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Appendix A
ATMOSPHERIC EFFECTS AT OPTICAL WAVELENGTHS

Section A-1
INTRODUCTION

A substantial portion of the Ship Identification Study (SIS) effort
was devoted to an investigation of atmospheric optical effects likely to be
encountered in the long slant paths required for ship identification at
acceptable stand-off ranges. Potentially troublesome atmospheric effects
can occur to a laser beam utilized for illumination in an active system, and
to reflected energy returned to the observation aircraft from the target area.
(In som¢ respects the significant effects for the illuminating beam are dif-

ferent from those for the returned energy.)

There were three principal reasons for the large effort expended in the
investigation of atmospheric phenomena in the optical wavelength* region:

(1) It was anticipated that atmospheric phenomena would play a large
role in determining the potential merits of the many candidate sensor concepts
to be considered;

(2) Atmospheric molecular absorption coefficients for laser frequencies
in a potentially attractive portion of the optical spectrum (3.5 to 4.0 micro-
meter) were not well-established, to the extent that any calculated estimate
was considered suspect and controversial; and

(3).A potentially troublesome effect, optical turbulence (both ambient
and aircraft-induced), was but poorly known and little understood for long

air-te-ground slant paths.

It was known that the problems indicated by (2) and (3) zhove were
subjects of rather intensive research at several laboratories. Researchers
at those laboratories were consulted during the course of the study, and very
significant advance unpublished results were thereby obtained for application
to the SIS effort. Thus the findings of this report depended heavily upon

*As used herein, the term "optical wavelengths' encompasses electromagnetic
waves having free-space wavelengths in the region from 0.3 to 15.0 micrometers.




information supplied by the Optical Physics Laboratory of the Air Force Cam-
bridge Research Laboratories, the Optical Sciences Division of the Naval
Research Laboratory, Air Force Weapons Laboratory divisions under the Advanced

Radiation Technology Office, the Electro Science Laboratory of Ohio State

University, and Science Applications Incorporated. (Information from the

latter two organizations resulted from efforts sponsored by Defense Research

Projects Agency under Rome Air Development Center contracts, and release of

advance data from those efforts was arranged through RADC.) Our thanks to the

many individuals involved who shared their expertise with us for this project.

References 1 through 10 of this appendix are formal published reports
in the open literature which constitute an excellent starting point and peck-

age of data sources for beginning a study of atmospheric effects upon an

electro-optical (EO) system. These references were so employed in the SIS

effort. A few papers from technical journals also proved helpful, and these

are listed. A characteristic of this study, however, is the large use that

was made of advance unpublished data obtained from researchers in the field.

Many of the listed references relate to such data. A bibliography is pro-

vided for sources not cited specifically.

As various aspects of the atmospheric transmission problem were investi-

gated, draft papers were written to document the individual efforts. Sections

A-3 through A-11 of this appendix consist essentially of those draft papers,

with some revision and updating where appropriate.

A "66-kilometer slant path" is referred to throughout this appendix

in the context of a nominal atmospheric path over which SIS must be applicable.

This nominal slant path is defined in the sketch below.

/."66 kilometer slant path"

8 = path zenith

= '
Alt = 40 k i angle

(12.192 km) it i T 3
b ad) sec|f = 5.41

Sea Level -
Horizontal Range = 35 NM (64.82 km)

= 79.35 degrees




Section A-2
ATMOSPHERIC EFFECTS SYNOPSIS

GENERAL

Optical energy reflected or emitted from a target element and received
by a sensor element at a distant location is affected in numerous ways by
transmission through the atmosphere. Phenomena of major importance in the
visible and/or IR wavelength regions are (1) attenuation of the target energy
by path absorption and scattering out of the path, (2) scattering of ex-
traneous background energy into the transmission path, (3) thermal radiance of
the air mass in the path, and (4) optical turbulence within the path air mass.
For a collimated or focused laser beam used for target illumination, (1) and

(4) are the atmospheric phenomena of major importance.

Atmospheric aEsorption, scattering, an& thermal radiance may be cal-
culated approximately by the use of appropriate atmospheric models, together
with mathematical models representing the atmospheric effects phenomena. SRL
mainly uses models and coefficient tables developed by the Optical Physics
Laboratory of AFCRL, as documented in several of the cited references. We
also employ computer programs and data tables developed by AFCRL for computer
calculation of spectral band atmospheric transmittance, manual calculation of

which is tedious and costly.

The several scattering and absorption coefficients are strong functions
of altitude, and this factor must be accounted for in an appropriate fashion
in transmittance, path radiance, and optical turbulence calculations for air-

to-surface slant paths.

The effects of some adverse weather conditions (e.g., rain and fog) are
predictable to a limited extent if the relevant parameters (e.g., rainfall
rate and extent) can be measured or estimated. A USAF Project RAND report,
R-1523-PR (Ref. 11), provides information for calculating attenuation through

rain, and the calculated results appear to be in reasonable agreement with

14
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measured values. It should be noted that rain attenuation calculations based
upon the approach in Middleton's classic text (Ref. 12) give totally erro-

neous results, and should not be used.

The McClatchey models (AFCRL) (Refs 1-8) do not take path optical tur-
bulence into account, and this phenomenon must be accounted for separately to
obtain quantitative estimates of the effects of this factor. The theoretical
basis in this area is in a primitive state of development; however, quasi-
empirical mathematical models are available for making engineering estimates,
and such computed estimates appear to agree reasonably well with experimental
results over a nominal range of atmospheric conditions and target-to-

receiver geometries.

Extensive use was made of a recent RAND Corporation work (Ref. 13) in
this area, supplemented by basic data from Tatarski (Ref. 14) and other
researchers. Experimental data relating to ambient altitude variations and
alrcraft-induced turbulence were obtained from the AFWL Airborne Laser
Laboratory program and applied to the SIS investigation. More data are
expected to be available from AFWL during 1976.

VISIBLE AND NEAR-IR WAVELENGTH REGION
In this wavelength region, optical attenuation and path radiance are
mainly attributable to scattering of energy by air molecules and by atmos-

pheric haze caused by suspended dust, smoke and other foreign matter (collec-

tively termed "aerosols").

At the shorter wavelengths, Rayleigh scattering (by air molecules) and
Mie scattering (by atmospheric aerosols) are of somewhat comparable signifi-
cance in the lower atmosphere on a relatively clear day. On a relatively hazy
day, aerosol scattering greatly predominates and becomes the limiting factor

in visible wavelength transmission. Aerosol absorption is marginally




significant (but 1is often ignored), while molecular absorption is negligible,
except as noted in the following paragraph, and may be ignored for band cal-

culations in the visible wavelength region.

Water vapor molecules are not important scatterers or absorbers of
visible wavelengths; hence,visible transmittance is not affected signifi-
cantly by atmospheric humidity. That situation changes at the red end of
the visible band, however, with significant water vapor absorption starting
at about 0.69 micrometer, as illustrated in Sets I and IV of the trans-
mittance graphs in Section A-6. Those graphs show computer-calculated band
transmittance over an SIS air-to-ground slant path, for the visible to near-

IR wavelength region of 0.3 to 1.8 micrometers, for a wide range of atmospheric

conditions.

With daylight illumination, path radiance at visible wavelengths
consists mainly of sky background energy which is scattered into the sensor
field of view (FOV). With artificial illumination in darkness, backscattered

energy from the illuminator is the principal source of path radiance.

In this wavelength region optical turbulence can cause a substantial
increase in the imaging point spread function, with a concomitant degradation
in the image quality achievable in high-resolution photography and television.
For active night-time systems employing laser illuminators, optical turbulence
induces beam wander and beam spread into the collimated laser beam, effectively
placing a minimum diameter limit upon the useful size (and associated in-
tensity) of the beam. Optical turbulence effects vary over a wide range in
the lower atmosphere, -depending upon the thermal dynamics of the air and

adjacent surfaces.

8-13 MICROMETER IR BAND

In this wavelength region optical attenuation is chiefly attributable
to molecular absorption by carbon dioxide and water vapor, and path radiance
is mainly due to thermal emission of the alr mass in the transmission path.

Absorption and scattering by atmospheric aerosols are of some significance




but are minor contributors to the total except under conditions of rel.tively

heavy haze and/or low atmospheric temperature and water vapor content.

Under most atmospheric conditions the ‘predominant factor influencing
transmittance in this wavelength region is atmospheric water vapor content
(absolute, not relative, humidity). Also, since water vapor absorption is
strongly temperature dependent, the air temperature of the transmission path
is a significant secondary factor. (A warm, humid atmosphere provides

poorest transmittance.)

In this wavelength region optical turbulence appears to be much less
significant than at visible wavelengths. Minor degradations in the imaging
point spread function and illumination beam parameters may occur under

conditions of moderate to strong turbulence.

3-5 MICROMETER IR BAND

In this wavelength region the atmosphere exhibits optical properties
which are a composite of those previously cited for shorter and longer wave-
length bands. Molecular and aerosol absorption and aerosol scattering are all
significant in the attenuation equation, and both scattering and air mass
thermal radiation should be considered in estimating path radiance. The
effects of atmospheric optical turbulence upon imaging and laser beam trans-
mission are significantly less than they are in the visible region, but

somewhat greater than they are in the 8-13 micrometer band.

Portions of this band (in the vicinity of 2.2 and 3.8 micrometers)
exhibit optimum optical transmission over a wide range of atmospheric variables.
Optical energy in these wavelength regions penetrates atmospheric haze much
better than shorter (e.g., visible) wavelengths, and is much less affected by
atmospheric water vapor than longer wavelengths (e.g., the 8-13 micrometer

IR region).



ATMOSPHERIC IMPACT UPON LASER BEAM ILLUMINATORS

Atmospheric attenuation directly decreases the illumination energy
available in the target region. Atmospheric turbulence, whether aircraft-
induced or ambient, breaks up the smoothly-varying spatial pattern of a
collimated or focused beam and produces "scintillation" or rapidly varying
intensity fluctuations within the beam. A random wandering of the beam about
a central point, together with skew, astigmatism, and spreading, are
additional beam distortions produced by optical turbulence. The end result
is a spread, wandering, fluctuating beam whose average intensity on target
can be much reduced compared to that predicted by diffraction limit theory
for vacuum transmissions. This degradation in beam quality can be very
significant over long atmospheric paths (particularly if sharp, efficient

illuminating beams are desired) and must be accounted for in system design.

ATMOSPHERIC IMPACT UPON SENSORS

Atmospheric attenuation decreases the optical signal at the receiver,
while path radiance introduces a background '"'moise" level. These factors
directly influence the available contrast in a sensor (such as photographic
film) which detects total energy content. In an electro-optical sensor
(such as TV or FLIR) the path radiance can be largely suppressed by filtering,
with mainly the video or ac component recorded or displayed. Scene contrast
at the sensor (and signal-to-noise ratio) are then influenced mainly by atmos-
pheric attenuation and sensor detectivity. Atmospheric turbulence over the
transmission path can be expected to produce radiometer/photometer reading
fluctuations and noticeable TV or FLIR image distortion and resolution degrada-

tion some significant percentage of the time.

SOME OBSERVATIONS ABOUT CALCULATION ACCURACIES AND SCALING

The molecular scattering coefficient, A exhibits a A_a dependence
upon wavelength, and the coefficient scales linearly with the number of
molecules in the path (and hence approximately with air density). Thus
attenuation attributable to molecular scattering is easily and accurately

calculable.



For a given constituency of materials and particle sizes making up
an atmospheric aerosol model, the aerosol scattering coefficient, S and
aerosol absorption coefficient, ka’ scale linearly with the number of
particles in the path, and the variation with wavelength is reasonably well
behaved. Hence, aerosol scattering and attenuation are easily calculated
for model atmospheres for which 9, and ka tables have been established for
a specified constituency and concentration of aerosol particles (including
variation with altitude). The accuracy of particular atmospheric aerosol
path transmittance estimates based upon such calculations is likely to be
rather poor, however, because the actual aerosol constituency and dis-
tributions present are not likely to be known very well and hence will not
fit the model very well. This factor is probably the principal source of

error in estimating long path atmospheric effects at visible wavelengths.

The molecular absorption coefficient, km, is a complicated function
of the total pressure, partial pressures, temperature, and specific con-
stituency of the atmospheric gases in the transmission path, and of optical
wavelength. Calculation of this factor in atmospheric transmittance is
difficult and often the results are, at best, rough estimates. A published
atmospheric absorption coefficient for one temperature, pressure, and con-
stituency is not simply scalable to another set of conditions because
individual air molecule constituents scale differently with partial pressure,
total pressure, and temperature, while wavelength dependence 1s sharply
structured and relatively unpredictable (except by machine computation).
Figures A-1 through A-4 (from Ref. 15) illustrate the complexity of this
factor in atmospheric transmittance. See also, typical high-resolution spec-
tral transmittance curves in the 3.8 micrometer region (Figure A-22 of Section

A-7) and in the 10.6 micrometer region (Figure A-31 of Section A-8).

It is because of the problem indicated in the foregoing paragraph, that
a large body of spectral line absorptior coefficients and a band transmittance
model (LOWTRAN) for a family of model atmospheres have been developed by
AFCRL. Engineering estimates for practical application purposes can be
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computed for "typical" atmospheric conditions over a rather wide range,
by application of the AFCRL models and data (using either manual or machine

computation).

DOPPLER SHIFT

The position of certain laser lines r.lative to high-resolution
atmospheric transmittance spectra (e.g., Figure A-4) gave rise to this ques-
tion: 1Is the doppler shift in frequency significant with respect to atmos-

pheric attenuation of a laser beam transmitted from an airplane in flight?

A simple calculation showed that the maximum doppler shift (transmit
direction at 0° or 180° to aircraft velocity) for an aircraft velocity of
500 knots is:

-7

Af = 8.574 x 10 f0
where fO is laser frequency. For the DF 2-1 P7 line (for example) the
doppler shift at 500 knots is:

B =B Mo D AR = 7 6558 R e feth

0.00228 waves/cm

This is less than the.order of accuracy (0.003/cm) stated for the best
available DF laser frequency measurements (Ref. 16). Comparing this value
with transmittance spectra available from OSU, AFCRL, and SAI, it is con-
cluded that the effect would be a marginal one, of no practical significance
with respect to transmittance from a B-52. It appears that the shift would
start to be significant (for a few DF laser lines) at about 0.01 cm_1 Af, or
a velocity of about 2000 knots., Doppler shift would probably cause a small
(but insignificant) improvement in the transmittance of most CO2 laser lines,

because the shift would be away from the peak of the related CO2 absorption

line in the atmosphere.




Section A-3

PATH RADIANCE AND TRANSMITTANCE

PATH EQUATION FOR RECEIVED POWER

Assume that emitted or reflected energy from a target element of uni-

form radiance is focused upon a sensor surface or detector element of a photom-

eter, radiometer, or other receiver which is at some distance from the target.

For a horizontal path of uniform characteristics, the power received by the

sensor element can be written as follows:

where

NtTa(K) + Nb(SF) (K) + Nm g (K) (A-1)

effective received power, watts
target element radiance, watts/mz—ster.
Qn/4) d2n (a "receiver factor")

effective average background radiance contributing to scattering,
watts/m2-ster.

scattered fraction; the fraction of "average'" background

radiance scattered into the radiometer FOV. SF = (o/y(1 - e—YR)
blackbody radiance at rhe air teﬁperature of the transmission path
the effective emissivity of the air mass within the radiometer

FOV. The value of sm is

k -YR
e l_
Y ¢ 3 )%

detéctor element FOV, steradians

' receiver effective clear aperture diameter, meters

detector quantum efficiency

atmospheric scattering coefficient, per kilometer
atmospheric absorption coefficilent, per kilometer
atmospheric attenuation coefficient, per kilometer

path transmittance, = e—wR

14




PATH EQUATION NORMALIZED TO RADIANCES

Equation (A-1) shows the received power to be composed of a target
component, an atmospheric scattering component, and an air mass radiance
component, respectively. If the receiver factor, K, is factored out,

Equation (A-1) may be written as:

— = = * =
N NtTa + Nb (SF) + Nmem (A-2)

where Na is an "apparent" or measured radiance. Hence the measured radiance
is composed of target, atmospheric scattering, and atmospheric emission

radiance components.

SCOPE OF APPLICATION

Equations (A-1) and (A-2) apply strictly only to a uniform horizontal
path and to narrow spectral regiouns over which the absorption and scattering
coefficients are constant, so that exponential transmittance applies. Under
other circumstances, more accurate estimates may be obtained through use of
one of the available band transmittance models (e.g., LOWTRAN). Such models
use experimentally-derived empirical relationships for calculating the
average optical absorption of atmospheric constituents which have highly

structured spectral characteristics.

With appropriate caution, and with due regard for the approximate
nature of the results, Equations (A-1) and (A-2) have been found useful in
estimating horizontal path transmittances and radiances and in pointing the
way to calculation of slant path transmittances and radiances for wavelength

bands.

VERTICAL AND SLANT PATH CALCULATIONS
For vertical and slant path calculations, the first term of Equation

(A-2), NtTa’ is relatively easy to calculate. The scattering and thermal

* This expression is a much-simplified version of La Rocca's general equation.
for "the atmospheric radiative transfer equation,'" FEquation (1) of Ref. 17.
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radiance terms, however, must ideally be calculated on a continuously variable
or layer-by-layer basis, with the radiance of each differential thickness or
layer attenuated to the observer location by the transmittance of the inter-
vening path. Such computations can be tedious and time-consuming, even when
layers of one-kilometer thickness are assumed, as in using the McClatchey

coefficient tables from References 1, 4, and 5.

It was determined, however, that the integrated scattering fraction,
SF, and the integrated air mass emissivity, €, over a vertical or slant path
are independent of the variation of ¢ and k with altitude. Hence, if
Nb and Nm were reasonably constant with altitude, the layer-by-layer computa-

tion would be unnecessary. This simplification is reasonable for N, , but not

b’
for Nm’ hence its applicability is essentially limited to the visible band.

DERIVATION OF SIMPLE PATH RADIANCE FORMULA FOR VISIBLE WAVELENGTHS
Taking the layer-by-layer approach, the path radiance, looking

vertically downward from a point above the earth, is given by:

e - . O(Ari) o -Y(Ari) —EY(ri)
. Ar,) TCAri) & ¢
e SR b(Ary)  y(ary)
k
(Ari) —Y(Ari) -Zv(ri)
+ e =g e (A-3)

N Py
m(Ari) Y(Ari)

K
“vacs s

where the first term is the scattering component and the second is the thermal
radiation component. The (Ari) subscript signifies the ith layer of thick-
ness Ar, and EY(ri) signifies the total optical depth from the observer to
the ith layer. For a slant path, eachk o, k, and vy is multipled by sec 6,
where 6 = path zenith angle.

In the visible wavelength region, absorption is negligible in comparison

to scattering, while in the 8-13 micrometer IR region, scattering is small

3
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compared to absorption and resultant thermal emission. Hence Equation (A-3)
can be considerably simplified for computation in either of these regions.

In the visible region, for example, it can be reduced to

N o= I N 1 - @@y e SEHTD L e - - ey
+ i [Yep (T T
a ri ri

Then, if N is considered constant with altitude, Equation (A-4) for the

b
visible region reduces to

I N,o= NI 1 - o 0} JTTolry) s (A=5)
all Ar
i
Dividing through by Nb and writing the summation term by term, Equation
(A-5) becomes
NS —ol —(02 o5 20O '012)
ﬁ— = §F = Ee=1¥a e
b
Scattered fraction
-0, —(03 + - - ‘012) contributions by
+1i1 - e e layers, assuming
each layer is
1 km thick and
( + ) ¢ values are in
+(l _04 (-— 04 U12) km~1. Also, that
= £ observer is 12 km

SR above surface.

b4

Performing the indicated multiplications:

17




This is the simple formula for path radiance (scattered fraction) that is
commonly used for horizontal path calculations at visible wavelengths. Switch-

ing to photometric terminology, the visible path brightness, BS, is given by:

BS = Bb a1 - Ta) for any path over which the average background

brightness, B, , can be assumed reasonably constant.

b
A check on this result was performed using the layer-by-layer
approach. The results are tabulated in Table A-1 (for the SIS 66-km
slant path, and a mid-latitude/summer "clear' atmosphere). The reader is
also referred to Boileau (Ref. 18) for tables of slant path radiances

(luminances), measured from an aircraft in flight.

IR WAVELENGTH REGION OF 8-13 MICROMETERS
In this wavelength region, scattering is small compared to absorption

and resultant thermal emission, so that Equation (A-3) can be reduced to:

-k (br ) -Ek(ri)
N l-e e
m(Ari)




Table A-1. Example Layer Summation of Path Radiances at Visible
Wavelengths; Clear Atmosphere, 66-km Slant Path

1 2 3 4 5
Layer

Layer shs Gt* < =~ao** i %t = E;aEGYEY Conizib.

(km) (km_l) T S Layer =e t =3 x5

0-1 0.1263 0.495 0.19893 0.341 0.169

1-2 0.0615 0.283 0.13743 0.475 0.134

2-3 0.0323 0.160 0.10513 0.566 0.091

3-4 0.02026 0.104 0.08487 0.632 0.066

4~5 0.01567 0.0813 0.06920 0.688 0.056

5~6 0.01305 0.0682 0.05615 0.738 0.650 Ei

6-7 0.01132  0.059 0.04483 0.785 0.047 - &

7-8 0.01045 0.0550 0.03438 0.830 0.046 Eé !

8-9 0.00970 0.0511 0.02468 0.875 0.045 :; é

9-10 0.00892 0.0471 0.01576 0.918 0.043 ‘?w ;
10-11 0.00817 0.0432 0.00759 0.960 0.041 Ul
11-12 0.00759 0.0402 0 1 0.040 o
Totals 0.32523 0.827*%*
*: Uc gk + gr at 0.5145 micrometer, from AFCRL-72-0497.
*k: a = seé 8 = 5.41
*kk Theorggglting total SF = 0.827, which agrees with 1 - Ta’ =1-10.172
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Nm(Ar ) is the equivalent blackbody radiance of the ith Ar layer, and its
i

value 1is a moderately strong function of altitude. Hence the simplification
made at this point for visible wavelengths (Nb =~ constant with altitude) has
no counterpart in this wavelength region, and the path radiance is not

approximately given by a constant multiplied by (1 - Ta).

Layer-by-layer summation of path thermal radiance (for the mid-
latitude summer model) was calculated at 10.591 micrometers for the SIS

66-kilometer slant path, as shown by Table A-2. The results were

15.9/n 5.06 watts/mz—ster—um, looking down,

27.0/7 8.59 watts/mz—ster—um, looking up.

It is clear from this example that the path radiance -(thermal) can
not be given by Nm(l - Ta) since the path radiance is different 'looking up"

and "looking down," even though T, must be the same in both directions.

The layer-by-layer summation process was exercised to obtain
approximate average values of path radiance and path transmittance, for the
8-12 micrometer band. The process was repeated, for '"clear" and "hazy"
atmospheres, for two latitude/season models, and for 5 horizontal ranges
(0, 9, 18, 27, and 35 nautical miles), looking down from 40,000 feet altitude.
The starting points for these calculations were estimated average values of
66jkm slant path transmittances read from the computer-calculated graphs*

(see Section A-6).

*Note: LOWTRAN 3 runs of August-September 1975 were used.
Results as shown in Table A-3 and Figure A-9 would be
modified somewhat if the computations were repeated using
"Modified LOWTRAN 3" results. With respect to Figure A-9,
a brief "eyeball" comparison of LOWTRAN 3 and Modified
LOWTRAN 3 indicates approximate improvements as follows,
for the 35 nm and 0 nm (vertical) transmittances of
Figure A~9 using modified LOWTRAN 3: (note continued on
page 22)




Table A-2. 66-km Slant Path Air Mass Thermal Radiance at Receiver,
at 10.591 um, Assuming Molecular Absorption Only

Total vertical OD = 0.94359; = o >+42(0-94359) _ 4 5461

Air Mass

Emiss Ta W/mz— m
0 @ 10.6 Ave ’ H
K N * K Layer ¢ to Layer N *
Layer Ave. bb m -5.41km 0D -5.4170D s
(km) _Temp. | W/m2-um (km'l) 1-e to Layerf=e ~ """ Contrib.

Looking down: mid-latitude summer (very clear)

292 27. 0.3256 0.828
287. 25. .1877 0.638
282 23. .1152 0.464
276 21. .07582 0.336
270 19. . 05544 0.25%
264 16. .04468 0.215

0

0

0

0

0

0

258 15. .03752 .184
.151
121
.100
.082
.065

kOCD\lO\LInJ-\L»JNP—'O
H WO Ny N
o

245 11.

288.5 9.72
232 8.40
225.5 7.18

Total =

1

.02378
.01952
.01574
.01241

94359

CO0O0O0OO0O0O0OODOD0OO
C OO RMEMERERMNOREO

0
0
0
0
0
0
251.5 13. 0.03018
0
0
0
0
0.

Looking up: mid-latitude summer (very clear)

0-1 7l 0.828
1-2 25 0.638
23. 0.464

21. 0.336

19. 0.259

16. 0.215

iS5 0.184

i 0.151

i[RI 0.121

9. 0.100

8. 0.082

74 0.065

1

0.172
0.0622
0.0334
0.0221
0.0164
0.0129
0.0105
0.00893
0.00785
0.00707
0.00649

Total = 27.

P DN NWO WE W~
OO0 OODOO0OO0OODOOO
OO O O0COOOCOOOMNW

* Radiant emittances;divide NS by m to get radiances.




Mid-latitude summer Mid-latitude winter

35 nm vertical 35 nm vertical
70-80% 10-127% 20-25% 3-5%

Correction of the path radiance curves has not been
attempted; however, some decrease in values would
result.

Estimated average values of total path and kilometer layer values of
Y, 0, and k were derived from these computer-calculated tramsmittance values
and previously calculated values of aerosol attenuation for this path. It is
cautioned that this approach is an approximation, for the reason previously
stated. However, experience has shown that the approximation is a reasonable
one for the circumstances of this particular problem. (The alternate approach
is a host of LOWTRAN runs to produce the layer-by-layer radiance and trans-
mittance data required, or a new path radiance computer program which would

compute path radiance more directly.)

Table A-3 is a sample tabulation (1 of 16) involved in the manual
calculations. The model atmosphere air tempefatures are from McClatchey
(Ref. 1), and the associated blackbody radiance values were derived using the
G.E. Radiation Calculator. Layer-by-layer average molecular absorption
coefficient values, km, were taken as 0.303 of McClatchey's values at
10.591 micrometers, for mid-latitude summer, and 0.425 for mid-latitude
winter, based upon the cited derivations, and altitude variations in the

aerosol absorption coefficient were taken at the same ratio as in McClatchey.

IR WAVELENGTH REGION OF 3-5 MICROMETERS

In this wavelength region the atmosphere exhibits optical properties
which are a composite of those for the shorter and longer wavelength bands.
Molecular and aerosol absorption and aerosol scattering are all significant
in the attenuation equation, and both scattering and thermal radiation
should be considered in estimating path radiance. Portions of this band
(in the vicinity of 2.2 and 3.8 micrometers) exhibit optimum optical trans-
misslon over a wide range of atmospheric variables. Optical energy in these
wavelength reglons penetrates atmospheric haze much better than shorter

(e.g., visible) wavelengths, and is much less affected by atmospheric water

vapor than longer wavelengths (e.g., the 8-13 micrometer IR region).




Table A-3. Estimated 66-~km Slant Path Air Mass Thermal Radiance
over 8-12 um Wavelength Region Looking Down
from 40 K' (12.192 km)

Horizontal range 35 nm, 64.82 km; 6 = 79.350; sec 68 = 5.41 (=a)

Layer
. Emissivity
oK Nbb e =

4 2
to Layer | W/m™-um

= N *
Layer Ave. | Watts/ Ye 1k [ -avd| oP ~azoD =
(km) Temp. | m -ster-uml (km ) 7? l-e to Layer] e Contrib.

Mid-latitude summer (hazy)

0-1 292 .83 0.18454 0.544  0.29119

1-2 287. .03 0.09468 0.368 0.19451
282 .42 0.05515 0.242 0.13936
276 .67 . 0.03449 0.164  0.10487
270 .93 0.02439 0.121 0.08048
264 .10 0.01941 0.098 0.06107
258 .57 0.01629 0.083 0.04478
251.5 .00 0.01316 0.068 0.03162
245 .42 0.01044 0.054 0.02118
238.5 .86 0.00862 0.045 0.01256°
232 .49 0.00699 0.036 . 0.00557
225.5 .09 0.00557 0.029 0O

Totals = 0.47573 (Ta = 0.076)

NN WS SO~ 0
HOOOOOOOOOOO

Mid-latitude winter (hazy)

0-1 .83 0.06832 0.193 0.116415
1-2 .03 0.03477 0.125 0.081645
.42 0.02107 0.090 0.060575
.67 0.01452 0.069  0.046055
.93 0.01064 0.054  0.035415
.10 . 0.008363 0.043 0.027052
.57 0.006842 0.035 0.02021

.00 0.005569 0.029 0.014641
.42 0.004587 0.024 0.010054
2.86 0.003600 0.018 0.006454
2.49 0.003277 0.017 0.003177 0.042
2.09 0.003177 0.016 O 0.033

Totals = 0.184735 (Ta = 0.368) 3.30

0.908
0.645
0.481
01358
0.265
0.189
0.143
0.107
0.078
0.050

WP uoy~ oo
HFOOOOODODOOOOO

Columns 4 and 5 data are from a separate tabulation.
* Radiant emittances; divide NS by m to get radiances; Nbb* (Layer ¢) (Ta to
layer).

Note: The note on page 20 regarding LOWTRAN 3 applies to this page also.




The path radiance in this region will be relatively small for two
reasons: (1) the natural daylight illuminatiqn is much reduced compared to
the visible, and (2) thermal radiance is much reduced compared to the 8-13
micrometer IR band. However, accurate calculations of path radiance are much
more laborious because the simplifying approximations of those bands do not

apply in the 3-5 micrometer region.

We have not attempted to make estimates of path radiance for the

66-kilometer SIS slant path in this wavelength region. However, computer

calculated band transmittances and manually calculated transmittance values

for many DF laser lines in this region have been accomplished, as reported
in Sections A-~6 and A-10.

AEROSOL MODELS

The aerosol model used in the calculations reported herein is AFCRL's
""average continental aerosol model" (1974) supplied to SRL by Reference -19.
(More recently, this model appears in the aerosol spectral data table of the
LOWTRAN 3 computer code, Reference 8, p. 86. The LOWTRAN 3 report, dated 7
May 1975, was distributed in December 1975.) The vertical distribution of
particle densities for this model is given on page 9 of Reference 1, for
normalized "clear" (S.L. visibility = 23 km) and normalized "hazy" (S.L.
visibility = 5 km) atmospheres. In SRL's normalized "light haze" atmosphere
(S.L. visibility = 10.8 km) the particle density at each altitude is the

geometric mean of the '"clear" and "hazy" values.

AFCRL also has an "estimated marine aerosol model," an advance copy
of which was supplied to SRL by Reference 20, and several other models
(i.e., urban and rural) intended for near-future publication in a supplement
to LOWTRAN 3. We have exercised the marine model to some extent on the

SIS study, as reported in other sections of this appendix.

RESULTS

Some typical calculated results are illustrated in Figures A-5
through A-9, and others may be found elsewhere in this appendix.
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Figures A-5 through A-7 show calculated values of slant path trans-
mittance at wavelengths of 0.6525 micrometer, .55 micrometer, 3.73 micro-
meter, and 10.591 micrometer. The visible wavelength curves are nearly
independent of latitude-season model. For example, the curves for 0.55
micrometer and 0.6525 micrometer apply within 0.002 for any of the five
McClatchey latitude-season models. On the other hand, the large dependence

upon haze level is clearly shown, for these wavelengths.

At the other extreme, the small dependence of 10.591 micrometer
transmittance upon haze level, and the large dependence upon latitude-season
model, are clearly shown. The 3.73 micrometer curves show an intermediate

level of dependence upon both factors.

Figure A-8 illustrates slant path luminance at 0.55 micrometer, the

mid-point of the visible buand, calculated from the simple formula previously

diéﬁussed.

Figure A-9 illustrates calculated band transmittance averages and
path radiances for the 8-12 micrometer band, computed according to the
layer-by-layer method previously described. Both sets of curves (trans-
mittance and path radiance) show the cited strong dependence upon latitude-
season model, with lesser dependence upon the haze level. Comparison of
these curves with those of Figure A-7 shows the relatively better trans-
mittance of the 8-12 micrometer band as compared to monochromatic trans-
mittance of a CO2 laser wavelength. (Also, see Note, page 20.)

While comparable curves comparing 3-5 micrometer band transmittance
with DF laser monochromatic transmittances have not been developed, review
of available data shows that most DF laser lines exhibit better atmospheric
transmittance than the average band transmittance. This is opposite Eo what

occurs in the 8-12 micrometer band with respect to band and CO, laser line

2

transmittances.
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Section A-4
ATMOSPHERIC OPTICAL TURBULENCE

INTRODUCTION

Identification schemes which utilize optical signals will be adversely
affected by the propagation of these signals through a turbulent atmosphere.
It is convenient to divide the propagation path into two parts, the turbu-
lent aircraft boundary layer and the free atmosphere. The reason for this
division is that the free atmosphere optical turbulence is caused primarily
by thermally induced air density fluctuations, and is characterized by a
Kolmogorov-type refractive index fluctuation spectrum, while the boundary
layer optical turbulence is caused primarily by mechanically induced density

fluctuations whose structure is quite different.

The theory of free atmosphere optical turbulence has been developed
and experimentally verified sufficiently to permit the direct calculation
of optical signal degradation. However, the theory of aircraft boundary
layer optical turbulence is not so well developed, and experimental results
are only presently being obtained. For the presenE purpose, we must rely
on preliminary data for estimates of the aircraft boundary layer effect.
Since the types of degradations produced by the boundary layer are the
same as those produced by the free atmosphere, we proceed to a brief des-

cription of free atmosphere turbulence.

FREE ATNCSPHERE TURBULENCE
Backgrund .

The origin of the free atmosphere turbulence effects lies in the
fact that the refractive index at a point in the atmosphere exhibits small
fluctuations about its mean value. The fluctuations are correlated only
over short distances, and hence produce a general degradation in optical
signals propagating through the atmosphere. Clearly, a detailed descrip-
tion of the degradation is not possible without a detailed knowledge of the

refractive index space-time dependence. However, a statistical description
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of the refractive index fluctuations does permit a statistical description
of the resultant optical degradation., It is this approach which has been
used by many authors to obtain useful formulae for calculating the various
degradations produced by atmospheric turbulence. A major portion of the
theory is contained in the volume by Tatarski (Ref.14), and the review
articles by Lutomirski et al (Ref.13) and by Lawrence and Strohbehn (Ref.21)
provide useful practical discussions and summaries of more recent important

theoretical and experimental results,

Refractive index fluctuations arise primarily from temperature
fluctuations in the atmosphere, which in turn are produced by the turbulent
mixing of hot air (usually heated by the earth's surface) with cool air.

The mixing occurs through a series of eddies ranging in size from LO

(= 1 meter near the surface) to Qo (= 1 millimeter). Lo and Zo are called
the outer and inner scales of turbulence. Pressure and humidity fluctuations
also produce index fluctuations, but their effect is usually negligible
compare&.with temperature fluctuations. An exception to this rule occurs
when dry air mixes with moist air, as might occur at a land-sea

interface (Ref.22).

A useful descriptor of the index fluctuations at a point 2z along a
propagation path is the spatial index power spectrum ¢n(f,z), which is defined
as the three-dimensional Fourier transform of the index spatial correlation

function. For locally isotropic turbulence, gﬂd?,z) is often written

, -~ )’
o DSORF*CENZhEer T
® (K, z) = B (a-7)

11/6

K2+L“2)
(o]
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where K 1is the spatial frequency and an(z) is a parameter which is a
measure of the strength of the turbulence (the rms index fluctuation is
approxémately CnLol/3). The gross spatial dependence of ®n is contained
in Cn (z). For many applications, the ¢n dependence on lo and LO

can be supressed, yielding the Kolmogorov spectrum

5 -11/3
@n(K,z) = 0.033 C (z) K (A-8)

Since no good models exist for the outer scale at high altitudes and since

the inner scale can usually be neglected, we utilize the Kolmogorov spectrum
2

for this application. We note that Cn has the dimension of (1ength)2/3

and that the constant 0.033 is appropriate when MKS units are used.

A useful conceptualization of the refractive index field is to
imagine a dynamic collection of arbitrarily shaped lenses having different
refractive indices with sizes ranging from lo to Lo' An optical wave
passing through the atmosphere will then undergo a series of focusings
and steerings, and will impinge on a target or receiver with considerable
degradation. The degradation will be manifest in a variety of ways, de-
pending on the type of optical wave involved (i.e., spherical wave, focused
beam, or reflected ambient light), the viewing techniques (i.e., point
detection or imaging system), and the coherence of the initial optical

signal as well as other factors.

Most treatments diviae the total wave degradation for infinite
extent wavefronts into two parts: amplitude fluctuations and phase fluc-
tuations. The amplitude fluctuations, termed scintillation, are produced
primarily by the focusing action of the index field and are observed as a
breakup of the wavefront into fluctuation patches of high and low intensity.
The phase fluctuations are produced primarily by the steering action of
the index field and are observed to first order as fluctuations in the

angle of arrival (wavefront propagation direction) of the radiationm.
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The same division (amplitude and phase) is generally carried over
in treatments of finite beam degradation., However the turbulence will also
produce two additional effects, motion of the beam centroid (beam wander)
and fluctuations and enlargement of the beam waist (beam spread). These
effects are the result of first order and higher phase fluctuations
respectively. In passing, we note that intensity fluctuations actually
ohserved at a point in the beam may be due both to scintillation and to
beam wander. The scintillation which we estimate below should be taken as

the intensity fluctuation at the beam center.

In imaging systems, the wavefront incident on the receiver will be
degraded by scintillation and by phase distortion. However, it is not
these degradations directly but rather those observed in the image plane
which are of interest. 1In general, a point in the image will show power
fluctuations due to scintillation, motion (image dancing) due to first
order phase fluctuations, and spreading (increase in the point spread
function (PSF) width) due to higher order phase degradations. The power
fluctuations are often negligible due to the averaging effect of the re-

ceiver and source.

Before discussing the specific turbulence-produced effects studied
here, we point out that the time frame in which observations are made can
be important. For example, in a short time (approximately 10 ms) imaging
system, the resolution will be determined by the instantaneous point spread
function, and will not be affected by the image dancing. However, for long-
time averaging (as in a 10 second photographic exposure), the image dancing
will be convoluted with the PSF, yielding a further decrease in resolution.
When each image point is a short-time average, but the image frame is
collected over a long time, the overall effect will be a high-resolution

image (as determined by the instantaneous PSF), with considerable distortion

as determined by the image dancing.




Analysis

A general optical ship identification system will potentially
utilize an illuminator and an imaging receiver. The turbulence degradations
which need be considered for the illuminator are scintillation, beam wander,
instantaneous beam spread, and long-term beam spread. For an imaging
receiver, we need to consider scintillation, image dancing, instantaneous
point spread function, and long-term point spread function. We now present
the formulae used to estimate these effects. Since formulae for finite
beam propagation are complex and unwieldy, and since plane wave or point
source (spherical wave) formulae often yield adequate approximations, we
use those formulae where applicable.

The descriptor for scintillation is ¢ the variance of the dis-

R’ ’
tribution for the natural logarithm of the normalized intensity as observed

by a point receiver. For spherical wavefronts of wave number k = 27/},

propagating from position 2z' = 0 to position z' = gz, 022 is given by
z )
6.2 = Untof de'(z-2")? [ /"o w2
L,s z n
0 0
(A-9)

2
21K z'(z-z'ﬂ
sin [———?ﬁa;”——

Kzz'(é—z') 2
2kz

For the Kolmogorov spectrum, this equation reduces to

=




z . S5/6
ol = 2on k10 5 ey 2 ¢ 2(2")dz (A-10)
2,8 0 2 n
The corresponding equation for plane waves is
2 z
o, = 224 K/% 1 @20 ¢ 2zyaz (A-11)
»P 0 n

We note that, for spherical waves, turbulence near the path midpoint is
weighted strongest, but for plane waves the strongest weighting is for

turbulence near the source.

22 G
however, for strong turbulence and/or long propagation paths such that

2

g > 1, the formulae yield values which are too large. Experimentally, a

saturation of scintillation occurs. An empirical correction factor has been

These equations yield good agreemenc with measurements for o

obtained (Ref.23) which yields a corrected 9 e given by
>
o
L
o = TR (A~12)
fi 1+ AOEB

where A and B are constants with a slight wavelength dependence.

In addition to the saturation correction, the averaging effect of
the receiver (or resolution element for the i1lluminator) must be considered.

A useful engineering formula for the aperture average correction factor
is (Ref.13)

a = —-—-——-—-—-—-——-—-i- (A_13)

Then o =ia | g
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where D is the receiver diameter and is the transverse amplitude

P
)
correlation lengch and is given approximately by

(A-14)

2
This factor '"a" is somewhat optimistic for By & 1, but is accurate

enough for the work at hand (Refs 24, 25).

For imaging systems, one further correction is needed to account for
the averaging over the resolution element at the target. Lutomirski (Ref.13)

gives this factor as

7/3
g g -g& ; then B = S o (a-15)
r 3 Las

where p2 is as defined above and r 1is the linear dimension of the

resolution element at the target.

The primary descriptor for the phase degradation is the phase
structure function D¢(p) defined by

D) = <[4 - @+ D> (A-16)

where ¢(r) 1is the phase at point r in the target or receiver plane and
p 1is a displacement transverse to the propagation path. The brackets

indicate a time average. For spherical wavefronts, D,(p) 1s given by

¢

z A Kpz' A
é dz' é [1 - Jo(—;—-n P (K,z")KdK  (n-17)

22
D¢,S(p,z) = 8mnk

For the Kolmogorov spectrum, this reduces to
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5/3
_ 2 5/3 2 2, .,z : )
Dyl =2 52 FEE g A G (]« (A-18)

The corresponding formula for plane waves is

2
D, ,(2) = 2.91 K2 533 an(z')dz' (A-19)

0

Another useful descriptor for the wave degradation is the mutual
coherence function M(p) which can be defined as the cross correlation of
the complex radiation field normalized to its vacuum value (Ref. 13).

M(p) can be written

-1/2 D¢(p)
M(p) = e (A-20)

where D¢(p) is the phase structure function.

The separation ° in the receiver plane at which M(po) = e_1
is called the transverse coherence length and is given by
D¢(OO,Z) =3 (A-21)

Formulae (A-20) and (A-21) are valid for all three waveforms (plane, spheri-

cal and beam), provided the appropriate phase structure function is used.

Using the Huygens-Fresnel approach, Lutomirski (Ref. 13) has shown
that the total long-term beam spread for a Gaussian beam can be approxi-

mately written as

1/2
8 e (902 ) (A-22)

where eo is the diffraction limit spread and es is caused by turbulence

and can be written as
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(A-23)

Here, ?o is the transverse coherence length, and Equation (A-23) gives the
value appropriate for computing the e—l diameter. Since the Huygens-
Fresnel approach 1s used in the derivation of Equation (A-22), the spherical

wave structure function is used to compute Py

2
The short-term beam wander ¢ for homogeneous turbulence (Cn =

constant) is given by Chiba (Ref. 26) to be

¥ = 21.5 cn2 ke

(A-24)
where ¢ 1s defined as the e-z diameter of the beam wander distribution.
This formula should be approximately valid for inhomogeneous turbulence if
the appropriate average value of an is used. Since beam wander is a phase
effect, we have used the phase structure function as a basis for computing
the average an, obtaining

z SV
fcle) B dz
— 2 T gt

Cn Al e (A-25)

The spherical wave form of D¢ was used because it yields a more pessimistic

value for C
n

Reliable predictive formulae for the short-term beam spread vy are
not available, so we estimate this parameter by taking the root square

difference between es and ¢

1/2
T (632 = ¢2) (A-26)

This estimate is likely to break down for GS = & due to the different

approximations involved in obtaining ¢ and es.
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The short-term rms image dancing is equal to the rms angle of

arrival fluctuation o, which is given by (Ref. 13)

P (A-27)

where D 1is the receiver diameter. The spherical wave structure function

is used here.

Combining Equations (10a) and (10b) of Ref. 27, and applying a point
source function, the long-term point spread function PSF is given by:

D 21
- -0z P
PSF(x) = C e é é ML (D) Ms(o) e

~1i(kpx cos e)/fpd¢¢)(A-28)

where f and D are the lens _ocal length and diameter, Ms(p) is the
spherical wave mutual coherence function, and ML(p/D) is the lens transfer

function

2
M (p/D) = -f; [cos‘1<%> - & Vi - &) ] (A-29)

-0z
The factor e represents transmission losses.

The short-term PSF width is approximated as the root square
difference between the long-term PSF width and the image dancing parameter

Q.

In carrying out the detailed computations, it 1s necessary to adopt
a form for the altitude variation of an. No adequate theory ‘exists to
predict a form except at low altitudes and under specific meteorological
conditions; we therefore rely heavily on measured profiles., Figure A-10
shows results obtained from AFWL (Ref. 28 ), summarizing airplane measure-
ments made on several flights. Figure A-11 shows a sample profile measured
from an ascending balloon (Ref. 29). an profiles have also been inferred
from stellar scintillation measurements. In arriving at a composite profile,

many authors (Refs 30, 31, 32) use terms such as
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2
Typical profiles of refractive—index structure coefficient Ch(h),
temperature T, and wind speed |V| vs. altitude h above mean sea level.
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Figure A-11. Balloon Cn Profile Measurements

42 .




~-h/h
2
c?@m) = 0yt e ® (A-30)

The profile chosen for thig_effort is of the form

an(h) = e 23 o000 o o o goTl7 723 (A-31)

Here, KO represents the ground Jevel (h = 1 m) turbulence and the -2/3
exponent is the low level (h < 100 m) altitude dependence observed under
neutral conditions over water. (Under meteorologically unsctable conditions,
a =4/3 exponent is more appropriate; we have chosen the more conservative
exponent.) The value of ho = 1000 m describes the more rapid decrease of
the ground level influence at higher altitudes. The constant term 5 x
10—l7 m—2/3 is a worst-case estimate for the highly variable upper tropo-
sphere an level. Ground level measurements generally find an varying
from -~ 1015 m~2/3 or less to 5 x 10-13 m-2/3over land, depending on the
local meteorological conditions. Over sea, the upper limit is an order of
magnitude lower for comparable solar flux and air temperature conditions
(Ref. 33). We have chosen KO values of 10_15, 10_14, and 10_13 for the

computations.

Results

Programs for the Hewlett-Packard 9820 calculator were written to
evaluate the integrals involved in the formulae. Calculations were per-
formed ior three levels of turbulence (Ko = 10-13, 10-14, 10—15) and at
four wavelengths (A = 0.5145, 1.06, 3.80, and 10.6 micrometer) covering the
ranges of primary interest. For the calculations, the transmitte;/receiver
was assumed to be at 12.2 km altitude, with the target at a slant range of
65.9 km.

For calculating scintillation in the transmitted beam, we have used
the spherical wave approximation. This formula should be quite good for.

diverging beams, and the error should be small for collimated beams for

the air-to-ground path since the strong turbulence is near the ground. (For




collimated beams propagating from grcund level to the aircraft, the plane
wave approximation would be more accurate.) Since we are interested in

the ultimete effect of the scintillation on the target image, we have
averaged the scintillation over a one-meter spot corresponding Lo a 15-
microradian resolution element. Table A-4 shows the results, including the
theoretical 02, the value corrected for saturation oz(m), and the aper-
ture~-averaged value UZ(A), along with the amplitude correlation length Py
and the resultant rms intensity fluctuation level both at a point (dB(pt))

and averaged over the one-meter spot (dB(avg)).

Table A-5 shows the short-term beam wander ¢ for the air-to-ground
path. Also shown is the average value of an used in the computation for
each turbulence level as computed from the phase structure function. The

beam wander 1s given as the e-2 diameter of the beam position distribution.

Table A-6 gives the transverse coherence length Po and the re-

sultant long-term beam spread es. Beam spread values are given both at

the e—l diameter (BS) (per the formula) and at the e_2 diameter (SS') for

comparison with the beam wander. We have computed es' assuming a Gaussian
distribution (es' = 2/2 BS). In order to make the result more general, the

vacuum beam divergence has been omitted.

Table A-7 summarizes the degradations to be expected in the illumi-
nating beam. For scintillation we include the point intensity fluctuation
level (dB(pt)), the resolution element averaged fluctuation level (dB(avg)),
and the amplitude correlation length Py- Also shown are the short-term
beam wander ¢, the short-term befm spread v, aaﬂ.‘ye long~-term beam

spread eS', each given at the e diameter of the distribution (y is

the root square difference between BS' and ¢).

For scintillation in the imaging leg (as well as for all other tur-
bulence effects in the imaging leg), we use spherical wave formulae.
Table A-8 shows the scintillation results, including the theoretical 02

2
the value corrected for saturation o (m), the value corrected for source
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Table A-5. Short-Term Beam Wander over 66-km
Slant Path, Free Atmosphere

c 2

n
-2/3
m

A

) (um)
0.5145

6 1.06

3.8

10.6

(

3.49 x 10




Table A-6. Long-Term Beam Spread over 66-km
Slant Path, Free Atmosphere

0 6 '
A s s
Ko (um) (urad) (urad)
0.5145 15 43
10_13 1.06 13 37
3.8 10 29
10.6 8 23
0.5145 6 18
10_14 1.06 5 15
3.8 4 12
10.6 3 10
0.5145 5 14
10-—15 1.06 4 12
3.8 3 9
10.6 3 8
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2
averaging uz(s), and the receiver averaged value o (A) (for a 30-cm

aperture). Also shown are the amplitude correlation length Py and the
resultant rms intensity fluctuation levels, both at a point in the receiver

plane (dB(pt)) and at a point in the image (dB(avg)).

Table A~9 gives the rms image dancing computed for a one-meter
receiver diameter, both at the rms radius (a) and at the e"2 diameter (a').

Note that this parameter i1s independent of wavelength.

To calculate long-term point spread functions, a £ = 1.0 m, D =
30 cm diffraction-limited imaging lens was chosen. Both the diffraction
limit and the turbulence degraded PSF's were computed. Figure A-12 shows
typical curves (the curves are normalized to unity peak intensity). From
these curves and the accompanying calculator output, the e_2 diameter of
the diffraction limit (80) and the degraded (BA) PSF's were obtained. These
results are shown in Table A-10, along with the atmospheric degradation 6

D

(root square difference between 6 and 60) and the on-axis intensity

A
reduction I/Io. To evaluate the effect of lens diameter (f# constant) on
image degradation, the PSF calculations were made for four different

diameters (D = 0.15, 0.3, 0.6, and 0.9 m). Results from this calculation

are shown in Table A-11 and Figure A-13.

Table A-12 summarizes the degradations to be expected in the image.
For scintillation we include the intensity fluctuation level at a point in
the receiver plane (dB(pt)), the fluctuation level at an image point

(dB(avg)), and the amplitude correlation length p Also shown are the

e
image dancing a', the short-term PSF width BA’ the long-term PSF width
GA, and the diffraction limit eo (B 1s the root square difference between
SA and a'). Again, these results are for a f =1 m, D = 30 cm imaging
lens, and the angular quantities are given at the e_2 diameter of the re-

spective distributions.




Table A-9, 1Image Dancing over 66-km Slant Path,
Free Atmosphere

161 o
Ko (purad) (urad)
107 2.4 9.6
10714 2.3 9.3
1074 | 2.3 9.3

Table A-10. Long-Term Point Spread Function Degradation
over 66-km Slant Path, Free Atmosphere

A ® Oy °p

Ko (um) (urad) (urad) (purad) I/Io
0.5145 2.82 13.0 12.7 0.047

-1 1.06 5.81 12.8 14 0.208
3.8 20.8 23.0 9.8 0.818

10.6 58.1 58.9 9.7 0.973

0.5145 2.82 12.6 12.3 0.050

Lo 14 1.06 5.81 1o 11.0 0.220
3.8 20. 8 22.9 9.5 0.827

10.6 58.1 58.9 9.4 0.975

0.5145 2.82 12.6 12.2 0.051

Lg-15 1.06 5.81 12.4 10.9 0.221
3.8 20.8 22.9 9.5 0.528

10.6 58.1 58.8 9.3 0975

Table A-11. Lens Diameter Dependence of Long-Term Point Spread

Function Degradation over 66-km
Slant Path, Free Atmosphere A = 3.8 um

D 8 | reing 9

0 A D
(em) (urad) (urad) (urad) I/I0
15 41.6 43.0 10.9 0.936
30 20.8 23.0 9.8 0.818
60 10.4 13.8 9.1 0.564
90 6.9 3 8.9 0.376
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Figure A-13. Lens Diameter Dependence of Point Spread
Function Degradation Over 66-km Slant Path,
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ATRCRAFT BOUNDARY LAYER OPTICAl. TURBULENCE

The optical degradations introduced by propagation through the air-
craft boundary layer will be qualitatively similar to those produced by the
free atmosphere. We are primarily interested in the phase degradations,
i.e., the wander and spread in the illuminating beam and the dancing and reso-
lution loss in the image. Although some work has been done in the area of
optical degradations produced by turbulent boundary layers (Refs 34, 35),
reliable predictive equations are not generally available. We have there-
fore elected to utilize experimental results to obtain upper bound estimates

for aircraft boundary layer degradations,

The Air Force Weapons Laboratory (AFWL) at Kirtland AFB in Albuquerque
has had a comprehensive experimental investigation of turbulence degradations
(including both boundary layer and free atmosphere effects) under way for
some time. Although the major rfindings of the program are not yet published,

useful preliminary results were made available to the SIS program. These

2
results are in three areas: troposphere Cn measurements (discussed pre-

viously); aircraft boundary layer degradation of finite beams; and boundary
layer MTF measurements. The AFWL beam degradation data (only) carry a
SECRET security classification,

The finite beam experiment (Ref. 36) involved the propagation of
a 10.6-micrometer beam from the Airborne Laser Laboratory (ALL) C-135 air-

cralt to a target T-39 aircraft over a range of approximately 1 kilometer

at various altitudes and air speeds. The beam was focused onto a target board
consisting of an array of detectors whose temporal output was recorded. A
simultaneous recording of the tracking and pointing errors in the ALL C-135
beam projection system was made. Analysis of the data allowed the computation
of the temporal variation of both the beam centroid position and the beam
diameter (as well as other parameters) for the experimental l-kilometer path,
and subsequent extrapolation to the nominal SIS 66-kilometer slant path.

These results are classified SECRET, to be consistent with the AFWL data

upon which they are based. To avoid classification of this appendix, those
results are repcrced in the atmospheric optical effects section of the main

body of this repor:.




With respect to imaging, information was received on two boundary
layer MIF experiments (Ref. 37), both designed primarily to test the pre-
dictions of simple theory. This theory predicts that the MIF has the form

MIF = exp - akz =

where k 1is the wave number, fo2 is the spatial frequency associated with
the dominant turbulence scale, and a 1is a strength parameter which is
proportional to the dynamic pressure. The line spread function is then
predicted to show saturation at apertures large compared with the dominant
scale size and should have a considerable wavelength dependence. 1In the
first experiment a 0.6328 micrometer beam was propagated twice through the
turbulent boundary layer surrounding a specially fitted NASA Lear Jet in
flight. Both the line spread function (LSF) and the MTF were measured at

a variety of air speeds and altitudes and for beam diameters between

10 and 24 mm. In some measurements an aerodynamic fence was placed in the
airstream ahead of the propagation path. The LSF degradation as measured by
the peak intensity relative to the non-degraded peak intensity (I/Io) was
between 0.73 and 0.86 micrometer (one way) for all runs without the fence.
With the fence, values as low as 0.55 micrometer were reported. The ex-
pected dependence on dynamic pressure (altitude and air speed) was present.
only when the fence was used. The LSF saturation with aperture size was

not observed even though the 24-mm aperture was considerably larger than the

estimated 4.8-mm dominan* scale size. The fence, often used to quiesce

flows around open ports, resulted in significantly smaller degradation.

The second MTF experiment was performed in a wind tunnel and was
designed to investigate further the wavelength and aperture dependence.
Although analysis is not complete, preliminary results were made available

which verified the predicted wavelength scaling (from 0.488 to 1.06 micro-

meter) and which showed aperture saturation for 35 mm beams.




In order to use the results from these experiments in obtaining
estimates of boundary layer image degradation, we assume that aperture satura-
tion takes place at all wavelengths before 40 mm. (This seems reasonable
since boundary layers are typically 5 cm thick.) Scaling the Lear Jet data

to 40 mm, degradations of 0.45 should be expected at 0.6328 micrometer.

2
- (a/))
Usinga 1 - e wavelength dependence (approximately valid for

(a/A)2

the free atmosphere), ‘we compute I/IO values of 0.33, 0.73, 0.97, and

0.99 for 0.5145, 1.06, 3.8, and 10.6 micrometers respectively.

COMBINED RESULTS: FREE ATMOSPHERE AND AIRCRAFT BOUNDARY LAYER TURBULENCE
For the case of an illumination beam, the results are classified and

are therefore reported in the body of this report.

For the imaging case, we can combine the boundary layer PSF degrada-
tion by taking the product of the I/Io ratios for the boundary layer and the
free atmsophere and then computing resultant PSF widths. Table A-13 shows the

total estimated image degradation for a £ = 1 m, D = 30 cm lens, including

the scintillation level in the image plane (dB(avg)), the image dancing «
the short-term PSF width BT’ the long-term PSF width er, and the lens
diffraction limit 60.

T’




Table A-13. Combined Image Degradation

A & By o %
K, (um) dB (avg) (urad) (urad) (urad) (urad)
0.5145 0.10 9.6 24l 23 2.82
1.06 0.14 9.6 i 15 5.31
e
3.8 0.30 9.6 2l 23 20.8
10.6 0.39 9.6 58 59 58.1
0.5145 0.09 9.3 20 22 2.82
1.06 0.13 9.3 11 14 5.81
10”14
3.8 0.25 9.3 21 23 20.8
10.6 0.32 9.3 58 59 58.1
0.5145 0.09 9.3 20 22 2.82
1.06 0.13 9.3 11 14 5.81
10—15
3.8 0.25 9.3 21 23 20.8
10.6 0.31 9.3 58 59 58.1

58




Section A-5
ATMOSPHERIC AEROSOL ATTENUATION OVER 66-KM SLANT PATH

(Summary of current data and analysis)

ATTENUATION COEFFICIENTS*
Figure A-14 is a graph of aerosol attenuation coefficients for AFCRL
atmospheric aerosol models, at sea level, for a normalized "clear' atmosphere

(for which the standard visibillity range is 23 kilometers).

The solid curve ié plotted from tabulated values taken fromthe AFCRI,
"Optical Properties of the Atmosphere" report (Ref. 1), and is consistent
with Figure 22 of that report. That curve is also reflected in the aerosol
coefficient tabulations of other reports ¢f the 1972 era (e.g., AFCRL-72-
0312 (Ref. 7) and AFCRL-72-0611 (Ref. 4) ) and in the atmospheric trans-
mittance computer program LOWTRAN 2, AFCRL-72-0745 (Ref. 2).

The dotted curve marked by x's was plotted from tabled values (Ref. 19)
supplied to SRL by AFCRL. That curve represents AFCRL's revised model for an
"average continental aerosol," based upon a great deal of experimental
measurements and analysis during the 1972-74 time period. The revised data
are reflected in Figure 2 of AFCRL-TR-74-0003 (Ref. 3) but are not yet pub-
lished 1in coefficient tables comparable to those of the earlier reports.

They do, however, appear in the aerosol spectral data listing in Computer

Code LOWTRAN 3 (Ref. 8), recently published by AFCRL.

The dotted curve of Figure A-14 marked by small circles represents
an AFCRL estimate of an "average maritime aerosol," according to tabulated
values (Ref. 20) supplied to us by AFCRL. The data are the ''sea level"
values applicable to the "exchange layer" or transition region between the

ocean surface "boundary layer" and the '

'upper atmosphere,'" for a 60% salt
spray, 407 continental aeroscl mixture. Depending upon sea state and

weather (including recent weather history), the exchange layer may be from

* Some of the ideas expressed here and in the subsection following (entitled
"Status of Models") are based upon personal discussions during a visit
to AFCRL (see Ref, 38),
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1 to 5 kilometers in depth. In this region, the atmospheric aeroanl charac-
teristics are considered to transition from a predominantly marine type in the
lower part to a predominantly continental type at the top. During periods of
low wind and a relatively calm sea, salt particles and salt water droplets

drift downward and effectively lower the top of the marine aerosol region.

The plotted curves are for a relative humidity of 757%. However, the
variation with relative humidity is negligible for continental aerosols, but
is significant for marine aerosols., This is due to the hygroscopic nature of
salt: at low values of R,H., atmospheric salt content consists primarily of
solid particles; at high values of R,H., much of the atmospheric salt exists

as salt water droplets, with differing optical properties.

STATUS OF MODELS

The plotted (1974) continental aerosol values are based upon many
measurements of atmospheric aerosol particle sizes, chemical determination of
constituent materials, and measurement of the complex index of refraction of
those materials. Additionally, optical measurements of scattering and
attenuation using laser sources have confirmed the accuracy of the piotted
results at representative points throughout the spectrum. In brief, that

curve is rather well established.

In contrast, the data points on the marine aerosol curve are cal-
culated values based upon very sketchy data about marine atmospheres. Ex-
perimental verification is virtually non-existent, and the statistical
variations with time, altitude and location are almost entirely unknown. In
brief, the marine aerosol model constitutes a '"best guess''--a good starting
point to serve as a basis for the additional research and experimentation

required to establish a valid dats base.

APPLICATION TO SIS SLANT PATH AEROSOL PARTIAL TRANSMITTANCE ESTIMATES
In view of the status of the current marine aerosol model, the reader

is cautioned to consider the following results as rather preliminary (but
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the best that can be done at this time). The cited "average continental"

and "estimated marine'" models were employed to calculate the results reported

briefly below and on the accompanying graphs.

Figure A-15 is a graph of aerosol transmittance versus wavelength
for a 66-kilometer slant path, based upon the revised aerosol coefficients
of Figure A-14, calculated for a normalized '"clear" atmosphere, for which
the sea level visibility range is 23 kilometers (for each model). The solid
curve is for the revised "average continental aerosol model" and the dotted
curve assumes that the estimated marine aerosol model (607 sea spray, 40%
continental aerosols) exists over the whole path, which, from our conversations
with AFCRL,is an unlikely situation. The dashed curve is for a "composite"
situation in which the marine aerosol model is assumed for the first kilometer
of altitude and the average continental model is assumed for the remainder
of the path. This is considered (postulated, really) to represent approxi-
mately a "worst case" with respect to atmospheric aerosol content,

.

Figure A-16 is a similar presentation for a normalized '"hazy' atmos-
phere, for which the sea level visgibility range is 5 kilometers for each
model. The sea level aerosol concentration is 4.87 times the '"clear'" value,
with a decreasing ratio between the two as altitude increases. Above 5

kilometers, the two are identical in the models.

Figure A-17 is a similar presentation for SRL's normalized "light
haze" atmosphere, for which the sea level visibility is 10.8 km. The sea
level aerosol concentration for this visibility is the geometric mean of the

"eclear" and '"hazy'" values, or 2.2 times the "clear" value (2.2 = v4.87 x 1).

Figures A~18, 19, and 20 present the same curves as in Figures A-15,
16, and 17, but the curves are grouped to compare "clear'", "light haze" and

"hazy" transmittance for each aerosol type in lieu of the previous presentation.
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METHOD OF COMPUTATION

Since altitude variation tables are not currentiy available for the
revised continental and new marine models, it was necessary to synthesize
the required "optical depth" values from which to calculate aerosol trans-
mittance values for the slant path. This was accomplished in the following

manner, based upon the essential linearity of the aerosol attenuation

process:

(1) It was determined, from data tables in AFCRL-72-0497 (Ref. 1),
that the equivalent sea level path length (ESLPL) of a 0-1 km vertical path
for a "clear'" atmosphere is 0.664 km, and the ESLPL of a 1-12 km vertical
path is 0.656 km. Similarly, for a normalized "hazy" atmosphere the ESLPL
for 0-1 km is 0.604 km, and for 1-12 km it is 0.373 km.

(2) Then for our 66-kilometer slant path, the respective WSLPL's are
just the above values multipled by the secant of the path zenith angle
(secant 79.35° = 5.41). Hence, for an all-continental or all-marine atmos-

phere,sthe slant path optical depth values are, for a "clear'" atmosphere:
OD = (0.664 + 0.656)5.41 g 7, Y,
For a normalized '"hazy" atmosphere, the slant path "optical depth" is:

OD = (0.604 + 0.373)(4.87)(5.41) ', F 25 LY Ta

where v is the "clear" sea level value.

(3) For the "composite" atmosphere the two assumed layers are con-

sidered separately, according to the following:

For normalized "clear":

oD = (0.664 ya” + 0.656 yaC)S.Zol




M : :
where Ya and Yac-are the sea level coefficient values for the marine and

continental aerosols, respectively.
For normalized "hazy'":

0D

[€0.604 x 4.87 YaM) + €0:373 % 4.87 yaC)]5.41

it

(2.94 yaM + 1.817 yaC)5.41

(4) TFor a "light haze'" atmosphere, the optical depth at each wave-
length was taken as the geometric mean of the "clear" and "hazy" values. This
is consistent with a sea level aerosol concentration of 2.2 times the "clear"
value, where the hazy value is 4.87 times the clear value, with comparable

scaling for each altitude increment.
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Section A-6

COMPUTER-CALCULATED BAND TRANSMITTANCE CURVES
FOR S1S 66-KILOMETER SLANT PATH

INTRODUCTION

This section consists of 70 computer-generated plots of atmospheric
transmittance, calculated for the SIS nominal 66-kilometer slant path. The
plots are arranged in six sets, of which the first three utilize AFCRL's
"average continental aerosol model" of 1974, and the other three utilize
AFCRL's "estimated marine aerosol model" of 1975 (607 sea spray). One of
the three wavelength regions is covered in each set, with the wavelength
regions designated as Visible and Near IR, Mid-Range IR, and Long-Wave IR.
A wide spectrum of atmospheric conditions is represented by the use of
AFCRL's five latitude-season models and two atmospheric haze models ('clear)
and "hazy"), with an intermediate haze level ("light haze") also included

in the Visible and Near IR wavelength region.

The "marine aerosol" sets were included to show the possible effects
of sea spray in the atmosphere. However, the uncertainties of the marine
aerosol model, as discussed previously, dictate cautious use of the marine
results. Also, the marine aerosol plots assume a 60% sea spray aerosol
throughout, 1likely a very pessimistic assumption. (The relative influence
of a "composite'" aerosol, with sea spray only in a lower layer, was shown

previously.)

These LOWTRAN plots may be used to get a general view of band trans-
mittance over the wavelength region depicted, and the variation with atmos-
pheric model and acrosol (haze) concentration. Sets I and IV can be used,
also, to estimate laser transmittance at visible wavelengths and at 1.06
micrometer (because of the absence of strong molecular sbsorption lines in
the vicinity). However, the plots will not give accurate estimates for DF
laser lines, CO2 lines, or other laser frequencies in regions having strong
molecular resonance absorption lines. The reason is that LOWTRAN is a band
transmittance model; it computes the average transmittance over an interval

of 20 wave-numbers. The transmittance of a particular laser line having
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a frequency within that interval may be somewhat above or from a little to
far below this average, depending upon the position of its frequency on a
high-resolution plot of the spectral transmittance in the interval. Such
monochromatic transmittances may be readily calculated manually for those

laser lines for which accurate attenuation coefficients have been computed

and validated.

NOTE: A recent research report (Ref. 39) revises the previous
estimates of water vapor continuum absorption in the 8 to 13 micrometer
wavelength region, and includes a temperature dependence not previously
established. The new data was incorporated into the LOWTRAN 3 program,
for some computer-calculated runs on another AFAL program, and significant
differences in the results were found. It was then decided to rerun the pre-
viously generated SIS LOWTRAN 3 curves (of August-September 1975) with the
cited program changes, and the graphs of this appendix are based upon the

resulting "Modified LOWTRAN 3" computer program.

The curves were run on the ASD central computer facility during
April 1976, using the terminal in Building 22B and the Cal-Comp plotter in
Building 22. The graphs reproduced herein were reduced 507 in size from

the originals to facilitate publication.

The wavelength region of interest was divided into three bands for
these runs, with the following intervals covered: (1) 0.3 to 1.85 micrometers,
(2) 1.85 to 5.5 microméters, and (3) 7.1 to 14.3 micrometers. The wavelength
region from 5.5 to /.1 micrometers was not computed because it is known to be
opaque for low altitude atmospheric distances of more than a few hundred

meters,

The above cited wavelength intervals are approximate. The LOWTRAN
computer code used employs frequency (wave numbers per centimeter) rather
than wavelength, and computes the average transmittance over 20 wave-number

intervals. The specific frequency regions employed for the three cited

bands, and the computation intervals employed, were as follows:




to 34,000 cm"l (1.852 to 0.294 micrometers)
0 @k, SLO0 & - to 5.5, 000 am
200 B Y, 15,000 em > to 84 000 cm
to 5400 cm'1 (5.555 to 1.852 micrometers)
- -1
Av = 10 cm

700 to 1400 cm * (14,286 to 7.143 micrometers)

av = 5 cm

The differing computation frequency intervals were chosen to minimize

computer and printout time while preserving adequate resolution in the graphs.

For each wavelength region there are five pages of graphs for each
aerosol type (continental and marine). Each page shows the transmittance
plots for one of five latitude-season atmosphere models, at each of two or
three haze levels, keyed to visibility range. For the visible/near IR
wavelength region three normalized haze levels ("clear," "light haze'" and
"hazy'") are shown, for which the sea level visibility ranges are 23, 10.8,
and 5 kilometers, respectively. For the other two wavelength regions, only
"clear" and "hazy" graphs are shown because the transmittance variation with
haze level is relatively small in these regions. The specific aerosol dis-
tributions making up the normalized "clear" and "hazy" atmospheric haze
models are described in Ref. 1. The aerosol particle concentration in SRL's
"light haze'" model is the geometric mean of the other two concentrations, so
that the sea level aerosol concentrations are in the ratio of 1, 2.2, and 4.87

respectively, for '"clear,”" "light haze" and "hazy'" atmospheres.

LATITUDE-~SEASON MODELS
The model atmospheres used as the basis for LOWTRAN computations
are given in Ref. 1. Sea level values of major variables having a signifi-

cant influence on the LOWTRAN results are reported in Table A-14.




Table A-14. Principal Variables in Model Atmosphere

Subarctic Mid-Lat. Subarctic Mid-Lat.

Winter Winter Summer Summer Tropical

Model Model Model Model Model
Pressure (mb) 1013 1018 1010 1013 1013
Temperature -15.9%¢ -0.8%¢C 14°¢ 21% 27°%¢
Density 1372 1301 1220 1191 1167
(gm/m3)
Water vapor 1.2 3.5 9.1 14 19
(gm/m3)
Ozone 41 60 49 60 56
(ugm/m3)
€Oy 330 330 330 330 330
(ppm)

LOVTRAN 2, LOWTRAN 3, AND MODIFIED LOWTRAN 3

LOWTRAN 2 (Ref. 2) is an atmospheric transmittance computer model
that has been widely used during the past three or four years. 1In August
and September 1975 LOWTRAN 2 was employed for slant path transmittance cal-
culations for the SIS nominal 66-kilometer slant path. In so doing, the

following revisions were made in the basic program and data file:

1. Values in the HZO spectral data table were changed per an up-

date received from AFCRL on 3 March 1975.

2. The aerosol attenuation function was deleted and tabulated co-
efficient values for AFCRL's Average Continental Aerosol Model (1974, Ref.
19) and Estimated Marine Aerosol Model (1975, Rer. 20) were substituted,
with provision for selecting either model at the start of a run. [The

Average Continental Aerosol Model is now included in LOWTRAN 3 (Ref. 8).]

3. Provisions were made for employing several computation intervals

on a single run, for different wavelength intervals.




A linear interpretation routine was employed with the aerosol table,

and other appropriate changes were made to accomplish items 2 and 3 above.

In making the runs for this report an additional change was incorpor-
ated in the program: The ozone spectral data table of LOWTRAN 2 was revised

to include changes made in the recently published report on LOWTRAN 3 (Ref.8).

It is understood, from discussion with the principal author/researcher
and the LOWTRAN computer programmer at AFCRL, that incorporation of the
above-cited changes into LOWTRAN 2 effectively convert it to LOWTRAN 3 for
most applications, and we have labelled the graphs of this report accordingly.
(The published LOWTRAN 3 also incorporates numerous other changes, mostly to

make the program more flexible and useful for a wider range of applications.)

"Modified LOWIRAN 3" is SRL's term for a program that results from a
change in the 8-13 micrometer water vapor continuum absorption computation
in LOWTRAN. This change is made to incorporate recent research findings
reported in a technical paper (Ref. 39) presented at the St. Louis IRIS
meeting on 3 February 1976. The required program changes were obtained by
phone from Mr. Jim Chetwynd, AFCRL LOWTRAN programmer, on 5 February 1976,
with first-order verification by SRL. They remain to be officially verified,

however, in a formal AFCRL document.

COMMENTS ON RESULTS

The first page of Set I graphs shows the rapid drop-off of trans-
mittance at the short wavelength end of the vigible region due to ozone
continuum absorption and.molecular scattering. It also shows the influence
of strong molecular resonance absorption in a number of near-IR wavelength
regions beginning at the top end of the visible region at 0.691 micrometer.
In comparing the three curves of that page, the very strong influence of
atmospheric haze level upon visible wavelengths is apparent, as is the de-

creasing effect of this factor in the near IR.

The remaining pages of Set I exhibit only small changes, showing
the relatively negligible influence of latitude and season upon visible and
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near IR wavelengths. (Note the difference in amplitude of some of the
structure, however; e.g., the spike at 1.45 micrometer, and the width of

the 1.4 to 1.8 micrometer window.)

The first page of Set II shows, for the 66-kilometer path, the three
prominent windows in the mid-IR region. Comparison of the three curves shows
the reduced influence of atmospheric haze in this wavelength region, as com-

pared to the visible and near IR region of the previous graphs.

The remaining four pages of Set II show substantial changes, 1llus-
trating the relatively greater influence of latitude~season variables upon
atmospheric transmittance in this region. The amount of atmospheric water
vapor (absolute humidity) accounts for the major differences in results be-
tween the five latitude-season models, with the largest difference being at
the longer wavelengths. The relatively good transmittance of the 2.1-2.3
micrometer and 3.5-4 micrometer atmospheric windows, over a wide range of
atmospheric variables, is an important feature shown by the five pages of

Set II.

Set III shows the wide IR window from about 8 to about 14 micrometers,
most often used for passive thermal imaging. The ozone absorption band be-
tween 9 and 10 micrometers is evident; however, the major absorber is water
vapor, with CO2 also significant. The two curves of each page show the

relatively small influence of atmospheric haze upon this wavelength region.

The five pages of Set III illustrate the large influence of latitude-
season variables in this region. The chief constituent responsible for the
large variation is water vapor content. Because of this influence, and the
large dependence of atmospheric water vapor capacity upon air temperature,
high values of transmittance are most likely in cold weather and low values
are most likely in warm weather. The temperature itself has an influence
upon the optical absorption of molgcular constituents, as evidenced in

several references (e.g., Refs 14 and 20), and this influence 1s reflected

in the revised water vapor continuum absorption incorporated into '"Modified
LOWTRAN 3."




Sets IV, V, and VI duplicate Sets I, II, and III, respectively,
but with the AFCRL Estimated Marine Aerosol Model (Ref. 20) data table
substituted for the continental aerosol model table. The major influence
of the sea spray in the marine model is seen to be a much reduced average
transmittance in the near and mid-IR regions, as one would predict from the
data of Section V of this report. The reader is again cautioned, however,
of the uncertainties in the marine aerosol model and the likely great varia-
bility in over-ocean aerosols (as compared to continental aerosols) resulting

from sea state and weather variables. The marine aerosol LOWTRAN curves

may present an overly-pessimistic picture except for the most severe conditions.
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