vapor does nct necessarily
decrease with altitude or the formation of clouds at an inversion
would be a rare phenomena.

The amount of water vapor in a short path is determinable
provided the temperature and relative humidity are known. This
quantity of water vapor is given in total length of water (liquid)
that may- be precipitated out of the path per unit area. The
precipitable water, W, may be defined as the amount of water contained
in a vertical column of air of unit cross section extending between

two pressure levels P1 and PZ. it is given by

P
[ 2 wdp (29)
P

n |—

where g i> the acceleration of gravity and w is the mixing ratio

(Ref 61:3-32). If w is assumed constant for the small in.remental
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: change in P and the hydrostatic equation is used then Eq (29) becomes

. W = wp,dz- - (30)

1 . ahere w is the mean mixing ratio in the path dz and where the density
oi water, Py is constant.
The mixing ratio w is defined as the weight of water vapor {

contained in mixture with a unit weight of dry air and is related to

the relative humidity (RH) by RH = 100 x w/w where W, is the !
s
saturution mixing ratio (Ref 9:155). For water vapor the saturation i

| mixing ratio is given approximately by

w 35 -";2' (3])

where € = .622, a ratio of the molecular weights and e is the
. saturation vapor pressure at a particular temperature (Ref 37:59).
The saturation vapor pressure at a temperature t in % is given

approximately by the empirical relationship of Teten (1930):

Lt L W

: [7.5t/(237.3 + t)]
e %6.11 x 10 (32)
where e is in millibars and t is the air temperature in °C {Ref 57:9).
Combining Equation (30), (31), and (32) and using the ideal gas law,
the following relationship is derived for the precipitable water

vapor:

(PR ey -

£y ratina=r a2 o« \}
LI eDLiN&LD[ D T L))

W & (R.H.) (.458 x 10~6ecm™3) 10 dz (33)
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Dividing Eq (33) by the path length in c¢m and converting to km then

the precipitable water vapor in grams per cm? per km is

A [7.5t/(237.3 + t)]
W % .0ks58 (10 ) (RH) (34)

If this incremental path is taken as the vertical, then to determine
W for slant paths, this value in Eq (34) must be increased by a
factor of secant 6 where 6 is the angle from the vertical (where

8 < 80°).

The water vapor concentration per km path Tength as a function
of relative humidity and temperature is shown in Figure 5. Further,
the number of gm cm™2/km of water vapor is directly convertible into
molecules/cn? per km for use in Eq (23) by the relation derived In

Reference 49: '\
1 gm/cm?-km = 3.34 x 10?2 molecules/cm? (35}

l

|

Distribution Data

At this point, a note of caution is in arder. HNeithzr of the
expressions derived is exact. They are valid only for smail path
tengths and are valid only when the pressure, temperature and reiatlve
humidity profiles for the paths are known. These profiles fluctuate
greatly in just a few hours so an exact determination of molecular ,

absorption is essentially impossible even within the bounds of these

stmplifications. Very few observations are taken of the vertical
. profiles and these are usually rawinsonde ballocons which are not

absolutely accurate.
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The rawinsonde provides little data on the first 200 feet
above ground level because of the lag in lock-on time. Further, the
temperature is accurate only within 1°C and the relative humidity
within 5 percent (Ref 45).

These balloon observations are relatively sparce. The most
that are taken by an individual station is four in a 24 hour period.
Most stations take none and a few take one or two. For example, in
an area the size of Germany, there was but one station that took 4
observatfons per day in July, 1970 (Ref 51). Nevertheless, a data
base for vért?cal profiles has been developed and utilized by weather
services worldwide in support of aviation. Global Weather Central
has the additional capability of prediction of upper level winds,
températurés and pressﬁres for all hours.

Part of this data base has been used by AFCRL in its compi-
lation of model atmospheres. These model atmospheres--Tropical,
Midlatitude Summer, Midlatitude Winter, Subarctic Summer, Subarctic
Winter, and the U. S. Standard--have been compiled from a large
numﬁér of observations for the specific regions described. These
aré average conditions and therefore give only mean conditions,
These atmospheres reported in Ref 61 and Ref 49 were used for the
theoretical molecular absorption calculations described earlier in

this paper.

Comparison of Distributions. The vertical profiles described

in the Midlatitude Summer, Midlatitude Winter, and U, S. Standard
models are shown in Table Il. The profiles are shown from the

surface to the 500 mb pressure level which corresponds to an altitude

Ly
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of approximately 17,000 feet to 19,700 feet depending on atmospheric

conditions.

Table 11

Vertical Profiles of the Midlatitude Summer, Midlatitude

Winter, and 1962 U, S. Standard Atmospheres:

face to 500 millibars (mb)

Sur-

Season

Minter

Summer

Fall/
Spring

Model

Midlatitude
Winter

Midlatitude
Summer

u. S.
Standard

Relative Humidity (%)/Temperature (°C)

Surface 850 mb 700 mb 500 mb
80/—1a 75/-5 60/-11 50/-25
(.35) (.22) (.127) (.0315)
79/21 60/14 50/6 32/-11
(1.4) (.70) (.33) (.066)
60/15 67/6 70/-6 7h/-24
(.772) (.43} (.205) (.053)

3values in parentheses are the Water Vapor Concentrations in gm~cm~ 2/
km determined for the Temperature and Relative Humidity using Figure

5.

The vertical profiles for an area of Germany of longitude

10%E and latitude from 48° to 49°N were provided by USAF ETAC

(Environmental Technical Applications Center) that represent means

of observations over a six year period. This data, shown in Table

iii, was provided b month and then averages for the seasons were

computed.

computed using Figure 5.
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The water vapor concentrations for both sets of data were

These concentrations are shown in
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Table 111

\ Average Monthly/Seasonal Profiles of Relatlve Humidity
. and Temperature for Germany (¥9° N 10° E) :
Surface to 500mb* .

Relative Humidity(3) / Temperature (°C)

Season Month Surface 850mb 700mb 500mb

7 Dec 93/0 69/-1 51/-8 39/-2k

s Winter Jan 80/2 s5k/-2 L4i/-9 L2/7-26

; ! Feb 80/2 63/-2 52/-10 47/-26

‘ Avg 84/1 62/-2 49/-9 43/-25

; (.42)2 (.28) (.12) (.020)
4 Mar 65/%6 69/0 53/-8 L6/-25 ;
3 Sorin Apr 61/10 69/2 57/-7 4h/-23 ,

: pring May 67714 65/6 49/l 37/-19

5 Avg 64710 68/3 53/-6 42/-22

) (.58) (.40) (.17) (.038)

Jun 77716 66/10 59/-1 50/-17

sumer YY1 71/19 66/12  59/1 35/-1k

. Aug 77/20 57/12 65/2 L2/-14

Avg 77/18 63/11 61/1 42/-15

(1.2) (.63) - (.31) (.065)

Sep 77/15 61/10 51/1 46/-15

Fall Qct 87/9 61/6 L6/-2 34/-18

Nov 75/4 69/1 53/-6 48/-22

Avg 80/9 64/6 50/~2 43/~18

(.66) (.45) (.20) (.053)

*Data provided by USAF Environmental Technical Applications Center
Voiues in parentheses are the Water Vapor Concentrations in

an~cm 2/xm detarmined for the Relative Humidity and Temperature
using Figure 5v.
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Comparisons of the concentrations show that the Midlatitude Summer

TSR TT

reasonably approximates the mean summer concentrations in Germany.

Likewise, the Midlatitude Winter model approximates the winter pro-

ek

. files for Germany. A correlation was also found between the U. S.
Standard model and Fall and Spring conditions reported for Germany,
although the correlation was not nearly as good for the latter. For

the Spring Season, the model tends to be overly pessimistic for mean
atmosphere conditions for this area of Germany. Nevertheless, the

correlation of the three models with the four seasons in this area

was: sufficiently good that the models should provide an approximation

of the atmospheric molecular absorption for mean conditions.

Wavelength Dependence of Absorption. As we discussed

. previously, for monochrometic transmission, which is the approximate
case for lasers, a lines by line calculation of absorption is necessary.
For each laser frequency the transmission is dependent on the parti-
cular absorption lines around the laser frequency, their strengths,
and their number. Because the molecular absorption is so sensitive
to the exact laser frequency, then the exact laser frequency must be
specified.

Unless the temperature of a laser can be continuously
monitored, little can be said about the exact laser frequency. The
frequency range can and must be determined for the temperature range
expected for laser operation. Since the frequency is so important
in determination of the molecular absorption, a frequency must be
specifled, Calculation based on the center freauency of the expected

operating range is not correct and may be entirely misleading. On the

47
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other hand, a line by line calculation oV absorption over a specific
range and then taking an average is also incorrect and can lead to

errors much larger than those induced by deviations from the mean

1

atmospheric conditions as shown in the tables in Apperdix A. As-

suming that the laser is not equipped with a temperature or frequency

Pk e £ aatld

monitoring device, then the exact laser frequency is unknown. In

o

order to calculate the molecular absorption, a worst case frequency

must be assumed.

Sl chae bk

For the purpose of this thesis a range of wavelengths for
‘ the Taser was selected extending from 1.063u (9&07.3377cm-1) to
1.065u (9389.671% cm !) in an attempt to make this thesis applicable

to as many users as possible. Within this specified range, there are

chatt L LB e el Mot

two molecular absorbers with line intensities of 1,0 x 10 27 (cm-l/

v i s

Y

molecule - cm 2) or more (Ref 50). A graph of these intensities
may- be found in Appendix A, Some mention, at this point, must also

: be made aBoﬁt the détermination of these intensities.

In genéral, line intensities of the individual molacules are
E very difficult to determine especially in the atmospheric environment
where the bands overlap. Where the data has been supplied by
laboratory measurement under vacuum conditions, then the intensity

determination is much more reliable. For a spectral region of few

tines (the lines overlap only slightly), then the intensities may be
expected to be quite reliskle even for atmospheric studies. There
) is every indication that the Intensities within this regica of our

study are accuratg; however, for other regions the Intensitlies may

be less aceurate.
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hbsorption 35_1.063u. Calculations using the atmospheric

models were made for frequencies throughout the interval 1.063u to
1.065¢, Within this region, the molecular absorption at 1.0636p

(3401.760 cm !) was the greatest; that is, transmission at this

R

wavelength was the worst case. Calculations for the absorption

coefficient for five wavelengths in the interval and two just outside

RPCRTIE CF SKE » THARE

the given spectral region are shown in Appendix A.

General results of the molecular absorption calculations

T

include the following points. The absorption increases as the
temperature and relative humidity increase. Laser frequencies that
fall precisely on absorber lines will be affected most by absorption
in this region; and those that do not fall on lines are less sensitive
to atmospheric conditions. Frequencies that fall precisely on water
lines are especially sensitive to temperature and humidity variations.

The absorption coefficients within the region vary over three orders

of magnitude for the different frequencies, but for any given

frequency the variation due to the mean temperature, pressure, and

relative humidity models is on the order of a factor of eight or less
for each. altitude considered. The extreme sensitivity of absorption
to the laser frequency is shown most graphically by comparison of %
the two frequencies, corresponding to the wavenumbers 9388.98 cm !

and 9407.07 cmul, with the worst of the frequencies within the

region, corresponding to the wavenumber 9401.760 cm !,

Calculation of the Absorption Coefficient

S

L.

As an approximation for iaser moiecuiar absorption coefficients

for Germany, the model atmcspheres were used as a basis for the

B e Pl e
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calculations. The coefficients were determined using the AFCRL pro~

s gram for the worst case wavelength (1.0636u) for the mean atmospheric
. ) conditions (model) at each altitude in km. The absorption coefficients
3 , are then averaged for the mean absorption coefficient per layer (1 km

thick). Next, the coefficients (in km 1) are summed up to the

altitude of interest, multiplied by the altitude (in km) of the

;
:

‘
3 M
Et

o

1 designator or aircraft, and then multiplied by the secant 6 to yield

the entire optical depth.

These calculations are designed to yield the approximate

g

molecular absorption for atmospheric conditions normally encountered |
in Germany. In order to use the approximation scheme, no particular
3 meteorological parameters are required for table entry. For this

atmospheric approximation, the molecular absorption is found to vary

[ VS VO WS

only with the season. In reality, however, large deviations from

& ) mean conditions may be encountered. Caution should be exercised when
]

using this scheme for concurrent high temperatures and high humidities.
; Calculations show that for extreme conditions in summer, transmission
: may be reduced by more than fifty percent. !
E In addition, this approximation scheme should not be %
; arbitrarily extrapolated to fit other similar mean meteorological

profiles unless an analysis similar to the one here has been conducted.

Large errors would be induced by extrapolating this absorption data ‘

to more tropical climates. Also, in no circumstance chould this data

be used for laser frequencies outside of this spectral region.

50
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V. Atmospheric Aerosol

TR Y

? ‘ In addition to the gaseous molecules, the atmosphere contains §

i i

many suspended aerosols. Aerosols are defined as dispersed solid or

zr
e e

3 liquid matter in a gaseous medium, in this case, air. |f we neglect
cloud, rain, and fog droplets, and consider only the aerosols found b
in dry air, the aerosols range in size from clusters of several

molecules to particles of radius of 20p as shown in Figure 6 (Ref

A, ki Sk s

44:111). In spite of the fact that aerosol concentrations are orders

TR T

of magnitude less than molecular concentrations, the aerosols are J

very important in atmospheric transmittance of radiaticn. These ;

TP SR T B

particies scatter and absorb radiation, and in addition they affect

et

s the processes of atmospheric condensation resulting in the formation

i

i

4 )
E of clouds, snow, rain, and fog. |
@ This chapter will discuss atmospheric aerosol processes in §
1 : i
4 * ~general and how these affect the scattering and absorption of %
3 3
E radiation. This discussion is necessarily limited to those processes g
{

that limit atmospheric transmission. Its purpose is to provide a ]

minimum background from which later conclusions may be drawn about

atmospheric aerosols, For a detailed aerosol discussion, the

L P P INTRes

reader is referred to References 41 and 4k.

ol

Aerosol Attenuation. The use of Mie Theory for calculations

of aerosol absorption and scattering requires that the shape of the

aerosol be a sphere and that certain other aerosol properties he

3
A

known.
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Mie theory is the exact determination of the intensity of radiation
in the far field based on the aerosoi oroperties and incident
radiation (see Appendix B). Parameters required for this computation
are the size and complex index of refraction of the particle, and the
wavelength of the incident radiation. When extending this computation
to a populaticn of polydisperse particles, the size distribution is
required as well as the particle number density. If all particles
are not of the same composition, then the composition of particles
must be associated with several particle distributions which are
additive.

There are, however, three important limitations to the use
of this theory. The first is that the assumption is made that all
scattered radiation has the same wavelength as the incident radiation,
All quantum transitions are prohibited. The second limitation is that
only independent scattering is considered. Scattering by a diffuse
medium is not included. In order to qualify as an independent
scattering medium, the particles must be arranged in such a random
or inhomogeneous fashion that the scattering of the medium is not
the coogperative effect of all the particles. In addition, the
particles must be separated by some minimum distance. In practical
meteorological problems, this limitation is not restrictive ».
even in the most dense fogs the distance between particles is twenty
times the radius; estimates have shown that separation distances
of three times the particle radius are sufficient (Ref 62:5). The
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neglected. This requires that the energy removed from the original

heam be =qual to sums of that removed by each individual particle;
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1 or in other words, each individual particle is subject to the

radiation of the original beam.

Formation and Removal of Particles in the Atmosphere. Parti-

1 cles found in the atmosphere are formed by a variety of processecs.

Some of these processes are man's activities, but others are strictly

natural phenomena. Among the important formation processes are: (1)
grinding or impaction such as produced by industrial activities;

(2) breakup of liquids such as the mist caused by sea spray or a tire |

on wet pavement; and (3) condensation of particles in flames. Other

vl

processes serve as apparent aerosol sources but in fact are part of

the aerosol evolutionary cycle: (1) coagulation of smaller particles;

T T

(2) nucleation, which is Tmportant in cloud formation; (3) reactions
, on the surfaces of particles resulting in particle growth; (4) breakup

of large particles that occur mechanically or due to phase change;

ey i o Sepp— A" 1, AU
. . T

TRETTY
-

and (5) gaseous interaction with water droplets (Ref 8:160). Such a

variety of formetion processes produces a wide range of particle

sizes and physical composition.

Other processes remove particles from the atmosphere. The
larger particles are affected by gravity and settle to the earth's
surface if they are not transported by advective and convective
currents. Particles of al! sizes are removed by impaction on plants

and other objects. In addition, particles are removed by washout

- —

and rainout. Rainout refers to the loss of particulate matter by

condensation and formation of precipitation. Washout refers to the

i s =

interaction between precipitation droplet and aerosol particle.
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Particie Size and Size Distribution (General). Such a variety

of production and removal mechanisms leads to a range of possiblc sizes

and number densities. The size distributions and densities are con- f

trolled by the production and removal mechanisms. Early measurements
3 of aerosol led to the conclusion that aerosol distributions could be
approximated by an equilibrium distribution (Ref 59:22). The distri-
bution is the result of continual production and evolution of
particies and removal of particles by the mechanisms previously
1 discussed.

Unfortunately the measurement of aerosol sizes and number
densities is extremely difficult due to the range of particle size.
% Until recently, measurement of the entire distributjon required that
3
s several different measurement techniques be utilized simultaneously.
This led to incomplete measurements and the mistaken impression that

atmospheric z2erosols were composed of several distinct and separate

sizes of particlés: Aitken particles (r < 0.1p ), large particles
{0.1py < r < 1.0p) and giant particles (> 1.0p). In addition, many
of these measurement technigues employed impactor plates (often
mounted on aircraft) and then subsequent analysis in the laboratory.
These techniques often led to inaccuracies because they required that
the aerosol particle Le removed from its natural habjtat, the air.
The method of collection often caused physical alteration of particle
shape and the method of analysis, the electron microscope in the
laboratory, often caused chemical alteration. Recently, however,
improved instrumentation described in Reference 69 has given more

accurate measurements of aerosol size distributions.
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From the various aerosol measurements came attempts to repre-
sent the aerosol distribution as an analytical function. There are
three such general distribution forms in common use: the power law,
the log-normal, and the modified gamma distributions. Junge (Ref 41),
Bullrich (Ref 7), Whitby (Ref 68), and others have demonstrated that

the power law distribution of the form

dN B -8
d0ogr) = Cr (36)

is a good approximation of aerosol distribution in the atmosphere

(Ref 8:174). The constant C is a function of particle concentration
and the power B describes the relative amounts of large and small
particles; N is the total concentration of aerosol particles of radius
smaller than r. Because of the wide range of particle sizes and con-
centrations, it is more convénient to use logarithmic scales. Hence,
the log radius-number distribution is defined by (Ref 41:115):

dN 3

n{r) = ogr) cm” (37)

Using this notation, then the power law is most commonly expressed

by

- l..\) .
T = Cr (38)

where v = B + 1 and B has values ranging from 2.5 to 4.0 to fit
experimental data. On the average, B = 3 usually gives the best
results for a range between 0.04y and 10n (Ref 44:108). When this
distribution is used to determine scattering and the upper aerosol
radius limit is ignored (r2 + «) then this compares quite favorably

with Angstroms well-known empirical formula for the wavelength
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dependence of total scattering (Ref 41:142). In addition, this power
law is most useful from the standpoint that it describes the size f

distribution by a simple mathematical expression. One disadvantage

to the power law distribution is that the boundaries must be specified

and have a strong influence on the integrations.and scattering

L] ‘; :
calculation. .

A more complex distribution is the log-normal distribution;

It requires a third parameter, standard deviation, in addition to the

e e e J i -2

two required by the power law distribution. This distribution, how-

ever, has the advantages that it can handle large ranges of particle

Lt S i

sizes and it represents the extreme radii values more accurately
in the integration process. This distribution also represents the

particle sizes produced by several comminution processes in nature.

. The normalized log-normal function is usually written
3 - (logr-logrg)2
dnlr) =< ! [T,
d(logr) \(21)% log og e

(39)

where 9 and rg are the geometric standard deviation and mean radius
3 respectively and dn(r) is the normalized number of particles between
radii r and r + dr (Ref 8:169).

The madified gamma distribution has also been used %o describe

wet and dry aerosol size distributions (Ref 17 and 18). The wet

aerosols include rain, hail and clouds and the dry aerosols are haze.
In general, the modified gamma {s mathematically as advantageous as

. the log-normal distribution, but the modified gamma has not been
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linked to any specific natural processes. In addition, it has more

4
parameters which are not relatable to any aerosol property. The

modified gamma distribution, however, offers the advantage that the

R sacid

one generalized distribution describes the various meteorological

phenomena. This family of distributions is described by

n(r) = ar® exp(-br9) :

o

or

dn(r) _ D) exp (-be) (%0)

where a, b, and o are positive real constants and o is a positive
integer (Ref 17:15,76).

é Although there are other distributions used to describe aerosol
measurements, these three are the most common and most widely accepted
in describing aerosol distributions. The distributions will now be

PR R

. discussed in terms of applicability to measured results and physical

considerations.

Particle Size and Size Distribution (Specific). The particle

size distribution and number density is controlled by the particular
production and removal mechanisms. This statement necessarily
implies that if there are different production mechanisms associated
with various geographical locations, then it can be expected that
there would not be one worldwide aerosol distribution function. In
fact, the distribution function at one geographical location would be
to some degree a function of the local aerosol production mechanisms.

R If it were not for the constant mixing of the atmosphere, then

one or more generalized mathematical functions would not be descriptive
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of the atmospheric aerosol. In fact, description of atmospheric
aerosol would be a point by point computation. Fortunately, there

is continual smoothing of the aerosol distribution function due to

the transport of aerosols and continual atmospheric modification

processes. Nevertheless, local aerosol sources are important but

[j

not for large scale distributions.

There Is, for example, a difference in the general aerosol
distribution and number density found over a large land mass and that
found over the oceans. Because of advective and convective currents,

there is no sharp division betweer the maritime distribution and

continental distributions. In fact, aerosols of maritime origin have

been detected thousand of miles inland; likewise, continental particles

are measured in the center of the oceans (Ref 41:176). In like manner,
. an area with a large amount of industrial activity would have a dif-

ferent aerosol size distribution and number density than a region that

was free of such activity. On the smaller scale, the area around a

large industrial city may be expected to have a slightly different
distribution than a rural area located some distarce away, though
mixing will provide continual smoothing of the different distributions )
and particle number densities.

There are two distributions that have been used extensively
to describe global dry aerosol distributions. They are the

Deirmendjian Continental and Maritime Haze Distributions and variations

of these original models. The Continental Haze model uses the power
Jaw with exponent of four. The number of large particles compared

to the small particles is described by the exponential power. The

o e

Maritime model is a modified gamma distribution. It describes the
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aerosol distribution of extremely maritime air and its use over land

areas is limited to coastal regions. In general, the differences in

e

» the air masses are as follows: (1) the number of particles in the %
martime air is less (usually substantially less) than the continental :

aIr;(Z)contlnental air has more Aitken particles by orders of magni- E

Gl rotta il

: tude; and (3) a greater portion of the maritime particles than

continental particles are in the large particle range. The existence

of two generalized distributions, maritime and continental, as well

T

)
as these general distribution characteristics,is well accepted. Such i
model distributions are useful quantitatively, but it is important

to realize that these are characteristic distributions and that in ‘

specific instances, conditions may deviate considerably from these

caoa 4Gt i i i

mean distributions.

. There are two important conclusions that may be drawn from this '

discussion. One is that aerosol distributions ir. the atmosphere are

i i aa i e b L

affected by local aerosol sources. The other is that aerosol dis.ri-

"

il

butions tend to smooth out yielding generalized aero’cl distributions
for larger geographical regions provided the air mass circulates.

Point sources of aerosols are still important, but if there is suf-
ficient circulation a smoothing or quasi~steady state distribution is
approached. Regardless, it becomes apporent that geographical location
and air mass circulation are extremely important in determining aerosol

size distribution and number of particles.

Particle Composition. Aerosol chemical composition is important

in determining the complex refractive index for Mie Theory calculations.

The chemical composition of the aeroscl is determined by the source and k
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avolutionary process of the aerosol. Several extensive investigations
have been made of the effect of both of these procasses on the aerosol
composition. These investigations, like the size measurements, have

been hampered by the difficult nature of the task of measuring

composition.

One of the difficulties of determining composition is the in-

i
{
!
;
1
i
3

s £ V2

ability to measure composition of the smaller (Aitken) particles. In

v RA AT

general, the composition of large and giant particles is measured and

o e,

the composition of the smaller particles is assumed to be similar.

Ery

Several workers have measured the distillate from rainwater or other

forms of precipitation and assumed this measurement was representative

RPN

of the dry aerosol. This method also fails to measure the small §

i cTadNie s

ALt b e

™

particle composition, because condensation nuclei are limited in large

GLt
PV 2

to the giant and large particles although there may be some small

Y

particle contribution due to washout. Despite these limitations, a !

A

remarkable feature of these investigations is that their findings are §§

g surprisingly similar. In addition, it is the large and giant particles 3%
E that affect the transmission of radiation in the visible and infrared %j
E regions. ii
5 !
] Aerosol is composed of particles from a variety of sources. %.é
E Average global aerosol is composed of the following general classes Eg
¢ 1
% of compounds: Sulfur, Nitrogen, Chlorine, soils, and combustion §§
1

products (Ref 59:12). Table IV shows estimates of the magnitude of %E

particle formation (r < 20u) for the surface layer of the atmosphere. §§

» \

The percentage composition of these compounds in various aerosol

measurements is found to differ from location to location. Aerosol

composition over ocean areas is found to have a large chloride compnnent.

’gw;/,yrrf///%?a ot e
v 2 v Aot

G %

-
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Tahle 1V

1 Tons Per Year for Particles < 20p Radius
{Ref %0:189)

] Estimates of Particie Fermaticn in Hllilons of Metric

L e e T

¢ Natural
i
§ Soil and rock debris® 100-500
§ Forest fires and siash-burning debris® 3-150
§ Sea sailt (300)
i Volcanic debris 25-150
3
3 Particles formed from gaseous emissions:
? Sulfate from 4,5 130~200
f Ammonium salts from Hi, 80~270
! Nitrate from NO 60-43¢C
. Hydrecarbons from plant exudations 75-200
Subtotal 773-2200
fan-Hede
Particles (direct emissions) 10~-90
Particles formed from gaseous emissions:
Sutfaze frem S0, 130-200
Nitrate from NO, 30-35

Hydrocarbons

Subtotal

Tatal

a e
“Includes man-made contributions
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The existence of chlorides is not limited to maritime areas, however,

f

nor does it suggest a particle of maritime origin since industrial
activities have been linked to chloride aerosol production (Ref 41:

170).

The physical constitution of aerosol .particles in the atmos-

phere varies between the extremes of a dry insoluble dust particle

i A T L e T R L O e [ S i Lo

and a droplet of completely soluble material. In general, though,

TR NAAT

particles consist of mixtures of many materials, becth soluble and
insoluble. Throughout the particie lifetime, it is subject to the
influence of other particles through the processes of coalescence and
coagulation. It is also subject to many atmospheric gases, some of

them trace gases, which are known to play an important role in aerosol

T TN  F IR ST e o R T

evolution. In fact, it is now beiieved that perhaps the majority of !

particles in suspension in the atmosphere are secondary products formed

g
E

from material which entered the atmosphere as a gas (Ref 40:192). Some
idea of the complexity of the problem may be illustrated by Table V.
Since the particle is changing in time and can be affected by
any of a number of processes, and generally its definite origin is
unknown, the concept of a mixed particle evolved. This is the nost
generai concept for an atmospheric aerosol particle. This concept
attaches an average composition or average index of refraction to the
entire distribution of particles. The value of this concept is the
limitation it places on determining a distinct aerosol distribution

for each chemical composition.
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Table V

Possible Atmospheric Gases From Which Particles May Be
. Formed Through Secondary Reactions

i (from Ref 8:4,5)

HCHO

NH,

Name

Nitrogen
Oxygen

Argon

Carbon dioxide
Neon

Helium
Methane
Krypton
Hydrogen

Xenon

Carbon monoxide
Nitrous oxide

Sulfur dioxide

Nitric oxide

Nitrogen dioxide
Formaldehyde
Ammonia

Ozone

e T e W . PO B e
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Complex Index of Refraction. Since particles are being formed

by y. s conversion and are evolving through gas absorption, conden-
sation and coagulation, only a relatively few measurements have been

made from which the index of refraction can be inferred (Ref 59:15).

Bullrich (Ref 41:114) calculated a real index of refraction of 1.5k
based on assumed atmospheric constituents. Volz (Ref 65:822) computed

a real refractive index of 1.53 based on distiliation residues from

o RN it s, ALY st i &

rain water. Recent measurements shown in Table V| seem to indicate

that these earlier determinations of the real refractive index were

Aborom.

+ e

in fact accurate. The wavelength dependence of the refractive index

sl ik

(real and imaginary part) is illustrated in Table VI.

The determination of the imaginary (absorptive) part of the
refractive index is less well established. Values for the absorptive
part at 1.0y range from .072 (Fisher 1971) to approximately .015
(Ref 66) as shown by comparing the figures in Table VI. The deter-
mination of the complex index is extremely difficult and errors of
from 10% to an order of magnitude can be expected in these values

(Ref 59:15).

e b . 0 20 0 s 10 S 1 S 1t 4 i 8 i, i i

Particle Growth. Some of the difficulty in determining aerosol

Ll Y 6

A

index of refraction and size distribution is attributable to the growth

UL WY e

of atmospheric aerosol with increase in relative humidity. The water

o A

vapor affects the dry particle in two ways. One, it condenses on
the particles thus causing the individual particles to increase in
size. This growth of the particles affects the entire size distribution.

Y g | = rmla e tremmem e - ~n? - - $
Second, the water vapor condensing on the particle causcs a2 change

TS ) P

in the complex index of refraction.

b
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Present studies indicate that particle growth is determined

by a number of factors. One of the most important factors is the

original particle composition--soluble or insoluble material or mixture.

e
L

Another is the particle shape, although the shape of the atmospheric
aerosol s usually assumed to be spherical. Another factor affecting
particle growth is the relative humidity change and and starting point
(size).

Particle growth rsises a number of questions in terms of Mie
theory calculations. Three questicns that must be considered are:

(1) How woes the index of refraction change with relative humidity?
(2) How is the particle size distribution affected by particle growth?
and {2) How is origiral composition important to particle growth?

The first and third questions may be answered together because
the particle composicion is directly related to the index of refract-
ion. There is a range of particle compositions between totally water
soluble materiai and insoluble material. Consider the case of the
water scluble materiay first. As water condenses on the outer surface
of the particie, a shell ¢f water is formed on the sphere. As the
relative humidity increases, a point is reached at which the vapor
pressure of the agusous solution at the surface is less than the vapor
pressure of water in the ambient air. At this point, water vapor from
the air is collected until the substance is dissolved and in equili-
brium with the air (Re¥ 8:222). During this period the aerosol
experiences a tremendous growth. This description is valid for a pure
soluble matecial such as sodium ciloride. This process is called

deliquescence., |If aerosols were all pura soiuble materials, this

particl. growth would be a very complex phenomena. In fact, the
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measurement of growth rates that are less rapid than pure soluble

e

materials supports the concept of the mixed particle.
On the other hand, the dry aerosol particle may be insoluble

and grow very little. In any case, the questicn of how to deal with

TP TR

the particle as water is condensad about it remains. Tlhere are two
distinct possibilities. One involves working the problem of a sphere

covered with a spherical water shell. In other words, a two step pro-

———r

blem with separate indices of refraction. The second involves working

; the one sphere problem but changing the overall refractive index as

N |

the sphere grows in size,

. This second method is more acceptable to the mixed particle

T P,

concept (not to mention the increased difficulty in problem solution

AT,

if the first method is utilized). It is, however, important to
realize the two impcrtant conditions that must be fulfilled in order
5 to ignore shell structure for haze calculations: (1) the mixing

: ratios of the components must differ only slightly; and (2) the radius

of the particle must approximate the wavelength of the incident
radiation (Ref 44:115). That is, if these two conditions are met, ve
assume the refraciive index can be determined from the mixing ratio
of its components.

The second major question is just as complex. Since the
particle sizes are different they grow at different rates because of
the difference in curvature at their surfaces. If their compositions
we ve different then the problem would be compounded. Assuming that
the particles are mixed in composition allows an approximation to the

increase in the size distribution. If no particles are being added
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or removed from the distribution, then for relative humidities up

to 95% the growth rate by particle size is rather uniform. This is

borne out by experimental measurement as shown in Table VII. Beyond

95% relative humidity (R.H.) the larger particlesgrow more rapidly,

é and hence the large and giant particles become the fog and cloud

droplets.
Table VIl
Particle Growth With kelative Humidity (RH):

Ratio r/ro of Radii of Wet (r) and Dry (ro) Aerosol Particles
Radii (rgy) Given in Microns (Ref 7:547)

ro(um) 0.04 0.1 1 10

RH r/rg

0 ] ] ] 1

0.3 1.038 1.040 1.042 1.042
0.6 1.153 1.159 1.165 1.165
0.8 1.400 1.414 1.426 1.426
0.9 1.656 1.695 1.720 1.720
0.95 1.93 2.0} 2.05 2.06
0.975 2.29 2.48 2.58 2.59
0.99 2.79 3.19 3.L5 3.48
0.995 3.13 3.83 4.30 4.36
0.998 3.48 4,69 5.81 5.91

Yet another particle growth mechanism is coagulation. This
process effectively forms the lower limit of particle sizes. In a
stagnant or equilibrium case where the production of small (Aitken)
particles has ceased, the particle size distribution is shifted to the
larger particle sizes as shown in Figure 7. This growth mechanism was
convincingly demonstrated in the comprehensive 1969 Los Angeles Smog
Experiment (Ref 68:186-196). This growth mecianism is not as important
as It might seem because it affects largely the inefficient scatterers

for cur purposes.
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Fig. 7. Particle Size Distribution Shift Due to Coagulation.
Superscript h refers 1o hours, d te days (after Ref
51:130)
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. Vertical Distribution. The particle size distributions tend

to remain constant with increase in altitude except for particles

.
s

with radii larger than 1p. A decreass in percentage concentration

of these larger particles is noticeable in the absence of convective

G T S e
.

mixing currents that would force them aloft (Ref 41:127). In general,

there is a decrease in particle concentration with increase in

ity

altitude, and this is rather uniform for all particle sizes (Ref 41:128).

The vertical aerosol distribution, however, is affected by a

number of factors. One of the most important is the aerosol size dis-

o ———

tribution at the surface and the particular production mechanisms.

Another is the origin and history of the air mass. Others are the
vertical temperature and pressure profiles and the strength of the
vertical mixing.

Since most particle sources are on land masses then the lower
layers of the continents are the most polluted (naturally and arti-
fically) in terms of aerosol concentrations. The vertical extent of
this iayer over the continental areas varies by season and geographical
region. The height or extent of the mixing iayer depends cn existing
and past metzcrological conditions. It has been well documented how b

sensitive particle distributiops reflect the vartical temperature

-

-»

distribution. Hazz layers beneath temperature inversions are 2

freguent, snd guite striking, phenomena (Ref 4i:183).

7
[

. sl Fwoe it s AV e

Qver ccean aress end abeve the continental mixing layer the
seroso} concentrations are noticeably smaller than in the mixing layer.
in fact, the distribution above the mixing layer is fairly constant
and differs only from the maritime distributivn in numbers of large

particies (Ref 40.202)., This background distribution is represeniative
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of the troposphere above the mixing iayer (over ocean and continent)

) distribution of aerosols, however, is the subject of a more lengthy

; and is considered a typical very clean air distribution. The vertical
!
1
; discussion later in this paper.
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VI. Aerosol Attenuation for Horizontal Path

: at Ground Level

Y
v

The previous chapter discussed the physical aerosol mechanisms //

and their relationship to aerosol attenuation. The purpose of this
4

R ot

chapter is to discuss aerosol atienuation models for application to a

speclific geographical region. Existing models are evaluated on the

basis of their suitability for use in describing aerosol attenuation

over continental Germany. Aerosol attenuation, as predicted by the

T VAT TR TR

model, is then linked to meteorological observables.

3 Particle Size Distribution

% Several different particle size distributions have been used
successfully by various authors to explain measured attenuation vaiues.

. In general, all distributions are the result of aerosol attenuation

measurements. Particle size distributions are chosen on the basis of

the best analytical fit to deta. Other quantities such as the number
of particles and the refractive index of the particles have been dif-
ficult to obtain for reasons discussed in Chapter V. In addition,
these quantities are not always measured concurrently with the
attenuation, and therefore determination of a unique size distribution
has been quite complicated.

An example of this difficulty is the set of attenuation
coefficients described in Reference 14. This Naval Research Laboratory

(NRL) project involved attenuation measurements taken over two ovver-

water paths in the Chesapeake Bay area from April, 1959, to January,

. 1960, for various meteorological conditions. Figure 8 shows typical

reported experimental scattering curves From this report.
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WAVELENGTH (MICRONS)

Typical Experimental Aerosol
Scattering Coefficient Curves
for Meteorological Ranges of
4 to 160 km

(Ref 14:12)
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The difficulty in describing analytically this set of measurements by
one aerosol size distribution is apparent from the figure. Reference
72 analyzes the thirty-six reported observations from this project
and classifies the resultant size distributions in no less than five

categories.

biama e At

To some degree, this difficulty has been exaggerated, for the

TR

; NRL project was accomplished over a large body of water and hence in

an area where a mixing of two general distributions, maritime and

LI Y

4 continental, is common. In fact, one of the findings of the report

was that the aerosol size distribution above or near water can generally
be considered as having a Junge~type distribution plus a small compo-
nent of larger particles (Ref 15:551).

For most of Germany, however, the assumptions of a generalized

continental particle size distribution is realistic (Ref 3C). Areas

T

Chiiiir 2

of Germany that border large bodies of water such as the Baltic

Coastline are likely to have distributions that are similar to the

huat by Ty

i

composite distributions measured at Chesapeake Bay For the remainder

Loy

of Germany, the aerosol size distribution may bhe described approxi-

N

mately using a form of power law described in Chapter V. This

i

generalized distribution, of course, is modified where iccal aerosol
sources abound (large cities or industrial complexes).

A study of general air mass movement and source regions for

Europe supports the theory of a continental aerosol dis-- "wtion. A
study of European air masses and their source regions with particular
emphasis on Germany was conducted by the German meteorologist Schinze
and described in Reference 9. Even the maritime-polar air {mp) which

I5 a predominant air mass in central and we.tern Europe is extensively
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modified by transport across land arcas (Ref 9:282).

Additional evidence which supports the use of a continental
distribution is the set of attenuation models and measurements
reported by Reference 7 and Reference 34 for locations in Germany.
These measurements were modefed using a straight power law and a
Deirmegdjian type continental haze model. The use of both will be

discussed in the next section.

Analysis of Size Distributions

If a relationshlp is desired between a meteorological
observation recorded in the visible and attenuation at another
wavelength, then using Mie theory and an assumed acrosol size distri~
bution the relationship is approximately determired. The use of the
word approximately is important here, for the index of refraction
as we shall later see does have some effect on this relationship,

Additionally, as long as the number of particles is unknown,
thén a theoretical determination of aerosol attenuation using Mie
theory yields only a relative scattering coefficient. Since the total
particle density is essentially unobtainable even with today's improved
equipment, then each size distribution is normalized such that the
attenuation is the attenuation given per particle per unit volume.

This concept is used throughout this analysis of the different particle
slze distributions. For the present, the total particle density is
unimportant. The important factors to be analyzed are the size dis-
tribution (with respect tc the wavelengths of interest) and the
particle index of refraction.

Using exact Mie theory calculations as described in Appendix

B, the aerosol attenuation coefficients per particle per cm® per km
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path length were computed for wavelengths from .40p to 1.0636y.

Assumed indices of refraction for the different wavelengths are given

in Tatle Vili.

R e S Kl e L L bl L)

Table VI

Assumed Indices of Refraction Values Obtained
by Teking Mathematical Average of Models 5 and 6 in Table VI

Wavelengths in Microns |

Jho .55 .70 1.00 1.0636
,, R 1.55 1.53 1.52 1.51 1.51

I .022 .031 .035 .0kl .046

R = Real Part
{ -~ Imaginary Part

Using these indices, aerosol attenuation coefficients were compared
for the d!%ferent distributions. The different size distributions
investigated were: (1) Deirmendjian Maritime Haze; (2) Deirmendjian
Haze C; (3) A combination distribution using varying contributions of
the two components-~-Maritime Haze and Haze C; (4) The mocified

Diermencjian Haze C used by AFCRL; (5) Deirmendjian Haze L; and (5) a ;

straight power law. The exact distributions used are aiven in Table

1X.
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Table X

Aerosol Size Distributions
Radius, r, in Microns

Model Distribution
Deirmendjian (-8.9443 x \r) A
Karitime 5.333 x 10 x r x e }
Deirmendjian 0 r < .02y L
Continental 9.677419 x 10t 02u< r < L1y I
.02u > 20y 9.677419 x 74 Jdp < r < 20p E
‘ (-8.9443 x \T) r < ,02p :
Maritime 5.333 x'108 x r x e ;
+ -(8.9443 x T) ‘
5.333 x 108 x r x e : v_+9.6771419 X' .02usr<. Iy
. -(8.9443 x Vr)
Continental 5 333 , 106 x r x e 49677519 x r™% .1u<r<20y
AFCRL 8.823532 x r7# Jdp < r < 10p
Continental 8.823532 x 10t r<.ip
Deirmendjian +2 (-15.1186 Vr)
Haze L 4.9757 x 108 x r “ x e
Power -
Law 8.1 x 1071 x p'4 03n < r < 20p
78
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The upper and lower bounds of integration were chosen as 20u and
.003y respectively except in the case of the power law where .03 was
used as the lower limit. The published Deirmendjian Haze C distri-
bution was used except the upper bound was extended to 20u.

Comparison of the cistributions yields the following general
characteristics as shown in Figure 9. A 100% Maritime distribution
gives the highest per particle attenuation; this attenuation increases
as the wavelength is increased from the visible to near IR then begins
to drop off around 1y such that the aerosol attenuation at 1.0636y

is approximately equal to the attenuation at .55u. As the percentage

of maritime contribution is reduced and the continental increased then

the attenuation at 1.0636p becomes less than that at .55y, although

E T T AT PR PR 009 G

this decrease is not significant until the percentage maritime is

g

i

less than 10%. This suggests that for regions such as coastal regions
and ocean areas the aerosol attenuation at 1.0636yu may not be signifi-

cantly less than that in the visible spectrum.

The attenuation per particle increases by approximately one
ordar of magnitude from a distribution containing 10% maritime and

90% continental tc a distribution of 100% maritime. Haze L was found

to approximate a distribution of about 40% maritime and 60% conti-
nental with the exception that there was a noticeable slope in the
curve. That is, attenuation was less at 1.0636p than at .55u.

A straight power law was used from .03p to 20p to compare the 15

attenuation coefficients against those computed using Deirmendjian

Haze C. The resulting attenuation coefficients were approximately one
order of magnitude less than those computed for Haze ¢ but the slope

of the resulting curve was essentially identical to the Haze C slope.
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Other powers were not investigated by this author, but such an inves-
tigation has been made in Reference 14 and resuits are shown in Figurz
10. The power r = =3 in this flgure corresponds to the intsgrated
power law (R~%}; that Is, the distributions are identical with the
except/on of the jower limit of .0lu used in the HRL investigation.
Tiere Is the additional difference of the index of refraction which
for the curves in Figure 10 is assumed to t.33 with no Tmaginary
part, Althounh the curves from Figure 10 do not yield attenuation
coafficieunts that are exactly -omparable with those ccemputed here,
thelr importance is that they display the relative changs with respect
to wavelength of the atisnuztion coefficient as the power is changed
on the size distribution.

An additional znalysis invoived the change of the Jower limit
of the Haze € distribution to .02u. The result was a subsequent
reduction in thz attenuation zoefficients which Is expected since the
distribution is normalized, Therz was, however, no significant change
in the slope of the attenuation coefficient curve as shown in Figure
9.

Two distributions were used to check the effect of charging
the upper limic of the Haze C type distribution: A Haze C model with
a lower Fimit of .02y {such as thé one ysed by AFCRKL) and 2 Haxe
with lewer limit .03p, the lower limit used by Beirmendjian (Ref 16:
Lk06). The assumed indices of refraction are those of watar and are
glven in Table X with the computed attenuation coeffic¢ients. This

a2 '3 12

computation aiijowed 3 check with pubiished vaiues for the Deirmend

ian

oy

Haze € {.93u-5n} (Raf 18:133),
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Table X
Sensitivity Analyses on Effect
- of Changing Limits of Integration%
1
E‘ -
f Navelength' Index of Refraction Attenuation Coefficient of
in Distribution
s Microns Real Imag .02 + 5y .03 -+ b5n
g 45 1.34 0 .478E~0k .524E-0k
.55 1.34 0 «396E-04 34E-0L
.70 1.33 0 .304E-04 .333E-04
1.0636 1.33 0 .197E-04 217E-04
; 1.61 1.315 0 .121E-04 .132E-04
: .02 + 10p .03 -+ 10u
45 1.34 0 4BLE-0l .531E~0k
.55 1.34 0 ~H402E-04 ALTE~-OL
E . .70 1.33 0 .310E-04 .340E-04
] 1.0636 1.33 0 .203E~04 .223E-04
i 1.61 1.315 0 ~127E-04 139E~0k
]
: .92 » 20u 203 + 20u
3 .2'5 ] 031‘ 0 01!87E"0L’ ¢53L§E-Ol‘
.58 1.34 0 Jh04E-04 JHLLE-04
.70 1.33 0 .312E-04 .343E-0k4
1.0636 .33 0 .206E-04 .226E-0%
] 36] ! 03]5 O QIBOE"OL' .;‘ I%ZE“N-!

*Values 8etermined for Continental Haié Model

As the upper limit is increased the ratio of the attenuation coefficient
at .55u to the one at 1.0636u decreases. The additicn of larger
particies to the distribution increases the attenuation more at the

longer wavelength.
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Analysis of Refractive Index

The two distributions, .03u to 20u and .02y to 20y, computed
with the refractive index of water, yield a comparison with the same

distributions computed with a different refractive index assumed in

R bt i b

the previous section. A comparison of the resulting attenuation

T

coefficients demonstrates the fact that for an assumed size distri-
bution an increase in the refractive index results in a decrease in
! the ratio of the coefficient at .55u to the one at 1.0636u, a fact
explainable by Mie Theory.

Additional sensitivity studies were conducted on the imaginary

3 part of the refractive ‘ndex holding the real part constant. Results

are shown in Table X).

. Table XI

Effect of Changing Imaginary Part of the
Refractive Index Holding Real Part Constant

Index of Refraction  Total Attenuatijon Absorption

1 Waveiength Real tmag Coefficient Coefficient

.55 1.54 .005 .657-04 .034E-~04 j
.55 1.54 .011 .658E~0k .063E~-0L ;
.55 1.54 .035 .O64E-0h J41E-0L !
.55 . 1.54 D48 .667E~0k <173E-04 i

1.0636 t.54 017 .356E~04 .049E-04 I

1.0636 .54 022 .358E-04 .059E-~04

1.0636 1.54 .033 .362E~04 .079E-~0ij

1.0536 1.54 045 .367€-04 .098E~0l

1.0636 1.54 .068 .377E-04 .128E-04

The values selected for the imaginary part were those reported in

references 66 and 34, the iater of which were taken from measurements

. from two locations in Germany. in addition, calculations were made
for mean Imeginary indices of refraction. The results show that the

vat lous reported values for the lmaginary part do not significartly

84

R RN

. . - " > . ~ P € _
A AN ST e AN UM P . L O s e T i e AT e 2 ok s A B T L sl ALK T N L K n i Tt e L et <5 & % s o e e AL e Dy o S



- ra AL Lo
e S Ry TR AL Y T Y G s 0
- - J—— - e~ e e e o e A b MRS S 1
et b Lo Lo it ve (At ottn X) T i sl 4 S K TR . = x
>y

P T TN

. GEP/PH/Thi=h | | | |

affect the overall computed attenuation. 1t must also be noted that
the reported values for this wavelength region are not wildly varying

so a comparison of lowest reported values at one waveiength {.55p)

1

4

to the highest reported values &t e-~ther (1.0636y) is not valid.

arie i
»

A more important analysis was that conducted using the reftac-
tive indices reported by Hanel In Reference 34 for measured German
aerosol and values provided by Volz for water soluble aerosol. The
mediflied Deirmendjian Haze C size distribution was used (.63u to 20y).
Results of the computation show that later reported values {Model 5,
Model 6, Volz) arz rather consistent. The computed ratlos of the
{ coefficient at .55u to the coefficient at 1.0536u showed a trand. The
valuss computed from the indices reported 2t Mainz, Germany showed
close correlation as shown in Table XlI. The computed values for
indices provided by Volz and those from Hanel's Model 6 showed some
similarity. These later values are probably from a more naiura! perasol
, since the Model 6 site was el:vated and away from urban influence, and :
the values p-ovided by Volz are from a variety of sourczs {Ref &%).

The difference in refractive indjces reported by Volz, Hanel, :
ﬁ and Fischer (Ref 31:95) may we!ll be due to the fact that European é

i aeroscls are medified by carbons (scot) and fossid Tua' wastes (Ref 690).

An investigetion of the aerosol sbsorption coefficient in New York City

reported values similar to those reported in Bermany (Ref 12},

XN Lid w1

»

Based on the analyzis of ths refractive Indices previocusly
. described and comparison of various reperted values, this author
elected to use an average cf ths indices reported for Models 5 and 6

(Ref 34:379) as the aerosoi index for continental Germany.
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Per Particle Aerosol Attenuation Coefficients
g for Continental Haze Rodel (.03u to 20u)
2 for Reported Indices of Refraction

e -

f

2 Vavelength Index of Refraction®
L in Attenuation
L Hodel Hicrons Real Imag.. Coefficient
i , 4o 1.64 .0k .952E-Gh j
; 55 1.62 .051 .737E-0k i
b Hodel 1 .70 1.61 .058 .595E-04 |
(Mainz) 1.00 1.61 072 JL36E-04
1.0636 1.6 .077 J14E-0h
, o 1.57 .042 .883E-04
z .55 1.55 .048 .676E-0l
( Model 5 .70 1.5h .055 .ShLE-0)
: (Mainz) 1.00 1.53 068 .39LE~0h
% 1.0636 1.53 .072 .37LE-04
3 4o 1.53 .013 .84ZE~04
3 . Model 6 .55 1.5 .015 .630E -0
3 (1000m above .70 1.50 016 L99E~0)
\ sea level 1.00 1.43 .02 .351E-04
E Germany) 1.0636 1,49 .021 .331E-04
E‘ 0 1.53 005 .8LIE-0l
3 .55 1.53 .006 .6h7E-0lL
E Volz . .70 1.53 .007 .519E-04
3 (Water .00 1.52 .016 -368E-04
E’ Soluble) 1.0636 1,52 017 .345E-04
§
3 .40 i.55 .022 . «Ob5E=04
3 age of 55 1.53 .031 0558=0h
E forae ot 7 .52 .035 .522E -0}
E and 6 1.00 1.50 .04k .3735 0k
E- . ‘ 1.0636 1.51 0h6 »353E-04
3

zValues of refractive indices are those used in Table Vi.
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These reported values were extrapolated to 1.0636u by this author.
When these avrage values are used in the modified Haze C distribution,

e the resulting attenuation cocfficients closely approximate those com-

puted using the Volz indices:

Laiad

Aerosol Model |

il

This computation model assumes a size distribution of the form

ol

of the Deirmendjian Haze C with the exception of the upper limit which
is extended to 20p. The index of refraction varies with wavelength

but is an average of the values reported by Hanel. Resulting Mie Theory

oot e el

computations shows the aerosol attenuation coefficient at 1.0636p to be

FL related to the aeroscl attenuation coefficient at .55 by
. o, (1.0636n) = .5394 o_(.55¢) (41)
. where the censtant .5394 is determined uniquely by Mie Theory for an

assumed distribution and the average indices of refraction shkown in

Table XIl. Constants for other distributions are given in Table XIll.

Effect of Relative Humidity on Model

The effect of increasing relative humidity on aerosol size

distributions and index of refraction was discussed in Chapter 5. This 1
effect of particle growth (and shift in size distribution) and change
in Index of refraction has been investigated by several workers. These

investlgations may be classified as either computer simulation programs

or as experimental determinations.

. Notable among the former investigations are the works of i

Barnhardt and Strcete (Ref 2) and John A. Hodges (Ref 38),
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Table X111

Ratios of 1.0636u Attenuation Ceefficient to .55y Attenuation
Coefficient for Several Aerosol Distributions with
Same Assumed Refractive Indices®

Aerosol o{1.0636u)
Distribution ol .55n)
Haze L .796
Power Law .538

R4 (. 1p » 20y)

Maritime
(.003u + 20p) 1.004

25% Maritime
+ 75% Continental .932

50% Maritime
+ 50% Continental .977

#Pefractive Indices used are the Average Model Indices from
Table XII.
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Both provide a growth factor computatior based on the fractional grouwth
of a particle developed by Wright in 1939. Using the growth factor, a
new distribution is computed hased on the relative humidity «od assum-
ptions of the physical rate of growth. Computations of one growth
factor for the entire distribution alsn assume~ that all particles grow
at the same rate. In addition, these programs compute a real index of
refraction, which is an analytical fit to the data of Bulirich (Ref 2:
1339).

This method was rejected for use in {ais repart for three
reasons: (1) the technique involved assumptions that were not neces-
sarily applicable to Germany (indices of refraction); (2) the results of
the technique have not yet beep compared to measured data; and (3) the
technique involved lengthy computer programming. Instead, the results
of aerosol measurements were investigated.

Only one of the reports investigated offered the relationship
of particle growth at various wavelengths. This information is
imperative for use in the aerosol model since the model relates
attenuation at 1.0636; to that at .55u., This investigation (Ref 7)
reported several significant results. First, it was found that the
growth rate of all particle sizes was approximately the same up to
a Relative Bumidity of 95%. Beyond 95% the large particles grow at a
faster rate skewing the distribution. In addition, the aerosol
attenuation coefficient was measured for various relative humidities
as shown in Figure 11. The wavelength dependence of extinction is shown
at the left in Figurc 11 for different Eelative humidities. The findings
of this report are largely substantiated by similar measurements by

Winkler and Junge (Ref 70).
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3 F}g. 11. Particle Growth with Change in Relative Humidity (RH)
for Power Law Particie Size Distribution. Two Solid Curves ;
: are for Incrzasing and Decreasing Relative Humidities. At !
E left, Wavelength Dependence with Change in Relative Humidity :
j (Ref 7:549) |
i 'f.
3 The effect on the aerosol model, then, is negligible up to a ?%
E relative humidity of 95% (Ref 30). Beyond this value, however, the i
» A
3 size distribution is altered and therefore determination of a new size
. distribution necessary. Aeroscl processes with a relative humidity of
9C% or more ara exceedingly complex and therefore no sclution will be

attempted here. The aerosol model is, then limited for use at or

below 95% relative humidity.
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The increase in relative humidity does have some effect, however,
on attenuation as shown in the figure. The ratio of these coefficients
is given as a function of the relative humidity. Then as the relative
humidity increases there will be an increase in the attenuation coef-
ficient which is equal for wavelengths .55p and 1.0636u. The important

concept at this point is that the raiio between coefficients at the two

wavelengths stays the same.

Aerosol Attenuation from Meteorological Observahles

Sophisticated equipment for measuring the attenuation of
radiation due to aerosols is not widely available nor nractical. Be-
cause of this fact, it becomes necessary to relate some atm »heric
quantity to the aerosol attenuation. Such a relationship for daylight
was first expressed by Koschmieder (Ref 43) and later repeatcd more

elaborately by Middleton (Ref 53). Koschmieder's law is expressed by

3.912 (42)

where M.R. = Meteorological Range {Km) and g, = aerosol attenuation
coefficient (Km~1).

Meteorological range in white light is the maximum distance
at which an observer can barely detect a large dark object against a
white background. It is the distance at which the object to background
contrast (inherent contrast) is reduced to .02 of its original value
at the eye of the observer (apparent contrast). In addition, the large
dark object must subtend so large an angle at th.: eye of the observer

that if the subtended angle were greater, the reported value of
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meteorologizal range would not be changed (Ref 23:186).

It must be emphasized that metecrolcgical range is not visi-
bility as reported by the meteorologist. The meteorologist reports
prevailing visibility, which is the greatest horizontal visibility
prevaiiing throughout at least half of the horizon circle wich may
not necessarily be continuous {Raf 29:A-6-3). In addition, distant
dark objects of sufficient angular size are rarely available to the
meteorologist (Ref 23:186). These objects when available are usually
Timited in number and not randomly distributed so as to reduce the
statistical probabiiity of sclecting the exact meteorciogical range
(Ref 52:40). Because of these factors the reported prevailing
visibility (v) is usually less than the actual meteorelogiral range
(MR) ,

A comparison of reported prevailing visibilities with measured
meteorological ranges by the Tiffany Feundation and the National
Bureau of Standards concludes that, on the average, the reported pre-
vailing visibility was 75% of the crue metecrological range (Ref 23:186}.

Equation (42) now becomes

2.934

%a

(43)

where V = Resurted visibility, prevailing vislbility, or 'wisibility."
For de:iermination of the aesrcsol attenuation this relationship is

assumed to be valid at the discrete wavelength .55u which is the approxi-
mate center of eye sensitivity for photopic vision (ordinary color

vision in dayiight).
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] Visibility at night is a more complex phenomena. In the ab-

] sence of a lighted object, the eye detects contrast of the object but
the wavelength sensitive region of the eye has shifted tc approximately
.53u (scotopic or rod visition). The threshold detectable contrast at
1 the eye for night vision is complicated by a chemical process commonly
called dark adaptation which is the process by which the eye adjusts

to lower levels of illumination. Dark adaptation for the normal eye

(scotopic region) takes approximately 30 minutes, although dark
adaptation time for the photopic region generally occurs in approximately
8 minutes (Ref 54:39).

Because of dark adaptation, meteorologists generally use light ‘
i sources as meteorological range markers. The meteorological range at

night as determined by observing a point source of light is given by

1
. HMR = — zn(—'—) - 2 2n (NMR) (kk)
o, E
. t
where NMR = Night Meteorological Range,
E, = Threshold flux density of the eye, !
and I = Intensity of light source

This transcendental equation known as Allard's Law is best solved
graphically. The proper value of E; depends on the luminance of the
background and on the probability of detection (Ref 53:138). A ;
graphical solution to this equation is presented in Figure 12. This

solution is based on a 95% detection probability and assumes no other

{
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As is evident from Figure 12, the changes in threshold with
variations in surrounding brightness are much more pronvunced at night
4 than daytime (using 1-103 footlamberts for daytime). As we have also
; . seen, the state of dark adaptation of the ebserver's eye is an import-
; ant factor. For this reason, the adention of a standard threshold of
flux density at night has little practical value (Ref 54:56). In

addition, meteorological observers are rarely, if ever, dark adapted

rixdl

for night visibility observations so that these observations must be
considered quite unreliable and useless for comparative studies of
visibility (Ref 54:40).

Because night visibilities as reported are considered less
reliable than day visibilities and because there are additional compli=-
cating factors in measuring visibility at night, night observations
were not used in determining the aerosol attenuation coefficient. The

E . computations within this report are limited, therefore, to daylight

] hours.

Use of the Mocel

As we have discussed previously, the total particle density
is essentially unmeasureable. For this reason, we have limited our
discussion to the per particle attenuation. The per particle
attenuation is useless unless there is a method of measuring the number
of particles. This number is determined by the visibility.

in- the last section we discussed a method (based on visual

observations) to determine the attenuation coefficient at .55u. Given

4

the reported visibility, Eq {43) determines the coefficient at .55u.

If one divides this attenuation cozfficient by the one determined by

i e,

\
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Mie calculations at .55u then the number of particles may be deter-

mined. This exercise is not necessary, however, since the relationship

between attenuation ceefficients at the two wavelengths (.55u and

LY

H
1.0636u) has been established by g {4!1. Given the reported visibility ;g

then one may determine directly t. uation coefficient at 1.0636u

dead B
"

by combining Eqs (41) and (43)

' o (1.06360) = L_S%Z_S_ (45)

where oa(l.0636u) = aerosol attenuation coefficient in Km~! for a

horizontal path.

[

OtheriModelq

During the course of this study several models for determination
of aerosol attenuation coefficients were investigated. These included:
(1) the AFCRL Report Optical Properties of the Atmosphere (Ref 49);

(2} 1964 AFCRL Report by Elterman (Ref 26); (3) Handbook of Geophysics

and Space Envirvonments (Ref 61); k) Electro Optics Handbook (Ref 24);

? (5) 1968 AFCRL Report by Elterman (Ref 27); and (6) 1970 AFCRL Report

é by Elterman (Ref 28).. Briefly, this Investigatijon focused on differ-

% ences in reported attanuation coefficients, in basic model assumptions,

? and on differences with the model derived in this report.

; The 1964 and 1968 AFCRL reports by Elterman, the Electro-Optics 7£
Handbook, and the Handbook of Geophysiecs and Space Environments, are

all based on measurements made by Curcio {Ref 14) in the NRL project

o1y ————

et et achi el oy

discussed earlier. The attenuation coefficients given in these reports

L) > 4
.

are based on the measurements reported by Curcio for visibility of 25

my
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km (although the Electro-Opties Handbook reports this visibility as

23.5 km). The Electro-Optics Handbook then apparently extrapolates 3
these values to other meteorological ranges using Eq (42) as shown in ;
Figure 13. Curves of the original vaiues are shown in Figure 8 and '%
again grouped in Figure 14 (Ref 14:12). The curvature of the lines of A;

equal visual range in the NRL reports is not the same; in fact, an ;

analysis of the data shows only Meteorological Ranges between 6 and 12
miles and approximately 25 miles give identical slopes. In addition,
it is recalled that these data were taken in an area where the aerosol
attenuation is influenced to some degree by a maritime distribution
component. In fact, the data indicates a general correlation between
meteorological range and slope of the particle size distribution curve
such that a change from high to lcw meteorological range generally
indicates a steeper slope to the particle size distribution curve

. (Ref 14:12). Because of these factors, these reports may not offer a
method for determination of the aerocol attenuation coefflicient for
continental geographical locations.

The 1970 AFCRL Report by Elterman provides a method for
determining serosol attenuation coefficients for eight surface meteor-
ological ranges from 2 to 13 km. This report has utilized the
measurements taken by Curcio for 4 km and extrapolated from 2 to 13 km

by using this relation from Reference 28:

: \ o[22 e /139 -8 00 ) :
qailnf) " sall, ) [}Tc;- Bn(k.ss)]///[jvu ro.55 ) (k6) ,

¢
i
e
)
[
4
¥
r

where Gaiyn,l) = aerosol attenuation coefficient 2¢ the visual A

range, n, and the wavelength, X
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The 1972 AFCRL Report titled Optical Properties of the Atmos-

e GEP/PH/7h-4

: aa(v“,x) = the measured aerosel attenuation coefficient at visual

; range of 4 km and wavelength, A, and ‘i-
? BP(A.SS) = Rayleigh (melecular) scattering coefficient. The use of j
p * this relation assumes a constant particle size distribution for this 3?
i meteorological range which apparently is not supported by Curcio's ;
3 measurements (Ref 14:11,12). Elterman's report also has the same X
; disadvantage for use at continental geographical locations as discussed ?
g previously. Ii
; |

phere uses a Continental Haze mcdel after the one originally used by

TR STy

beirmendjian (Ref 49:8). The distribution used in this CRL report

Nt Ut

differs from the one deveioped here in upper and lower limits of L3

Avaugdhy

integration; the CRL distribution is defined from .02y to 10 (Ref 49:8),
In addition, the index of refraction used is 1.50 for A = .55u and

. 1.50 - ,033 for A = 1.0636u. These differences cause a reduction

in'the ratio of the attenuation coefficients at 1.0636p to .55u. In ;
other words, this AFCRL report tends to be slightly more optimistic

than the model developed here. This AFCRL model was discussed previously

in the size distribution and index of refraction analysis section.

Model Limitations/Assumptions

The model developed in this report for determination of the | i
aerosol attenuation coefficient for a horizontal path at ground
(observation) level Is restricted for use in arcas where the particle
size distribution is described approximateiy by the assumed continental

haze model. It is also rastricted for use in areas where the index T

of refraction is approximately the one used here, although index of

99
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refraction is not as sensitive a factor in establishing the relation~
ship between wavelengths as the size distribution.

This model also assumes that the reported visibilities are 75%
of the true meteorological range. The concept of meteorclogical range
further assumes that Rayleigh scattering and molecular 2bsorption are
negligible. This assumption is valid for meteorological ranges on the
order of those used in this analysis for tactical application. The

model is further limited to relative humidities at or below 95%.
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. Chapter V| determined the aerosol attenuation coafficient at
ground level! based on surface observations. This chapter discusses
the distribution of aerosols with respect to altitude and relates
this distribution to atmospheric phenomena. It then discusses the

feasibility of determining aerosol attenuation coefficients from

x|
i
3
:
3
k

ground-based observations.

et R Sl i A ki ot

Particie~Size Distribution (Function of Altitude)

é

We have discussed briefly the particle size distribution as a

R kB LNt § B G kA el

function of altitude in Chapter V. The particle size distribution is
found to remain relatively constant with altitude, with the exception

of the giant particles which are more affected by sedimentation {Ref

bt L VAL (s Ll

* 41:182). There is a d=crease in the percentage concentration of giant

ek o

particles with increasing altitude in the absence of convective cur-

rents that force them aloft. These larger particles settle into more !

. [ - . . . . t :
dense air where the increased Brownian motion will keep the particles .

airborne.

There is evidence to support the existence of a world-wide
background aerosol distribution. This aerosol distribution is the
aerosol distribution for the troposphere outside the contamination
layers. These contamination layers are the layers closest to the :;
earth's surface, and therefore they are affected by the local production
mechanisms. This background aerosol distribution is represented as a

modified continent

Y

acrosal distribution {Ref 41:189). That is, the

. distribution differs significantly from the continental distribution

only In the relative concentration of larger particles.
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There is some disagreement, also, as to the exact lower

ORI

particie limit just as in the case of the continental distribution.

e e

Some contend that the lower limit should be somewhat higher, and the

.
) wﬁ.}, ot 2

concentration of the smaller particles (radius < .1u) be less than

P VR PPN

L 14 2.0 L d o sk adasical kil iy

7

the continental distribution (Ref L0:201). Recent laboratory studies,

PRPRITINN

7y,

however, have established that small particles may be produced in the i

atmosphere by sunlight ionization of trace gases (Ref 40:202). The

A

lower limit is not important, however, as long as this limit is less
than .1y since particles smaller than this limit are ineffective

scatterers of visible and infrared radiation.

ol

The background aerosol distribution, then, differs from the

Ml saratg el
v
P D S VP VP UNY SISO I P

continental aerosol distribution in the concentration of giant particles, !

particles whose radii are larger than lu (Ref 41:127). Because the ;

4 W ABaes

measurement of aerosols at altitude presents formidable problems and C

LEA o Uil e LY

because -of the expense of such measurements, the change in the relative

concentration of these larger particies with altitude is not well

TR

documented.

g Total Particle Concentration (Function of Altitude) D
E In contrast, the decrease in the concentration of measureable éz
i aerosols is well documented. The results of early investigations show é%
- b
E that the average decrease in particle number concentration is approxi- ié

5

materly exponential with altitude (Ref 41:184). Some of these
g investigations show an exponential decrease to a certain altitude;
above this altitude, the number concentration decreases less rapidly

or is constant as shown in Figure 15.
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Fig. 15. Average Vertical Aerosol Concentrations from
various sources. Al]l data refer to Central Europe

(Ref 41:184)

In 1964, Dr. Louis Elterman used these early measurements to
develop a vertical aerosol model distribution (Ref 26). This model
is an average of the results of the measurements, which in large part
were taken over Central Europe. The result was an average vertical

1

uistribution which represented a wide range of metecrological

-

conditions at scveral locations. This vertical aerosol model was

subsequently revised in 1968 to include the results of a rather
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extensive vertical aerosol study conducted by AFCRL in 1966 (Ref 25).

This 1966 study included a total of 119 profiles of the troposphere

OALIILIU LA | R A
s A}MFWM#

(and stratosphere). These profiles taken over New Mexico were com- 1
prised of absolute values of aerosol attenuation coefficients. A

comparison of the two resulting models (Elterman, 1964, and Elterman,

ey hLA it
...a.w-m"rmm»’?ﬁ“r‘
4

14
o MR s’

;% 1968) is shown in Figure 16.

£

- Mixing Depth Concept

BRI "

Individual attenuation measurements and average profiles have

t

led to the mixing layer concept in an attempt to physicaliy explain

TP T T TR T AR

1

the vertical aerosol distribution. As we discussed earlier In this C

el S K

chapter, the average aerosol concentration above a certain altitude
Is either constant or gradually decreasing. Below this altitude,

. the time~average aerosol concentration profile shows a rather steep

Rasbias e il

exponential decrease. This lower layer described by the steep ex- .
ponential profile is called the mixing layer (although this is not the

strict meaning of the term).

Basically, the mixing layer is the vertical expanse above
the surface that is affected by the aerosols being produced at the

surface. This boundary layer as it is also called is the layer in

i A i bt o OB Yo s S i

which vigorous vertical and horizontal m ixing of the air takes place

"

s d L

(Ref 55:1). Thus, the boundary or mixing layer is largely affected

by the aerosol production mechanisms. Above this layer, the aerpscl
concentration is related to the air mass itself.
The depth of the mixing layer (or the maximum altitude of the

boundary layer) has been the subject of several investigations.

N
3
3
K
N
3
3
H
3
3
3
-
~ 3
N
-3
3
3
i
N
-2
3
N

104

- - = : T e ARG




< & 4 T —
IR G RNy - AT YT T T i Lot L A e ‘Q‘HWVN“W?WW”? o ‘M}-," i teaf ¥ St
E Il
¢

v GEP/PH/7h-}

E 50 rTIT R ALt O €3 St S R 31 A M N W 1111 I W R R R LRI :'
§ : _MOLECULAR ¥
-~
F.
1 40 |- -
E} 3
3 P -1 1 ¢
b - t 4
: x
E = 30 - ]
; < |
3 w ]
s 5 | - .
5 , 3
3 . < AEROSOL AEROSOL ;
20 - 1564 T~ 1968 - : =
E .
z
E' 10 - o - 3
~o
E N -3
i . 4 k
E ;
y 0 coantvped vl el e\ oo
107 1076 1075 10™4 1073 1072 10~! i
3 ATTENUATION COEFFICIENT (km ™)
- . : 3
3 -3
§ Fig. 16. Comparison of Vertical Aerosol Distribution Models by "3
E‘\ Elterman (Ref 27:17) b
S
b
§E

o)

105

e 20 o AR Ty AT | SR A o TS, e, 7 A Aot e n

= & ey & St RS ICTIEXCE - N PR SIS &
L e B o N e e e W et N R L A A T e i 42 AR T a CESES WETS SN WPIPR



AT

LR o (00 At

e

oo

faanl) o i A S

e Sien oo = T
I - - B e T Ll adeiicad alals VY St 3 SRR 2

- e " A, T T T T ‘ g ™ T

e T TR YT =

GEP/PH/7h-4

The studies of Siedentopf (1944), Penndorf {(1954), Faraponova {1965),
Rosen (1967), and others reported in Reference 58, show that the
average boundary layer depth is approximately 5 km, although the
reported average height varies from 3 km to 6.5 km (Ref 28:7,8). Such
large values of the mixing depth do not agree with meteorological
computations of the mixing depth based on convective and advective

currents some of which are discussed briefly later.

AFCRL Vertical Aerosol Mcdel

Based on the evidence available at the time, Dr. Elterman
devised an extensive vertical aerosol model. This 1970 AFCRL model
(Ref 28) assumes the mixing depth to be 5 km. The aerosol attenuation
coefficients above 5 km zre those reperted in the 1968 vertical aerosol
medel revision (Ref 27). Below 5 km the acrosol attenuation coef=
ficient exponentislly decreases with altitude up to 5 km. Eight
surface meteorologicul ranges are used and these surface meteorological
raﬁges are based on the aerosol attenuation coefficiznts and ranges
reported by Curcio (Ref 14) as we discussed earlier in Chapter VI.

Each of these eight surface attenuation coefficients is exponentially
decreased to agree with the same reported 5 km value. Hence, different
exponentiai scaling factors are used as shown in Figure 17.

The most recent AFCRL model of the aerosol attenuation coef~
ficient (Ref 49) also uses the exponential scaling factor concept.
This model, howevei', uses different attenuation coefficients at ground
Jevel--these based on computations using a Deirmendjian Haze C model
as we discussed earlier. The aerosol attenuation coefficients above

5 km are the same as those in the 1968 AFCRL Elterman Report (Ref 27).

06

R -

,,,
e e Bk

il

P,

i

A




D S &l
- g v e L g TR i o ML o Do) M i = o i st {3 il i
Fr + et = iy T g = R P 1

GEP/PH/7h-h

o

102 10" oR°
-l
AEROSOL ATTENUATION COEFFICIENT B, (h o) 4q)km

7 LN LAY | ML | LA NS ! )
3 : ) ,
' -y
g 1 N : , j
Y * . R
. N v v
. L 1
3 s} A . . 1
:E ' H, *LIS i
3 - af P 1
u V, *10km -
o
E 3t ‘
.-.
= Hge0.95 ]
2r Vs 4km
Hye 0.84 ]
] | e \\<:5F:::\u
o NP WY e 1 S :
3 R

Fig. 17. Family of Scaling Factors Used by
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(Ref 28:9).

Latest Attenuation Measurements

Recent aircraft aerosol attenuation measurements made for
AFCRL (Ref 20 and 21) do not support the model developed by Elterman
(Ref 30 and Ref 67). These e#tensive total volume sgattering
measurements were made in New Mexico under project name Atom and in
Sotthern Germany under project name Haven View. These measurements

show that the mixing layer is somewhat less than the 5 km computed

4

from averages of many measurements. In fact, the measurements show -

that the mixing layer extends from ground level to altitudes from
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approximately five hundred meters up to around 2.5 km with levels of
i 1.5 km predominating (Ref 30).

These measurements also show that in the mixing layer the at-~
: tenuation coefficient shows a very slow exponential decrease {on the 3

order of 7.99 scale height used with the standard atmosphere for

molecular computations) or it is approximately constant. At the mixing %
] layer boundary, the aerosol attenuation coefficient shows a sharp ?
' decrease to a clean air mass attenuation value or a gradual transition
g to such a clean air mass value through a 200 meter layer. Above the

boundary layer, the attenuation coefficient again shows a gradual

P O R

exponential decrease but this decrease is frequently less than the

g density lapse rate (i.e., 7-8 km scale height) (Ref 22:7-17). i

These whole-volume attenuation measurements described in

é References 20, 21 and 22 are well documented, and extensive sets of

L

meteorological data were recorded in the course of these studies.

b0
L4

Consequently, various attenuation coefficients are related to specific

metéoro]ogical processes. Measurements of high values for aerosol ;
attenuation in the mixing layer are associated with temperature i
inversions or layers of high stability. The aerosol attenuation coef-
ficient is relatively constant throughout the mixing layer, then at
the mixing height there is a sharp (step function) decrease to the air
mass attenuation coefficient above the layer as shown in Fighre 18.

When the mixing layer attenuation coefficient is low (that is,
the visibility is good indicating very clean air) then measurements
show that there is a slow exponential decrease in the attenuation

coefficient with increasing altitude.
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This slow exponential decrease is evident even In cases where
a strong inversion exists. The inversion then has relatively little
effect on clean air.

In addition, there is some variance in the value of the aerosol

attenuation coefficient reported for the air mass above the mixing

layer as shown in Figure 18. This indicates that the air mass above i

the mixing layer may be affected to some degree by the aerosol concen-

tration of the boundary layer. Some mechanical or convettive transport
must occur (Ref 30). However, generally the air mass above the mixing

layer approximates a clear day ur better.

Average Aerosol Profiles

._,-,,_..,,,L.._,,.,_.w,a—..

Individual vertical aerosol profiles as discussed in the previous
section show certain characteristics which are lost when average values o
are taken. The fact that these average profiles tend to show some

. exponertial decrease is probably due to a correlation between a changing

height of the mixing layer and the concentration of the particies
within the layer (Ref 41:183,184). In additinn, the fact that earlier
measurements of the vertical aeroscl distribution yielded higher mixing
height values is possibly due to the fact that alrcraft flights, and
particularly those of several years ago, usually occur in good weather
flying conditions. This higher average mixing layer height may also
be due to the changing individual mixing layer height.

The difficulty in using such average vertical profiles may
best be [llustrated by the following reducio ad absurdum. Suppose
that in the course of one year, a station recorded 6 months of fairly

good weather. That is, the visibility is excellent and the aerosol
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attenuation coefficients are low values. Further, suppose that during

the other 6 months the visibilities are extremely low (on the order

of 2 km) and aerosoi attenuation coefficients are high. |If the missile

N ———
7

system being evaluated is effective only in clear air, then an average
profile might unjustifiably lead to the conclusion that this missile
would be ineffective at this location when in fact it might be quite

effective 50% of the time.

Vertical Aerosol Model

For reasons we have discussed in the previous section, it was

decided that a more representative vertical aerosol model would be a

M S o M7

model that accurately represented individual characteristic aercsol
profiles. These profiles are based on the published results of i
Project Haven View and Project Atom (Ref 20, 21, and 22} and discussions o
with the project manager Dr. Robert Fenn (Ref 30).

These measurements demonstirated that there is probably a mixing
or houndary layer in which the particles are fairly uniformly mixed

and that above the layer the air is clear. In fact, measurements of

tate

the aerosol attenuation coefficient in the air mass above the boundary

layer showed the coefficient to be characteristic of air in which the
meteorological range is 45 km or more. The individual measurements

gave ranges from approximately 45 km to approximately 100 km (Ref 20 '
and 21), although there may be some error in the exact value due to

difficulty in calibrating equipment in very clear air. That is, the

Rayleigh scattering component is nc longer negligible in the visible N

region at such meteorological ranges. In fact, the Rayleigh scattering

e Y S e YN Bt N o 3208 AT AN 0 e T S Sk L

! component at a miteorological range of 40 km is 12% and it Increases
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a2s the meteorological range increases. These measurements were taken

with a filter centered at .557u (an approximation of photopic vision).

2

A clear air model is thus representative of the air mass above

the mixing or boundary layer. An air mass whose meteorological range

S T T

is approximately equal to 40 km (prevailing visibility of 30 km) was

ot AL

chosen for the air n 3s model because this value represented a worst

n A ¢ E it

case among the reported measurements.

[V SR

The mixing or boundary layer is assumed to be uniformly mixed
vertically and horizontally. Its depth is dependent on a number of
factors. These factors are the thermal and mechanical forces of the
atmosphere. The measuremenis conducted by AFCRL in Southern Germany
indicate the mixing depth extends to 1.5 km during late May and early
June when the measurements were taken. A recent study by USAF ETAC
(Ref 55) based on theoretical meteorological processes (thermal and
mechanical) for one location in Germany indicates that during this
period (May to June) the mixing depth varies from 150-1175 km. The (
wide range of reported values is due to the fact that the ETAC study é
covered the 24 hour period while aircraft measurements were made during
daylight hours. However, the maximum theoretical computations do not
predict the mixing height measured by AFCRL.

This same USAF ETAC study for Stuttgart, Germany, indicates
that the mixing depth extends to lower altitudes in winter than during
other times of the year (see Figure 19). This correspinds to what
i others have observed to be true: Winter is the low-level haze season

in Germany (Ref 30). There have been too few aircraft measurements;

. however, to substantiate this seasonal variation.
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Moreover, the theoretical model does not show significant variation in

1 B 2y A .wl‘.h.ﬁ{sza\uu&\m”‘kﬂ

g the mean seasonal mixing depths (Fig 19).

Boundary (Mixing) Layer Depth

il
PIITRITSCT t71

v b
Ale s

o

g There are many methods for calculation of the mixing depth.

Some are based on aircraft/balloon measurements; others are theoretical 4

in nature. Still others combine both. The measurements of Elterman

and AFCRL have been discussed; the measurements of others (Siedentopf,

etc.) have also been mentioned. This section discusses two theoretical

R T

models and discusses the meteorological processes involved.

One of the thecretical methods of determining mixing depth
height is the method of Miller and Holzworth (Ref 39). This method
is currently being used by the Environmental Protection Agency (EPA)

!
1 and the National Weather Service (NWS) together with radiosonde data ;

to predict the thickness of the mixing layer. This method is based 4

on the maximum and minimum surface temperatures and the radiosonde

data.

PPRLYIRTY

The maximum mixing depth height is the height to which a parcel

of ground air (at msximum temperature) will ascend if lifted dry

adiabatically until its temperature is in equilibrium with the environ-

AN o LA AL

ment (Ref 5:3). This method, however, fails to account for moisture

1 in the air and it is restricted to occasions when there is no

precipitation and no air mass change. |t is also restricted for use to

locations where radiosonde balloon observations arz made.

The method proposed by USAF ETAC (Ref 55) uses weighted

contributions of thermal and mechanical parts. The weighting factors

are Pasquill stability factors which are based on meteorclogical

conditions as shown in Figure 20.
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The mixing height is then calculated based on ground observations

T
R e M Rt 200 et Sl

! and estimates of upper level winds.
Observations using these and other methods show that there is ¢

great variability of the mixing depth during the day and also from day

to day. On the other hand, aircraft measurements do not show such

TRy

wide variations in the mixing height on an hour to hour basis. This
may best be explained by considering the history of the air mass.
E If the mixing occurs in the lower levels of a clean air mass, then the
aerosols are distributed t» the maximum mixing layer height. Later
in the day (evening and night) when the convective mixing processes
diminish, the aerosols remain aloft if there are no convective cur-
rents forcing them downward. The particles ar¢ influenced by gravity

but the settling rate is slow. Thus, on subsequent days, the aerosol

ol Rt ce

remain mixed to nearly the height of the previous day. Subsequent
mixing height measurements yield a vertical particle distribution that ’
is an indicator of the previous mixing height maximum and not neces-

sarily the mixing height at the time of measurement (Ref 46:1183).

S ok i bl
L}

Other processes are often involved, however. During the night

a surface inversion frequently develops. These inversions are formed
largely by turbulent transfer of heat down toward the ground (Ref 55:13).
Thus, in many cases the aerosol layer would follow the theoretical
pattern of a decreasing mixing layer depth. Because of the paucity
of aircraft measurements in varying meteorological conditions and
' because of the complex atmospheric processes involved, this author feels
that a real time determination of mixing layer height is impossible
unless there is detuiled knowledge of the history of the air mass and

probably upper air soundings.
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Mixing layer depth may be determined for such a study as this,

however, based on a knowledge of the meteorological processes for

this geographical location, Germany. One would certainly expect that

this mixing layer would not apply to other locations such as Southeast

Asia where the thermal and mechanical atmospheric processes differ in

magnitude. This model also fails *o predict the hour by hour and day

to day variations of the mixing layer depth, but it is representative

of the real vertical aerosol profile based on mean meteorological

conditions.

Aerosol ﬂgdel and Use

The model consists of two parts: the mixing layer aerosol

attenuation coefficient and the aerosol attenuation coefficient of the

clear air mass above. Key to the use of the model is ground-level

\horizontal) prevailing visibility. If the prevailing visibility is

30 km or more ! mtecrological range 49 km or more) then the vertical

attenuation coefficient decreases as the density. The aerosol

attenuation coefficient at any altitude, H {in km), is given by

.| 4
o, (H) = oa(o)e [7T§§'km] (47)

where oa(o) is the ground level attenuation coefficient. There is a
slight difference in the determination of the ground level attenuation

coefficient for use in this vertical model. Since there is an

indication the upper particle size limit decreases with altitude then

the continental distribution used thu

hus far was modified to extend to

the upper particle limit of 10p (Ref 41:118). The relationship between
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the aerosol attenuation coefficient at 1.0636p and .55p is modified

only slightly

oa(l.0636u) = .535 0,(.55u) (48)

ﬂm ,
.
A
i
,
i 4
’ f /
, Y7
T ——

where the particle composition (index of refraction) is assumed to be

the same. Combining Equations (43) and (48), the ground level at-

L LE i

tenuation coefficient at 1.0636n is

o (o) = lv_5_7_ (49)

where V is the prevailing visibility. The aerosol attenuation coef-

ficient at any altitude, H, then becomes

e v )

b -G S R

H/
1.57 ( 7.99)

o) = 2L e (50)

Using Eq (50) then the attenuation coefficients are determined for the
different altitudes. This model follows the technique used by others

i (Ref 49) in averaging the two computed values to determine an average
attenuation coefficient for a 1 km layer. These average values are then
é added and multiplied by sec 6 for use in slant path problems. The

' angle 6 is the angle between the vertical to the ground and the angle

to the transmitter/receiver. Use of this model is explained in Appendix 3

c.

Ik
th

If the prevailing visibility is luss than 30 km then the upper

alr mass is the clear air model for a visibility of 30 km, but the
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> ground layer attenuation coefficient is determined by the horizontal
3 prevailing visibility. This layer is assumed to be uniformly mixed.
; Thus, the attenuation coefficient for the layer is determined by Eq
. {45). The depth of the layer varies, but useful computations may be
% made by using a mean mixing depth of 1500 m (Ref 30). These are ?5
3 IR
: characteristics daytime values which are probably very realistic for 13
3
4 midmorning to late afterncon cases. For early morning and late evening
3 calculations where a low inversion is known to exist, a mixing depth
K 3
of 300 m offers a good approximation, although this may be high for i ]
{
= f
3 some nocturnal inversions (Ref 60). i
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VIili. Other Atmospheric Attenuating Mechanisms:

MG A

Clouds, Fog and Precipitation

This chapter discusses briefly the effects of other atmospheric
. phenomena on laser radiation at 1.0636u. This discussion is limited

to the attenuating effects of clouds, fog and rain. Other phenomena

are mentioned but are not covered in any detail. In addition, the

Oddaiist

it [ Gt b ARt 1k A M N 7 it

sensitivity analyses acccmpanying previous discussions in this report
are not included \in this chapter. The purpose of this chapter is, then,

to provide a useful method for estimating the attenuation at 1.0636yp

2 TR SR

& i i 0

due to clouds; rain, and fog. Ffurther, it is desirable that the

attenuation be related to some meteorological observable.

Attenuation by Rain

Attenuation, as we have discussed, is dependent on droplet
3 size and droplet size distribution. For rain both size and size
] distribution are highly variable. In fact, different rain droplet

distributions occur within the same rain shower. Since thase droplet 1

size distributions are also virtually unmeasursble, exact Mie cal~ i

oY)

culations have very little meaning.

For distributions where the droplet radius is large compared
to the wavelength of radiation, the geometrical approximaticn to Mie

theory may be used. For rain drops, whose radius is approximately 1

Vb AP FN Y st ake e

mm or larger (Ref 13:727), the extinciion cross section asymptotically

approaches two. In addition, the imaginary index of refraction cf
water is on the ordei of 1076 for wavelzngths in the visible and

1.0636u; hence, the absorption is neglible.
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Because size distributions were not definable and the geo-
metrical approximation is valid for rain, Chu and Hogg (Ref 13) found
instructive the calculation of attenuation coefficiants for rain
droplet distributions having a single radius. For this ideal case,

the attenuation coefficient becomes

g, = 3.25 Lext \, (51)

r

where GR = total attenuation in dB/km,

r = drop size radius in microns,
Qext = scattering cross section efficiency,
and W =

liq:id water content in mg/m3.

Using the asymptotic value of two for Qext and the conversion factor

for dB/km, then Eq (51) becomes

R T B2y (™) (52)

Q
|

which is in terms agreeable with those for other attenuation coefficients
in this report.

The energy intercepted by precipitation particles is, however,
partially scattered forward (toward the receiver) and this reduces
the attenuation coefficient determined by Eq (52). When scattering is
a maximum then so is the forward scatter component. The larger the
scattering, then the more that Eq (52) is in error. This problem is
more pronounced in cases of heavy rain (Ref 13:739). A forward

scattering correction factor has been derived in Reference 13 assuming
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a gaussian beam profile with an effective aperture equal to the geo-

metrical cross section of the water sphere. This correction factor

5. TSNP, PR

is ;
!
4 . - we? i
| B':l].-.%zi% fLw2+tw2 Lyz 9 (53) |
o s (z) \1
where L = path length,
z = distance to the scattering particles from the source,
w = half-width of the transmitted beam pattern (in cm),
w, = radius of the water droplet (in cm),
E and w¢ = half-width of the beam pattern at the receiver (in cm)

if no attenuation is assumed. For visible and near infrared, there

eI

r

is no absorption so that Qsca/Qext becomes one. Chu and Hogg in
Reference 13 have made calculations of the correcticn factor assuming
, the minimum beam radius at the uniphase aperture to be .25 cm (Ref
i 13:738). An additional assumption of this forward scattered correction
factor is that this scattered energy rejofns the original beam (Ref 13:

736). Integrating over different rain drop sizes then one obtains the

e

attenuation curves depicted in Figure 21. The correction factor at

i e )

1.0636u will be the same as that calculated at .63p by Chu and Hogg

since there is no absorption in either case.

The exact correction factor for the laser designator problem

is Incalculable because of the complex geometry in each case. If one
assumes a similar correction factor applies in this problem, then a

ciude muitipie scattering attenuation ccefficient may be calculated

for rain.
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Meteorological Paramzters for Rain Attenuation

To calculate the attenuation in rain, a knowledge of both
5 rain drop size and liquid water content (mg/m3) is needed. As we
discussed previously, precise droplet size is unknown, but 2 median

droplet size may be related to the source mechanism. The source"

it

mechanisms, convective showers or stratus drizzle or rain, can exist

separately or in combinatlon.

It is an accepted atmospheric phenomena that the droplet size

L s NG Tl

and size distribution is modified as the droplet falls from cloud to

ground. The large droplets {2500u or more) break up and become

smaller drop}ats; the very small droplets evaporate shifting the drop-

TR TN AT

let size distribution measured at the ground level to larger median

PRI

vaiues. For thc purpose ef making an approximation, however, the
droplet size will be assumed to be constant from cloud to ground.
Typical medien droplet sizes as a function of source mechanism are

given in Tabie XiV.

Tuble XIV

Typical Median Rain Droplet Sizes
as a Function of Source Mechanism

Cloud Condition Drop Size (u) :
Low Stratus oo§

(‘B 2000 ft AGL) >

Middle Stratus 800

(v 12000 ft AGL)

Convection 1500

#These droplet sizes are valid for vicinity of Cloud Base, but for
this modei these sizes are assumed unifcrm to ground level.
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These values from Reference 10 are the result of a comprehensive

literature search by Captain Caratula. The median stratus values

Laniunliien Sl 1 ik 12

were obtained from Reference | (Page 14) and Reference 11; the con-

il

vective values were obtained from Reference 4l (Page 357). It must

be emphasized that these values are necessarily somewhat arbitrary,

e

but nevertheless represencative of these source mechanisms.

The water content is determined by the reported rain rate and
cloud type (Source Mechanism). The water content, W(mg/m3), for

stratiform rainfall is (Ref 44:369)

U hp vmrts | e v vy

W = 72(R)0-88 {(s4)

i Exir ) oo
3

] where R = Rainfall rate in mm/hr. A similar relationship for

lady vy

convective rain is (Ref 44:362)

B P

W o= 52(R)0.97 {55)

where K = Rainfall rate in mm/hr. Rainfall reported by the meteore-

- T

logist is categorized as light, moderate, or heavy. These categories

are given in Table XV where the metric equivalent values are noted.

ol i aa

Since the rainfall categories encompass a range of rain rates, a mean

-

attenuation coefficient for each category is meaningless. Calculations

were made using the best and worst cases in the particular categories;

Ty
-
N o P - o
e s 338 s b bt s R N 4. AN NS U B S LAV, AL AN 1T RIStk Bt 0 s 08 LRI P L0t 0 VL e o N NN

ki ol it

the results of those calculations are shown in Table XVI. These values

are uncorrected for the forward scattered comporent since the correction
factor depends on the exact rain rate. For the light rain category ;

the correction factor varies from 0 tc approximately 10% (Figure 21);

v
1
H
|
4
]
)
.
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for the moderate rain category it varies from 10 to about 20% (Figure

21). In extremely heavy rain, the correction might reduce the at=-

tenuation by almost 50%.

Table XV

Reported Rainfall Categories

Classification Rainfall Rate Metric Eq
Light R < .1 in/hr R < 2.54 %%
In : i, mm 62 Mm
Moderate o F?'E'R < .3 in/hr  2.54 EF.ﬁ_R < 7.62 e
Heavy R > .3 in/hr R>7.62 g?
Table XVI

Attenuation Coefficients for Rain (Km™1)
By Source Mechanism and Reported Rainfall Category

Classification Low Stratus Middle Stratus Convection
Light 0-9.226 '0?5.7@6 0-%.#15
Moderate 9.226-24.26 5.766-15.162 2.4515-7.011)
Heavy > 24,26 > 15.162 > 7.011

Values calculaced from values in Tables XIV and XV using Eqs (52), (s4),
and (55).

Attenuation by Fog

Fog is by international agreement a water droplet aerosol that

PG [Hpe H
wees visibility beiown i

km (Ref 8:223). The fog-haze boundary,

however, has been identified by Foitzik (1938), and later confirmed by
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Neiburger and Chien (1960), Bullrich (1963) and Eldridge (1969), as

being at a meteorological range of about 1.2 km (Ref 28:3). For this

Tl L e ek Lt

report, a fog is identified as a water aerosol reported by the meteor-

ologist regardless of the visual range.

Fogs in general are quite inhomogeneous which is due in large

TR

part to their formation mechanism. In addition, the vertical extent

of fog may vary from a few feet to hundreds of meters. Also the

TP

vertical extent of fog is rarely reported by the meteorologist except
as a general classification of fog (i.e., shallow fog). For these
3 reasons, fog as reported by the meteorologist is of little practical

value to this operational problem cspecially if the sky is totally

s bos gy

T

obscurred.

Some calculations were accomplished, however, for the purpose

of establishing representative attenuat.on values that could be

compared to other attenuation coefficients previously calculated.
This model of the attenuation coefficient assumes that fog is homo-
geneous in both the horizontal and vertical directions. it also
assumes that the visibility recorded in fogs is the true visibility
or meteorological range.

In addition, the attenuation coefficient in fog is assumed to

be independent of wavelength for the visible and near infrared. This

is an assumption that was found to be reasonably accurate by Reference
L., This author theoretically verified this fact using several fog

models used by others (Ref 4:47). For the four mcdels investigated,

the attenuation at 1.0636u was larger than at .55u, but by only about

. 3%. The attenuation coefficient for fog, Opy may be determined by

et e e e At 8 et 1 ik ALt A Y S A ot S e
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; _ 3912 ' (56) 3
] OF - Vv R
where V is the visibility. it has been determined experimentally that ;;

this relationship is valid only for visibilities of more than 200 m

(Ref 4:65). For visibilities less than this, multiple scattering be-

comes extremely important.

Attenuation by flouds

Clouds like fog are the greatest attenuators of later radiation.

Vot vt

£l
Nk B i w5 S PR s P Ml S

Like rain and fog, the cloud droplet size distribution is quite dif-

T
P

ficult to describe. The water content and other properties of clouds 3

Y

vary with cloud type and formation mechanism. There are, however,

A
a8 a Kk ses 0 s

several cloud models available and one, in particular, in wide general

e —m o e e

(o i

. use. This model cloud is the Deirmendjian Cloud Cl, which represents

a cumulus cloud of moderate thickness.

This cloud model size distribution is shown in Figure 22. The

AL L K AW 9. LAV

1iquid water content of this cloud model is 0.063 gm™3 (Ref 17:79). ! ;

WOV TR TR ST W AT ey
A s L Pk

It would have been desirable to investigate other cloud distributions.

L

Time constraints on this project, however, limited this investigation

i gy iy

ﬁ to the one cloud size distribution described by L

n(r) = 2.373 rs[%xpél.Sr{] (57)

|
@
; t
[
!

|
i
!

where r is the droplet radius in microns and the particle density is
assumed to be 100 cm™3. Mie calculations using this droplet size

distribution and refractive indices of water gave approximately the
same attenuation coefficient as was calculated for visibility ov 250

m in fog (see Table XVII).
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» Table XVil 3
e ) }
% i Cloud and Fog Attenuation i
o . ' Coefficients (Km~1) b
. ’ L
= | o
‘ Cloud
: . Wavelength(n) Attenuation Coefficient
S
3 ‘/ chs ' "6031'l
3 " .70 16.82
3 1.0636 17.34
3
E ' Fog
é Visibility Attenuation Coefficient
2000m 1.956
1500m 2.608
1000m 3.912
900m i,347
800m 4,890
. 700m 5.589
600m 6.520
500m 7.824
. 400m 9.780
300m 13.040
200m . 19.560

Cloud Attenuation Coefficients were calculated using Mie calculations
and the Deirmendjian Cl distribution. Fog attenuation coefficients

were calculated using Eq (56).

This cloud model indicates that clouds may in general be
strong attenuators of radiation. In any case, transmission paths of
several hundred meters through such a cloud would greétly reduce the
amount of radiation. For example, a path length of 100m through this
cloud reducesthe energy to about 18% of the original. Such attenuation
is an important factor in determining the maximum acquisition and

tracking range of the laser-guided weapon system.
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Other Attenuating iMechanisms

e ¥

Several other attenuators are worthy of mention at this point.

Some such as snow are highly relevant to this discussion because of

their occurrence, but others such as hail were not mentioned because

e e st ik o g i
., “i&

ey

of their rarity.

il i v Pl o bl ek e

] Snow, freezing rain, and sleet are of the most important of

] these other attenuating mechanisms. They are important because of

S Sat kA

their occurrence in this geographical region. Unfortunately, the
assumption we have made for our solution using Mie Theory--that is, 4

3 that the particie is spherical--is not valid for snow. In addition,

WY

there are the other complicating factors (such as snow rate) like

T

those encountered for rain. Other phenomena such as blowing dust,

hail, and others were not discussed because of their rarity in Germany.

Backscatter

At e B bkt L

i Sate Eli L M e

, This chapter would be quite incomplete without the mention of

backscatter. This term is yenerally used to describe the problem of

ALY Kb

that component of the scattered radiation that is scattered directly

o8 2k

backward. Backscatter becomes a seri;:uz problem when the leser

TR T

designator (transmitter) and receiver are in close proximity. The

problem is perhaps best illustrated by the following example.
Backscatter is a common problem while motoring in heavy fogs

at night. If the driver actuates his high beams then he is able to

T
PR TP EI RPN ILILPT Y WP T PO Y. -1

see considerably less than when he was using his low heams. The re&son

for this is backscattering; that is, more light is being backscattered :

into the driver's eyes reducing his overall sensitivity. Backscattering
is improved by separating the viewing angle and the illumination plane

(1ights). Separation of the recelver and transmitter is the precise
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reason for fog lights on motor vehicles.

This same problem exists in the event the receiver and trans-
mitter for the laser target designator system are in close proximity.
This problem increases in magnitude as the amount of scattering
increases; the larger the scattered radiation the larger the back-
scattering. Backscattered radiation is detected by the receiver and
therefore becomes an undesirable background signal. Unfortunately
backscattering is largest when detector sensitivity must be an optimum.
When the scattering is large as in fogs and clouds, the magnitude of
the received radiation (reflected from the target) is quite small.

The receiver then is not likely to sense the target signal at all. '

The magnitude of the backscatter component is dependent on
the angle subtended at the receiver by the scatterer (droplet). Since
the geometry of each backscatter problem is extremely complex, then
the backscatter is generally given in terms of a coefficient expressed
in km~1/steradian. Representative values of the backscatter

coefficient are given in Table XVIII.

Use of Attenuation Coefficients in Model

In this chapter, we have derived attenuation coefficients that

estimate the attenuation of laser radiation in clouds, rain and fog.
All of these coefficients are not additive to yield the extinction
coefficient. Clouds and fog are formed on condensation nuclei, for
example, and therefore reduce the number of aerosols. In fact, as a
good approximation, the attenuation of aerosols is negiected in

caicuiating the atmospheric attenuation in fogs and clouds. The

atmospheric extinction coefficient in clouds and fog, then, is the sum
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Table XVil! %
i {
1 Representative Per Particle Backscattering Coefficients 4
! for Various Models at .55u and 1.063u :
8
s 3
E Refractive Wavelength Backscattering :
> Index in Coefficient in ‘
Model R_ 1. Microns {Km~l/ster.)
3 —————
Continental 1.55 .048 .55 0159
E Haze 1.53 .072 1.0636 L0146
] (.03>20p) 1.53  .031 .55 0194
3 1.51  .046 1.0636 .0167
' 5,
| |
1 Marttime 1.53 .03} .55 .0300 %
3 Haze 1.51  .0k% 1.0636 .01k !
‘ /
] ’ Haze 1.53 031 .55 .0262 |
L 1.51  .046 1.0636 .0116 ;
CIOUd 10334 00 -55 80505 E
cl 1.325 .00001 1.0636 .0625 i
!
i
A
4
3
-é‘
y
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of the molecular attenuation coefficient and the fog or cloud at-
tenuation coefficient discussed in this chapter. Since the former
is generally quite small compared to the later, a reasonable approxi-
mation of the atmospheric attenuation coefficient in clouds and fogs
is given by the value from Table XVI| and Eq (56) respectively.
Untike the cloud and fog attenuation coefficients, the
attenuation coedficient for rain Is additive. Although there is
evidence that rain does remove atmospheric particulate matter by the
processes of rainout and washout discussed earlier, the efficiency of
these removal processes is relatively low (Ref 32:161). One of the
findings of a six year study in the United States of atmospheric
attenuation coefficients is: precipitation in itself does not appear
to have a noticeable effect in cleaning the air. Such noticeable
atmospheric clearings are assoclated with frontal passage cccurring
simultaneously with the rain (Ref 39:961,962}. Calculation of
atmospheric attenuation in rain, then is the resuit of the attenuation

by the molecules, aerosols, and raindrops.
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IX. Summary, Conclusions, and Recommendations i

! . Summary and Model Use ' 2

Ry

In suinmary, this report develops a model for prediction of

PRSIy,

N maximum laser target designator system range or.stand~off distance

e b

L L ar] | [1T T

L where atmospheric attenuation of 1.0636u laser radiation Is the
]

wver 4 -

2

limiting system factor. This report develops an optimum lock-on

e,

flach St s
-

B range equation in which atmospheric conditicns and system geometry

easttin

4t

3 are the only variables. Major assumptions made in the development

At

of this equation are: (1) the laser designator and receiver have

bsen v oswm

specific electrical and optical design characteristics, (2} the laser

1

w i tanmiwen s’

beam is reflected only from the target, (3) the target is a diffuse
Lambertian surface with ten percent reflectivity,{4) the receiver is
designed to electrically discriminate against continuous background ‘ ;
signais, and (5) the target is within the field of view of the T
recefver. In additicon, it Is assumed that the Beer-Lambert Law des-
cribes the atmospheric transmittance of laser radiation.

Maximum lock~on range or standoff distance is reduced to a
determination of atmospheric attenuation due to each of the atmospheric
attepuating mechanisms: aerosol scattering and absorption, molecular
absorption, molecular (Rayleigh) scattering, and scattering of clouds, :
rain, and fog. Theoretical calculations of the coefficients which
descril~ these attenuating wmechanisms are dependent upon Jour ;
important assumptions: (1) the laser radiation is monochromatic,
(2) the atmosphere is characteristic of Central Europesan atmospheric

conditions, (3) the atmosphere is horizontally stratified above 2 flat
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earth, and (4) the one kilometer thick vertical layers are assumed to

be homogeneous. In addition, calculation of attenuation due to s
scattering is limited to single scattering theory.

Theoretical calculations show that the greatest attenuators

of 1.0636y laser radiation are clouds, rain and fog. For dry atmos-
pheric conditions, the aeroscl is the largest attenuator, followed by

4 (usually by an order of magnitude or more) molecular absorption and

E by molecular (Rayleigh) scattering which is negligible. Each of these
coefficients is related to the physically measureable or observable

ground level meteorological quantities listed below:

» o (Molecular attenuation coefficient) Relative Humidity
: Temperature
: Pressure

o, (Aerosol attenuation coefficient) Prevailing

visibility

O (Fog attenuation coefficient) Prevailing
visibility

R (Rain attenuation coefficient) Rain Rate |
cloud type

o, (Cloud attenuation coefficient) None

(For this model-
the attenuation
coefficient is
constant for all
clouds.)

Vertical distributions of the molecular and aerpsol coefficients are

L £ b g Za NS Seretnisinnh

calrulatoad hacad on moaan vartisal distwibutionags [fnmm fnemani)af sla
MENE S W SN R AR * O LS v " Nt 3 Wl IhRl IMMLEIWVIID ANV LA 1241 muuy, i i
meteorological quantities listed above. ]
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Use of this atmospheric model requires knowledge of the fol-

E lowing parameters which are listed together with the attenuation

coefficient they determine:

. Attenuation Coefficient Parameter j
Molecular Season of year i
3
: L
i A
Aerosol Prevailing visibility
(Real Time Mixing Height
' Desired)
' Fog Prevailing visibility ‘
3
Rain Rain Rate

(cloud type desired)

3 Cloud None

The molecular attenuation coefficients are determined using Table

. XXIV, Page 152. The boundary (mixed) layer aerosol attenuation
coefficients are determined using Equation (45) and the aerosol at-
tenuation coefficients for the air mass above are determined using
Table XXVII1, Page 164. The cloud attenuation coefficient is obtained
from Table XVII, Page 129. Fog attenuation coefficients are obtained
from either Table XVIi, Page 129,0or Equation 56, Page 128, Rain
attenuation coefficients are obtained from Table XV], Page 126.

Each individual attenuation coefficient is summed over the
vertical path. The total individual sums (which are now individual
vertical optical paths and no longer coefficients) are now

i
vield a tota: attenuation vertical optical path, oHy, as <hown below:
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oy = oH molecular + ¢gH aerosol
For Clouds: oHT = ¢H molecular + oH cloud
| For Fog: oHT = gH molecular + oH fog
3 For Rain: oHT = oH molecular + oH aerosol + oH Rain

vihere gH is the attenuation coefficient summed vertically to the
required vertical height, H.

: To calculate the slant path attenuation, then multiply the
resulting oHr by secant 8, where 8 is the angle between the vertical

and the line connecting the target and designator or receiver. For

(bl e e

cases in which the receiver and designator are not co-located then
each optical path must be calcuiated separately. The total optical

1 depth for the receiver o, (where 0., = oHy x secant 8) and total

Mo 4

optical depth for the designator Oed (where Oud = aHT X secant 8) are
then substituted into Equation (67), the laser lock-on range equation.

Use of the model is demonstrated in Appendix C.

3 Conclusions
Several conclusions may be drawn from the results of this
investigation:

1. Current models for the radiative transfer of laser radiation

through the atmosphere are limited in their predictions to single
scattering solutions with crude multiple scattering correction factors
in some cases. The model developed in this report is limited to single

scattering theory and hence may underestimate the maximum laser lock-on §

range.
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2, The study of attenuation of laser radiation :n the
atmosphere due to atmospheric molecular gases Is quite far advanced
compared to the study of aerosol attenuation. Molecular scattering
may be ignored for 1.0636u radiation. Molecular absorption in this
small spectral region (1.063-1.065u) is not extensively complicated
by overlapping molecular absorption lines, but is a function of water
vapor absorption lines. Hence, molecular absorption is dependent

upon atmospheric water vapor concentration.

3. Aerosol attenuation of 1.0636p radiation is by comparison
to molecular attenuation a more important factor in limiting maximum
laser lock-on range. Precise knowledge, however, concerning aerosol
particle size distributions, number densities, and vertical distri~
butions is lacking because of the difficulty in measuring such
quantities. Of particular consequence for this tactical proklem is
the vertical aerosol distribution. The model deveioped in this report
employs the boundary layer concept which is suggested by recent ex-
tensive aircraft measurements. The boundary layer is an aerosol
particle dense layer where the particles are approximstely uniformly
mixed. Above the boundary (mixed) layer the air mass is relatively
clsar and the particle concentration markedly less. The height of such
a layer is variable and difficult to measure from ground based
observations. In fact, hourly predictions of aerosol attenuation
coefficients are impossible without a detailed history of 2ir mass and

current surface and upper level meteorological conditions.
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4. The aerosol attenuation of 1.0636y radiation is quite
sensitive to the particle size distribution used, for particle size
distribution establishes the primary relationship among aerosol at=
tenuation coefficients at various wavelengths. Particle composition
(index of refraction) and upper and lower particle size limits are

less important factors.

5. The total aerosol attenuation coefficient at 1.0636n is
related to atmospheric particle concentration which is determined by
measuring prevailing visibility. Prevailing visibility, however, is
a rather inexact meteorological observable; it depends on many
scientifically unmeasureable factors including the local terrain,
visual objects available, and visual acuity of the observer. Such
visual observations would not be highly reliable for real-time
operational calculation of attenuation. In fact, such observations

most probably would not be available for hostile areas.

6. Calculation of attenuation due to th- scattering by clouds,
rain, and fog are based on assumptions of homogeneity of the scattering
media and other assumptions concerning particle size distribution.

Such calculations then are necessarily crude, but can be relied upon

te yield relative attenuation magnitudes and estimates of maximum

leck-on range.

Recommendations

The following are problem areas and snhould be investigated to
improve knowiedge In this area and increase the reliability of

estimating laser lock-on ranges:
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q 1. The model developed in this report is limited because

; of the assumptions made in its development. These assumptions may
only be checked and the model validated through extensive meteoro-

£ logical measurements made during the course of flight tests. Weapon
E systems may be properly designed and evaluated only with a complete
: knowledge of the environment in which they operate. The lack of

proper and reliable meteorological data for flight weapons tests to

date is quite evident.

2. Since clouds are a common atmospheric phenomena and they
are also a chief attenuation mechanism then atmospheric data records
of cloud cover and height should be correlated with current cloud-free

‘ line-of~sight methodology to contribute to determination of lock-on

range.

3. The effectiveness of any weapon system in any geographical

region may be evaluated as a function of atmospheric conditions only

.

in light of the relative occurrence of the different conditions. Such
information with cloud data included was requested by this author,

but due to technical delays was not available for inclusion in this

1 report.

1 L, This model like other laser attenuation models is limited

to the assumption of single scattering. This assumption may limit the

effectiveness of these models to predict laser lock-on ranges when a
diffuse Lambertian target is assumed. |If typical military targets are
diffuse reflectors (as current literature suggests); then the

applicability of the Beer-Lambert law to such reflected radiation must

be investigated.
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APPENDIX A

Molecular Absorption Calculations and Tables

For absorption coefficient calculations in the 1.0636u case, ‘

Eq (23) reduces to

[1 L3981 (T~296 3
Qvo(296) 2967 \ 296 ]
S o(296) Qvo (1) (296) o; 1013/ m

T kwio)z + (a;c,(‘;‘om)\/z?'—e)} °

1-5 [r.h395"(7—296ﬂ
2967

Qww(296) (T 6 | (A 296 :
S, (2960w (1) . (796 ).e * & 7013 . m

W
* = A
7 [‘(\)-vkw)2 + (akw. 1013\/ )J

where tue | subscript indicates the i lines of oxygen and k the k

2

Qp =

H
-y i

st

A e L

(58)

lines of water vapor. The w and o indicate water vapor and oxygen
respectively.

The rotational partition function is proportional to (7/2396)
in the case of oxygen and (T/296)1'5 in the case of water vapor.
This has been included in Eq (58). The various values for the
vibrational partition function may be determined from Table IXX. The
intensities, ground energy levels, and line half widths at half

heights are given in Table XX.
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Table XX

e T TR T TN BT TS T

a Vibrational Partition Functions (Ref 47:4)

-~

e s e =

Molecule j Temperature 175 200 225 250 275 296 325
: ’ Hp0 1.5 1.000 1.000 1.000 1.000 1.000 1.000 1.00]
0, 1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.00}
X
1 Table XX
E Absorption Line Parameters
(Ref 50)

q ‘Wavenumber (cm™1) S{em~1/mole cm~2) ag(cm-1) E"{cm~1)
9385.570 .109z-24 .051 1255.160
b 9385.920 .233E-24 .076 586.480
p 9386.220 .758E-26 .048 81.58
i 9386.960 .106E-24 .081 224,830
j 9388.236 .596E-26 .048 79.565
] 9388.980 .Sh2E-24 .080 885.620
: 9390,556 .702E-26 .0438 130.437
: 9392.596 .580E-26 .048 128.398
3 9392.604 432626 .048 16.388
5 9393.460 .660E-26 .059 1006.120
Y 9394.592 .602E~26 .048 190.775
] 9396.653 S514E-26 .048 188.713
3 9398.220 .227E-25 .063 882.930
- 9398.325 .480E~26 .048 262,583
] 9400.407 JL20E~26 048 260.501
3 9401.756 .357E~26 .048 345.850
3 9401.760 .345E-25 .039 1327.140
' 9403.175 J453E~26 .0h8 k2,224
E 9403460 . 104E-25 .038 1327. 140
3 9403.857 .319E-26 .048 343.749
; 9404 .882 .2liSE~26 .048 440,565
_ $407.002 J225E-26 048 438. 444
. $407.701 .163E-26 .0L8 5h6.712
; 9409.070 Shig-24 .061 586.260
y 5409.840 - 149E~-26 048 54k .572
k. ok10.210 .938e-27 048 864,275
k 9411.5k0 .954E-26 .065 744,090
1 9412,350 ,331E~26 .0k 1033.510

9412,368 L921E-27 048 662.118

9h12,407 576E-27 .048 793.239

9412.820 H17E-24 .069 704.220
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Absorption Lines

All the absorpticn lines with intensities greater than
1.0 x 10-27{cm~Y/moiecules cn™2) are shown in Figure 23. The number

one on the line indicates water vapor; a seven represents oxygen.

Absorption Coefficient Tables

Tables XXiI through XXVIi show tne absorption coefficients
(in km™1) for the different altitudes and model atmospheres for
seven wavenumbers. Tables XXI through XXV are for wevenumbers in
the spectral rcgion of interest. Table XXV} and Table XXVi] are
for wavenumbers outside the spectral regiun.

The following relationship between wavenumber, k, and wave-

length, X, is given for convenisnce of the reader:
o= 10M K

where XA is expressed in microns {1 x 10~%m)

and k is expressed in cm™!
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Table XXI

Molecular Absorption Coefficients
for K = 9389.6714 Wavenumbers

Paiais o S0 Cr et e 2t oN GRS

Atmosphere Models U.s.
Standard
Altitude Midlat. Midlat. Spring
(Km) Summer Winter Fall
; 0 1.480E-03 4.210E-04 6.700E-0k
] 0~-1 1.179E-03 3.518E-04 5.494E-04
1 -2 6.908E-04 2.378E-04 3.503E~-04
1 2-3 3.834E-04 1.610E-04 2.183E-04
: 3«4 2.062E-04 1.057E-04 1.341E-04
1 -5 1.166E-04 6.966E-05 8.529E-05
E 5.6 7 .005E~-05 4.879E-05 5.6639E-05
1 6 -7 4. 568E-05 3.508E~05 3.956E-05
] 7 -8 3.233E~05 2.585E-05 2.857E-05
3
; Table XXII
Molecular Absorption Coefficients
for K = 9398.220 Wavenumbers
Atmosphere Models U.S.
Standard
Altitude Midlat. Midlat. Spring
(Km) Summer Winter Fall
' 0 8.188E-03 4.177E-03 5.054E-03
0-1 7.187€-03 3.777E-03 L.542E-03
1 -2 5.364E-03 3.047E~03 3.599E-03
2 ~3 3.841E-03 2.426E-03 2.784E-03
3-4 2.695E-03 1.875E-03 2.111E~-03
. y -5 1.920£~03 1.426€E-03 1 .595E~03
5§-6 1.393£~03 1.099£-03 1.204E-03
§ -7 1.047e-03 8.232£-0% 5.056E-0%
7-8 7.833E-04 6.177E~04 6 .850E -0k
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Table XX111

Molecular Absorption Coefficients

for K = 9398.4962 Wavenumbers
Atmosphere Models u.s.
Standard
Altitude Midlat. Midlat, Spring
(Km) Summer Vinter Fall
0 1.532E~03 1.432E-03 1.393E~03
0 -1 1.358E-03 1.284E~03 1.255E~03
1 -2 1.054E-03 1.017E-03 1.005E~-03
2 -3 8.212E-04 8.023E-04 8.C12E-04
3 -4 6.432E-0% 6.312E-04 6.353E~04
y -5 5.078E-04 4.961E-04 5.021E~04
5-6 L.n11E-04 3.878E-04 3.949E~04
6 ~7 3.158E~04 3.011E-04 3.087E-04
7-38 2 .475E-04 2.320E-04 2.396E~04
Table XXIV
Molecular Absorption Coefficients
for K = 9401.760 VWavenumbers
tmosphere Models u.s.
Standard
Altitude Midlat. Midlat. Spring
(Km) Summer Winter Fall

2.498E-02 i.406E-02 1.700E-02
0-1 2.298E-02 1.376E-02 1.624E-02
1 -2 1.939€E-02 1.323E-02 1.489€E-02
2-3 1.649E-02 1.277€E-02 1.378E-02
3 -4 ) .4bL44E-02 1.228E-02 1.290E-02
y -5 1.319E-02 1.183E~02 1.227E-02
5~-6 1.241E-02 1.148E-~02 1.180E~02
6 -7 1.192E-02 1.115E-02 1.141E-02
7 -8 1.150E-02 ]1.083E-02 1.105E-02
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Molecular Absorption Coefficients

Table XXV

for K = 9403.857 Wavenumbers

Atmosphere Models u.s.
Standard

Altitude Midlat. Midlat. Spring

(Km) Summer Winter Fall
0 1. 116E-02 1.092E-02 1.108E-02
0 -1 1. 112E-02 1.088E~D2 1.103E-02
1 -2 1. 104E-02 1.080E-02 1.094E-02
2 -3 1.096E-02 1.073E-02 1.084E-02
3 -4 1.038E~-02 1.063E-02 1.074E-02
L -5 1.079E-02 1.051E-02 1.0h2E-02
5-6 1.069E~-02 1.038E-02 1.050E~02
6 -7 1.059E~02 1.024E-02 1.036E~02
7-38 1.046E-02 1.008E-02 1.920E~02
Table XXV!
Molecular Absorption Coefficients
for K = 9388.98 VWavenumbers
{outside Spectral Region)
Atmosphere Models u.s.
Standard
Altitude Midlat. Midlat. Spring
{¥m) Summer Winter Fall

0 9.892E-02 1.891E-02 3.901E~02
6 -1 8.470E-02 1.676E-02 3.397e~-02
} -2 5.893E-02 1.299E-02 2.485E-02
2 -3 3.759£-02 9.792E-03 1.710E-02
3 -4 2.226E-02 6.464E-03 1.096E-02
h -5 1.297E-02 3.779E-03 6.819E-03
5-6 7.536E-03 2.238E-03 L .140E-03
6 ~ 7 4,790E~03 1.170E-03 2.475€E-03
7 -8 2.940E-03 5.054E-04 1.430E-03

R NS
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;
1
Table XXVI1
Molecular Absorption Coefficients
for K = 9407.07 Wavenumbers
(Outside Spectral Region)
u.s.
Standard
Altitude Midlat. Midlat. Spring
_{Kkm) Summer Winter Fall
. 0 1.306E-01 2.792E-02 5.298E-02
0-1 1.138E-01 2.406E~-02 L,082E-02
1 -2 8.021E-02 1.975E-02 3.545E-02 ;
2-3 5.258€-02 1.520E-02 2.526E-02 g
3 -4 3.218E-02 1.029E~02 1.6815-02 1
b -5 1.937E-62 6.237€E-03 1.087E-02 j
5-6 1.167E-02 3.830E~03 6.869E-03
6 -7 7.692E-93 2.064E-03 4,277€-03
7 -8 L,970E~03 9.113E~-04 2,579E-03
!
.
i
{
i
154




o) T AT Y

TFY

Riad)

T

Ciika bt

TP A ST

W akicd

LML b ok T e

Ciabg L A gl

AT T

o v e 2 G MK T ST S

v T o B N el i N U g i e e i G !'!;

3

GLP/PH/ 74 -4 -

APPENDIX B

Summary of Mie Theory and Calculatiuns

Qutline of Mie Theory

In 1908, Gustov Mie solved the problem of a monochromatic
plane wave incident on a homecgeneous, isotropic sphere of radius r
surrounded by a transparent homogeneous and isotropic medium., The
incident wave causes oscillations of the free and bound charges in
phase with the applied radiation. These oscillating charges (dipole)
in turn create secondary electric and magnetic fields. These fields,
both inside and outside the sphere, are expressed by Maxwell's Equations
and a formal solution of the problem involves solving these equations
with the appropriate boundary conditions.

An abbreviated derivation of the fields inside and outside the
sphere is presented in Ven de Hulst, Chapter 9. Basically, the field
outside the sphere is composed of the scattered wave and the incident
wave. Applying the boundary conditions and the conditions to be satis-
fied at infinity, then the outside scattered and incident waves are
solved in terms of Legendire Polynomials and Bessel Functions. Likewise,
the waves inside the particle are represented by Legendre Polynomials
and Bessel Functions, due to the geometry of the problem. Matching the
boundary conditions of the two functions now compietes the solution. :
The field at any point inside or outside the sphere may be expressed in

terms of known functions.

The intensity of the scattered radiation at any point that i

e
n

a great distance, R, from the center of the sphere where 8 is the

scattering angle is given by
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l = - e ip(m,x,0) + iz(m,x,e) (59)

R2 872

where m = complex refractive index of the sphere with respect to

the medium

x = 2w/, the dimensionless size parameter

-
1}

radius of the sphere
6 = angle between the incident and scattered radiation

| = Intensity of the incident radiation (Ref 68:83).

The intensity functions of the scattered light, i and i2 , are
respectively the components perpendicular and parallel to the plane
formed by the incident and scattered beams. The determination of

the intensity by Mie Theory is generally then the computation of the
intensity functions:
i = |s_{8)]?
1 l 1( )]
(60)

i o= s (e)]?
2 2

where sl(e) and 82(6) are the amplitude funciions.

The field components are direccly proportion-1 to these

amplitude functions. The ampiitudes are glven by

n

2n+) .
51(9) nil Py el RN (cos @)+ bnTn(co. e)|

(61)

(-]

. 2n+1

s {p) = 3§ 40t b w. (cos 0)+ a (cos 9)l
2(0) n=1 n{n+l) | AP n'n
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where a, and bn are Riccati-Bessel functions, which may be written

in terms of spherical Bessel functions, and where T, and T, are

scattering angle functions. These scattering angle functions are

the result of the derivation of the tangential field components.

These functions are written

3 ] 3
3 7, lcose) = —p5— P! (coso) i
(62)
_  d '
T, (coss) = o Pt (cosg)

vhere Pn are associated Legendre Polymonials.

TR ER T et
PR IORITe B S ST A SR LE R Ve S

,z
The efficiency factor is defined by Van de Hulst as the ratio 2;
g . iy
of the outgoing flux to the incident flux per unit gecmetrical cross- P o
) ;4
sectional area of the sphere. These factors are given in Chapter 9 %é
: 1
: . of Reference 62 as: by
: ) A
¢
4 QGca = = F (2n41) {|a |? + ]bnlz} .
i X< n=1 $ g
2 vy
b3
|
iy
2 o :“‘
Qext = =, I (2n+1) Re (an + bn) (63) 3
X n=] ‘}Q
Qabs = Qext Qsca i§
vhere Qsca = Scattering efficiency fac*or e
Ny
Qext = Extincticn efficiency factor, and g@
Qabs = Absorption efficiency factor i}
\‘!
NIR
These are the efficiency factors for one particle of unit size, §§
’ Ve
x = 2nr/A. The foregoinc expressions now define the Mie parameters \§§
N

5
~l
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from which all other paramzters needed to describe intensity and

pelarization produced by z singl

[¢]

sphere Can be derived.

The scattering due to N particles of radius r in a voiume

(4]

Is then

& = nr? Qsca (64)
where the area is wre.
Generally, howaver, there ave many~sized particles in a volume and

-
.

the scattering coefficient, §, for & volume of polydisperse spheres

is
f‘rz "
Bew f Qsca {r)n{r) r<dr (65)
;
51

fi

where n{r) = the size distribution of spheras,

Q{r) = scattering efficiency at radius r.

This scattering coefficient (s generally written in terms

of the size parameter, X = 2ur/A. Then Eq (65) becomes
q

g = 2.1.,”;., { % %%n(x) Qscalx)dx (66)
=)

The size distribution function n{x) can be of any form. For aerosol,

rain and fog distributions, the function n{x) is a smoothly varying

function such as the Tog—normal, modified gamma or power law distri-

buiion or it may be o discontinuous distribution. These distributions

are discussed in Chapter 5. The scattering efficiency function,

Qsca, on the other hand, Is an oscillatory function which is
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dependent on the complex index of refraction and the size parameter,

X. Figure 24 shows this function for various indices of refraction

as a function of the size parameter.

Mie Theory is an exact computation of the scattering of a

AT i Tt i I L s i L N R L i

l plane wave incident on a sphere. There are two approximations to gi
exact Mie Theory: Rayleigh scattering and Geometric scattering. The 1
: Rayleigh is an approximation to Mie Theory for the case r<<iA; that y
E is the radius of the particle is much smaller than the wavelength
é of the incident radiation. The basis of this approximation is that

the contribution of the efficiency factor Qsca is small in this

A, TN SN sk

region so that the contribution to the total scattering is smail

regardless of the magnitude of n(x). The other approximation is the

Geometrical approximation, valid for the region r>>X. In this region,

the scattering efficiency factor Qsca approaches a constant value as

shown in Figure 24.
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Description of Program

The computer program used for calcuiations in this report
was originally designed by Major Paul D. Try of Headquarters, Air

Weather Service for use in the visible spectral region. The program

T TV PURSPURIIIE T S S S0}

was converted for use on the CDC 6600 at Air Force Institute of
Technology by this author snd modified for use in the near infrared

as wel) as the visible spectral region. A program listing is not

included in this document. A complete program is on file, however,
at the Department of Physics (ENP), Air Force Institute of Technology,

Wright-Patterson Air Force Base, Ohio. A short description of this i
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program follows.

The program contains two subroutines. One of the subroutines
dees exact Mie theory calculations. This subroutine was originally
developed by J. V. Dave in IBM Report No. 360D-17.4.002 and is based
on Mie theory as explained in Reference 62. The other subroutine
Is an approximation method to the exact Mie calculations which was
programmed by this author based on articles by John A. Hodges (Ref
38:2510) and by D. Deirmendjian (Ref 17:29,30). This approximation
scheme is specificaliy designed to limit lengthy machine calculations.
The main progsram uses the Romberg Integration technique to integrate

over the particle size distribution.
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APPENDIX C |

Use of the Model

] In order to determine the lock-on range of the laser target

, designator system receiver, the geometry of the problem must be des=~

TV I

cribed. Once the problem geometry is described then solution of the

problem is reduced to a two-step process: (1) determination of the

T

total atmospheric attenuation coefficients based on atmospheric

Catal bt

conditions (observablies), and (2) substitution of these coefficients

into the laser lock-on range equation

tr ~

RZe = (6.7 x 10%2) Ttd (67)

T

which is a simplification of Eq (12) and where o__ is the total

tr ¢

optical depth (attenuation coefficient times path length) from target

v
e

to receiver and O is the total optical depth from designator to

target.

The first step is the subject of this work, and thersfore

i) Al

once the problem is reduced to Eq (67) the problem will be considered

solved. At that point, the remaining transcendental equation may be
solved with the aid of the computer.
Before illustrating the use of the model the following important
rules for determining the total attenuation coefficient are reiterated:
(1) In rain, the total attenuation ccefficient is the sum
of the molecular absorpticn coefficient, the aerosol attenuation

coefficient, and the rain attenuztion coefficient;
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(2) In fogs, the total attenuation coefficient is the sum

of the molecular absorption coefficient and the fog attenuation

coefficient;

I P T L

(3) In clouds, the total attenuation coefficient is the sum
of the mclecular absorption coefficient and the cloud attenuation

coefficient; and

U SN ST T I

(4) tn air with nc precipitation falling, the total
attenuation coefficient is the sum of the molecular absorption

coefficient and the aerosol attenuation coefficient.

The fellowing summary of important tsbles and equations is
aiso provided:

(1) Table XXV provides the molecular absorption
coefficients;

(2) Tabie XXVII} provides tane aerosol attenuation coefficients
fgr the background air mass;

(3) Eq (45) provides the mserosol attenuation coefficient for
the bnundary layer;

(i) Table X¥1 provides the attenuation coefficients for rain
as a functicn of source mechanisms and reported rain category.

(5) The astenuation coefficient of fog is calculated from
Eq (54) or determined from Table XVI1l; and !

(6 The attenuatior coefficient of clouds is found in Table

XVil.

Consider now thz following example: The laser designator

is at an altitude cf 2 km at a look angle of 30°. The designotor is
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Table XXVI11lI

Aerosol Attenuation Coefficients
for 1.0636 Micron Radiation
for Vertical Clear Air
Profile (Meteorological Range
of 40 KM at Ground Level)

-

Altitude Attenuation Coefficient :
(km) (km=1)
0 .0523
0 -1 .0493
I -2 .0h35%
2 -3 .0383
3-4 .0333
4 -5 .0299
5-6 .0263
6 -7 .0232
7 -8 .0205

*Average Attenuation Coefficient from 1.5 km to 2 km is .0421 ka1,
However, since the valus is used for only 1/2 km then the value to
be used in the vertical summation is .0211 km,
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illuminating the target through a summer afternoon haze where the

Sl AN

reported visibility is 5 km. The boundary layer extends from ground

-

level to 1.5 km. The receiver is located at an altitude of 6 km

and at a 40° look angle where the term lock angle refers to the

A it LGN 3%

angle between the vertical (zenith) and lire of vision connecting :

oale iy

ol

{ target to receiver or designator.

First, let us calculate the atmospheric transmission for the

FEIEPER- NSV, W, o}

designator. Table XXIV yields the vertical molecular absorpticn

optical path (for summer) of .04237. Cauticn should be exercised

[RCTTRRER NIRRT

hedxie iy

when summing coefficients from the tables so that the zero altitude
value is not included in the sum. Next, the boundary layer aerosol

i -y . .
attenuation is given by Eq (45) as .3165 km~ . This value times the

W

extent of the boundary layer of 1.5 km plus the average clear air
' value from 1.5 km to 2 km yields the vertical aerosol optical path

of 0.4953. Since there are no clouds or precipitation then the

P VNI UVVE I RN PO WU I L BNTVIL I FER CILUPOR Y SN Y

optical depth of the designator becomes .5382 times secant (30°).
Then the right hand size (R.H.S.) of the laser range equation

becomes

R.H.S. (6.7 x 10%m2)e 6215 (68)

n

A% i e N wat i v

The receiver optical depth is computed in like manner. The vertical

AR S

molecular absorption optical depth is .0985. The vertical aerosol

PR

attenuvation optical depth is .62415. The total vertical optical
depth is then .72305 and the tctal receiver optical depth becomes
.72305 times secant (40°). The left hand side of the laser range

equation becomes

2
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.9439

g L.H.S. = (7832.4m)2 (69) g
Since the laser range equation is a transcendental equation then 5
é , these values must be checked to ascertain if this is a solution or ;
3 :
L if the receiver is outside range. This can best be done with the ;
aid of a computer. |
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