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PREFACE

This Lecture Series No.93 was sponsored by the Electromagnetic Wave Propagation Panel of AGARD and was
implemented by the Consultant and Exchange Programme. The aim of this Lecture Series was to introduce engineers
and system designers to new studies in the field of radio wave and optical propagation. With new requirements of
greater data rates in communication and detection being developed, the limits of the medium through which the energy
s propagated must be considered.

lonospheric limitations and tropospheric effects which contribute to radio wave propagation problems were intro-
duced, as well as the problems of coherent propagation and image reconstruction, incoherent propagation, and remote
sensing, in optical systems. Propagation problems associated with modern systems were investigated, including those
relative to laser transmission, such as transmission-radiation difficulties, blooming and LIDAR. Incoherent optical
propagation was discussed, with emphasis on scintillations, absorption, refraction and scattering loss. The effects of
atmospheric properties, surface signatuges and the sea or. infra-red, ultra-violet, and microwave remote sensing were
presented. Radio wave scintillation effects on tracking and methods of communication through the aurora and the
equatorial irregularities also were presented, leading logically into a description of the need for forecasting and pre-
diction of the ionospheric parameters, and discussion of development of techniques to accomplish that prediction.

The Lecture Series included examination of low frequency radio wave propagation, analyses of LF navigation
system errors and problems and new LF systems. The field of range and position error correction in navigation and
positioning systems were discussed and included radar and navigation correction techniques. HF transmission was
presented, inciuding backscatter anf forward scatter HF radars, deve'opments in ray tracing, and channel selection
topies.

This Lecture Series concluded with techniques applicable to artificial modification of propagation media, with both
high power and chemical release methods being presented.

This ambitious Lecture Series summarized several symposia and specialists mectings, provided expert condensa-
tion of the material and described the need for additional effort as well as the latest progress in the field.
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INTRODUCTION TO OPTICAL PROBLEMS OF SYSTEMS
. by
Dieter H,Hshn
Forschungsinstitut fur Optik der FGAN
Schloss Kressbach, D7400 Tubingen 1
F.R, Germany

SUMMARY

The effects of atmospheric optical propagation on modern optical /optronical systems, as used for communica~
tions, navigation and detection ore discussed in general. With respect to the different types of systems (passive-active,
imoging-non imaging, coherent-incoherent) basic environmental effects, especially related to propagation are summa-
rized, as affecting the general modules background, target (i.e. the scene) and propagation medium (i.e. the at-
mosphere), offering the apparent information to the optical/optronical system, and the observar. These effects are
ielated to the relevant atmospheric constituents. So, propagation is introduced as a part of optronical system analysis,
as necessary for ormoment development and asking for further research on atmospheric propagation, Meteorological
aspects, e.g. the probability of certain propagation conditions or forecasting problems, are Iidentified as essential
for armament development and especially for the effective application of systems during military missions,

1. ATMOSPHERIC OPTICS AND METEOROLOGY AS RELEVANT TO OPTICAL/OPTRONICAL SYSTEMS

For communication, navigation and detection optical and optronical systems usually have to operate through
the atmosphere, aside from underwater and space missions, that will not be discussed within this context. But other
military applications of such systems, like optical tracking, guidance and control of targets and weapons, including
optical counter measures and possible laser weapons, will be mentioned here in general also.

The term "optical system" is standing for human vision and classical (to avoid the term "passive", sometimes
used for it) vision aids like telescopes without inherent rodiation amplification and/or wavelength conversion, e.g.
for infrared vision. The term "optronical system" is used for devices that include amplification and/or wavelength
conversion, ond that may be sensitive not only to intensity but also to phase and polarization. Photographic cameros,
forming o class by itself, are not treated explicitly, they may be covered by the term optical system. Optronical
systems are e.g. image intensifier/converter systems, low light level television devices, gated viewing systems, ther-
mal imagers, laser range finders and designators, tracker and seeker heads, laser communication links, as well as
medium and high power lasers for jamming and weapon types of applications. They all suffer from environmental
limitations, that may be clossified as

— propagation effects,ond
- scene choracteristics,

In the latter case inherent characteristics, like reflectivity, are resulting together with environmental effects, like
ombient irradiation, temperature and modifications of reflectivity by raln, In initial target and background characte-
ris¥’cs. Both classes of environmental effects are not at all independent of each other but strongly coupled.

As mentioned before generally, environmental effects are limiting optical /optronical systems. Sometimes, how-
ever, they may even form the physical basis of a system. So, laser warning devices ore based on atmospheric scatto~
ring if they should not only detect laser beams directly touching the device. Systems detecting and measuring atmo-
spheric effects, like LIDARs, will not be discussed in this context, even if they are of military interest to allow
remote sensing of essential atmospheric parameters, e.g. cross wind (see leciure 4.),

With respect to operational applications natural and battlefleld environmental features have to be studied
together, to evaluate system limitations. In ony case electromognetic radiation (in this context visual and ir) has to
propogate through the atmosphere, thot means through a mixture of different

-~ molecules,
— aerosols, and
~ hydrometeors,

~varioble In space and time. The relevont atmospheric optical propagation effects coused by these comstituents are

~ refraction, -—
absorption,

scattering,

turbulence cffects, ond

nonlineor affects.

Path rodionce

. hos to be included, even if It Is dependent on Irradiation of the propogation path a8 well os on scattering ond b=

sorption for wavelengths up to about 3 um. For longer wavelengths ) » 3 um thermal emiulon of the atmosphere Is
causing a therma! path rodionce. It adds to the opticol signal, resulting In a contrast degrodation of an imoge, e.g.
vision through fog. With respect to photon nolise It Is equivalent to an Increase In nolse, Path radionce Is strongly
related 1o scene characteristics, for A € 3 ym by generally the same amblent lrradiation, for X » 3 pm through

alr temperature affecting the thermal choracteristics of background ond targets without inherent heat sources, oside
from cloud cover ond other environmental features,

These genercl sictements hold for a wavelength range from obout 0.3 pm up to about 15 pm, covering the
orea of optical/optronical systems, but may be extended up to mm-waves. So they are applicable alio for the aren
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of sub-m.m-wovef, where optical /optronical techniques together with hf-techniques and suitoble lasers may result in
new devices during the near future, and for mm-waves, where interesting systems ure already existing,

i For o given set of atmospheric constituents the physical processes of interaction, e.g. absorption, may be .
studied experimentally and theorstically including the system relevant optical effects. This usually is called the field
of atmospheric optics, covering the whole wavelength range from about 0.3 um up to about mm, Theory including
optronical and information processing aspects allows for modelling of systems and description of their limitations, e.g.
maximum recognition range of a certain thermal imagsr agcinst tanks omong other vehicles, as a function oMthe
propagation conditions, The variability of atmospheric constituents in time and space, and of ths meteorological para-
meters, e.g. temperature ond pressure, has to be taken into account for this type of system analysis, This varfability
is determined by meteorology, that offers probabilities for the occurence of Individual weather conditions ond fore-
casting copabilities. For a given time (natural irradiation!) they result in o certain environmental situation, as rele-
vant for optical /optronical systems, sometimes simply called "optical weather".

Aside from a physical understanding of atmospheric optical effects ond their modelling sometimes physicists
and engineers ore not fully aware as necessary of the probability of certain propagation effects. So they may be
over or underestimated. Armament hos to be based on system analysls including environmental effects and thelr pro-
bability under natural and bottlefield conditions. But the effecrive use of military optical/optronical systems during
a mission in addition is dependent on forecasting possibilities of the "optical weather", Based on the available
systems and the present threat only they allow to determine the most effective measures and counter measu.es,

‘ If the stotement can be made, that it is availoble a very good knowledge on the physical processes involved,
aside from some nonlinear effects, and a good, but not sufficient knowledge on the constituents (e.g. ir cerosol
properties), it has to be mentioned that for significant meteorological statistics of relevant optical etfects still results
of current projects are necessary {e.g. Project OPAQUE, NATO AC/243 (Panel IV/RSG.8): {1]). But systematic
studies of optical effects ot the battlefield ond better forecasting techniques are up to future projects, aside from

. promising results of projects at several NATO countries, entering this area, e.g. project BAVOS at UK. and se-
veral projects at the U.S.A, [2].

2. OPTICAL/OPTRONICAL SYSTEMS AND RELEVANT PROPAGATION EFFECTS

Table 1 compiles main examples of systems Introduced or today under development for milltary applications.
"Passive" indicates that only ambient rodiation sources are used, either notural or man made, but not controlled
as part of the system under consideration, For examples see Table 1 itself and Fig.1. "Active" systems include a
radiation source, todays usually a laser, being part of the system and possibly controlled by an operator/observer.
They may be subdivided into coherent ond incoherent systems up to the coherence status of the source (e.g.resui-
ting in speckled images), and the opplicotion of coherent detection techniques (e.g. laser and optical heterodyning,
sensitive to phase fluctuations caused by atmospheric turbulence).

The distinction between "imaging” and "none imaging” systems seems to be straight forward, but it has to be
mentioned that there is some overlapping, e.g. with respect to l-dimensional systems, like line scanners, or tracker
and seeker heads, using special modulation techniques or some detectors to collect 2-dimensional information of the
target and its location, but not offering an imogs for visual inspection. "Purely transmitting" systems, 1.e. usually
lasers together with suitable optics, e.g. odaptive optics for high power laser weapons, are mentioned as a class
by itself, because prooogation of medium and high power radiation suffers from additional effects on low power
radiation by thermnlly induced and non-linear interactions, like blooming or self~defocussing or even self-focussing.
To allow for pointing and tracking of such a laser system certalnly other means are necessary unless the beam s
acting os part of an active tracker system simultaneously. The tasks mentioned are only essential examples rather
than a complete listing.

The column eavironmenta! effects/parameters summarizes the physical effects and the describing parameters
with respect to system performance ond limitations, To avoid o larger table this approach could not be strictly
systematic, Scene, source and in general also device parameters are included.

In Fig.1 some systems In operation are shown, Especlally also the Interrelation of them is indicated, but only
for demonstration and not ot all with respect to their application based on an operational situation or concept.
Fig.2 tries to relate Table 1 schemotically to the basic concepts of passive ond active systems, ond may be used by
the reoder without further comments to relate speclal propagation effects, os presented during this lecture series,to the
types of systems mentioned.

3, ATMOSPHERIC CONSTITUENTS AND RELATED OPTICAL EFFECTS

This section Is devoted to a short complilation of atmospheric comtituents and thelr contributions to the op-
ticol effects mentioned already In sectioh™1 and 2. S

Toble 2 summarizes the most esential molecules ond presents information on aerosols (suspended solid or
liquid porticles with diometers between about 10 = and 50 um, or larger, e.g. dust particles) and hydrometeors
{rain, hoil, snow, cloud ond fog droplets or particles resp, with diameters from about 50 um up to some mm,or cm
in case of holl), Seporated for the visual range, say up to about 0.7 um, and the ir ronge 0.7 um€ A < 15 um
their main contribution tfo scottering and obsorption Is Indicated. Strong effects are marked. Scattering is classified
into Rayleigh, Mie and geometrical scattering, equivalent to scattering by porticles very much smaller, comparable,
or very much lorger thon the wavelength under conslderation, reslting in different types of scottering functions, as
discussed In further lechures,

Optically relevant atmospheric turbulence, In this context simply called "atmospheric turbulence”, rewlting
In fluctuotions of the Index of refraction ond strongly affecting the propagatien of slectromognetic radiation will
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later be discussed In detail (lecture 3). It is not included in Table 2, because the index of refraction is no consti-
tuent of the atmosphere.

Additional constituents, e.g. as produced by battlefield activities, can be classified into molecules, aerosols
or hydrometeore: and added to a table like Table 2. Dust particles may be handled formally as aerosols, Certainly the
effects are dependent on the local meteorological situation that usually will be changed also by battlefield activities
(e.g. increese of temperature and odditional wind caused by bottlefield fires, increasing turbulence). Aside from
this rather complicated problem and the determination of diameters and chemical composition of the typical battle-
field constituents, their overall Inhomogeneous distribution and their inherent inhomogeneity and time dependence
have to be studied in detail for different amblent weather conditions and battlefleld situations.,

With respect to the natural constituents the index of refraction of aerosols at ir wavelengths is still not known
with an accuracy necessary for system analysis and forecasting. Similar arguments hold for hydrometeor effects on
opticol propagation. So, aside from fine structures of absorption, aerosol and hydrometeor parameters, including their
metecrology, are the most critical items of todays deferce oriented atmospheric optical research, but also civilian
applications are asking for further results of this type, because optronical systems there wiil also be more ond more
used within the near future. For sub-mm and mm wave systems hydrometeors are of high importance also, because at
these wavelengths scattering by molecules is negligible, and also aerosol scattering is no longer very essential, if
not very long paths are to be considered. Hydrometeor size distributions are important, because scattering by them
has to be handled as Mie scattering with respect to these long wavelengths,

The optical effects of atmospheric turbulence were studied in detail since lasers are availuble, starting from
earlier astronomically oriented results, So, much information is available, But, e.g. for coherent systems there is
stitl much need for further research on phase fluctuations caused by atmospheric turbulence, Turbulence effects under
battlefield conditions are asking for much experimental and theoretical work, because they are limiting the effective-
ness of systems like designators ond active trackers, that seems to be of very high importance for the next generation
of guided weapons,

Another problem range, not mentioned explicitly before, is formed by the propagation effects along slont
paths. They can be mathematically treated, but only if relevant height profiles of meteorological/optical parameters
are available. Fig.3 shows some essential features of the height structure of the atmosphere, The rather inhomogene-
ous area up to about 12 km asks aside from meteorological routine sounding ond forecasting for remote sensing mea-
sures, to ollow short time forecasting as necessary for military missions, usually implying air support. For detalls
see lecture 4, In oddition experimental research is still necessary to check slont path models, for e.g. transmission
like LOWTRAN, ond especially for turbulence offects.

4, CONCLUSION

Within this introductory lecture it was tried to summarize the degradation of optical information by atmo-
spheric effects, Signal levels are decreased by absorption ond scattering, path radiance is added to the signals,
decreasing the contrast. Both effects ore increasing noise. Turbulence is producing on atmospheric modulation trans~
fer function resulting in an imoge degradation, and fluctuations of intensity, phase and other beam porameters, li-
miting the opplication of laser beams, So, system analysis and development have to study these effects to optimize
the system under consideration with respect to its meteorological range of application, including optical effects un~
der bottlefield conditions, Finally only based on forecasting the "optical weather" during military missions such
systems can be used with a maximum of effectiveness, The same holds for declsions on the most effective counter
measures against optical/optionical systems,

REFERENCES

(1] Proposal for a Measurement Programme on Optical (and Infrored) Atmospheric Quantities in Europe (OPAQUE),
1975, NATO AC/243 (Ponel 111/RSG.3) D/17, ond
Instrumentation for the Common Project OPAQUE, 1975, addendum to this document; p
now performed by NATO AC/243 (Panel |V/RSG.8) and presented in documents of this group.

[2] A.R.Downs, A Review of Atmospheric Transmission Information in the Optical ond Microwave Spectral Regions,
1976, USA Ballistic Research Laborotories, Memorandum Report No,2710,

With respect to this introduction It does not seem to be meaningful to refer to more literature, but It has to be
mentioned that it is based on the cooperation with my collegues ot the FFO, and especlally also with collegues of
other NATO countries engoged In the work of NATO AC/243 (Panel IV}, and its RSGs, especially RSG.7 (on
imoging devices.,.) and RSG.8 {on atmospheric transmission, performing the project OPAQUE),
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atm, constituents

cone,

main optical effects

vi sual

molecules ¢~ 10-4 ym)

vol, %

nitrogen N2 78.1 Rayleigh sca. -

oxygen O2 21.0 Rayleigh sca. -

argon A 1.0 (Rayleigh sca.) -

carbon dioxide CO2 3 x \0-2 -
neon Ne 1.8 x |0-3 -
helium He 5.2 x 107 - .
methane CH4 1.4 x 10-4 - abs,
crypton Kr .l x \0—4 - -

nitrous oxide N,O 5% 107 - abs,
hydrogen H2 5 x 10-5 - -

xenon Xe 8.6 x 107 - -

water vapor H20 0.1 x 1.95 -
ozone, near gr. O3 0- 10-4 (abs. ) (abs.)
ozone layer 25 km 03 10

aerosols __c_m__':3 ) I Mie, sca. I Rayleigh/Mie sca.
(1073 - 50 um) 50 - 10° (abs.) obs.
hydrometeors not gen,appl. geom, sca, (Mie)/geom.sca.
(50 ym = mm = cm?) (inhom?) obs, abs,

Table 2: Main optically relevant constituents of the atmosphere, dlameter range, concentration (constunt
mixing ratio up to about 9C km for N2 titl Xe), and moin optical effects for visual ond ir
radlation up to about 15 um,
{partly from M,L.Votsia, Atmospherlc Optical Environment, 1972, R & D Techn.Report ECOM-~

7023),
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Ipozslvo vision, A <3 um

)
/ irradiation
7
abs. ;::Qh radiance
> >4>
—iai'?\ transmission
backgr. target cbs, distance obs, site
obs. device
em. Ipcmivo vision, A ” 3 um
clutfor path radionce
abs, em,
em, —>0 [ _4—_
o transmission  ~ \__ >"—?
T fseal ) N\
B x\_’
@ passive contrib., see above)
=
N~ sca.
ot
_trarsm. _ .l —
/ —_-’de!. l:;. . ——': - T bon
a—-—, Ot rodiatte 1l
refl, transmission o
—‘-o\s:a.
b /

Atmospheric effects, os relevant to posive optronical systems for A € 3 ym
{poth radiance malnly produced by scattering) and A » 3 um (poth rediance
mainly produced by otmospheric emlssion: thermal vislon), and for active
systems (=== act irrodlation; possive contributions have to be odded,
dependent on A 3 3 pm).

(portly from O .H, Hekn, Atmospheric Vision 0.35 um € A€ 14 pm , Appl.Opt,
1975, Vol,14, poge 404; for detalls see lecture 2),
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PHYSICS OF INCOHERENT OPTICAL PROPAGATION
by
Dieter H.Hshn
Forschungsinstitut fur Optik der FGAN

Schloss Kressbach, D 7400 Tubingen
F.R.Germany

SUMMARY

Atmospheric  optical effacts ore discussed as relevant to optical /optronical systems, i.e. atmospheric
refraction (only in general) and transmission. The basic relations for atmospheric absorption and scattering are pre-
sented. Effects of atmospheric molecules, oerosols ond hydrometeors are described for the wavelength range 0.3 pm .
to 15 pum. Optical effecks of atmospheric turbulence (see lecture 3) and high power laser propagation are not in-
cluded. - With respect to atmospheric vision the general vision formula is presented together with remorks on atmo~
spheric path radiance and on perception range modelling. This includes the definition of visvol range VN’ and maxi-
mum perception range Rmax' e.g. with respect to thermal vision through the atmosphere. - Finally the current pro~
ject OPAQUE is mentioned as an exomple for the collection of data on atmospheric optical and infra-red effects os

relevont to the performance of optical/optronical systems and forecasting of the "optical weather".
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1. INTRODUCTION

As discussed in general In lecture 1 atmospheric optical (0.3 um € X € 15 um) effects are usually limiting
the performance of optical/optronical systems, Severol exomples, Including the indication of the main atmospheric
effects with respect to different types of systems ware alio presented there. This lecture 2 Is devoted to a gecphysical
discussion of the emential atmospheric optical effects, aside from those, produced by atmospheric turbulence (lecture 3)
ond those related to high power laser propogation, e.g. [1,2]. The Intention is to present them In o way, that thelr
Interrelation is evident. So, the main emphaels Is nelther the presentation of numerical material, directly epplicable
to the onalysis of speclal systems ond their atmospheric limitations, nor that of an extended bibliography. It will be
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tried to present the basic relations and to identify the large variety of atmospheriz optical propagation effects. This
may lead to a physical and meteorologicat-understanding, necessary to decide in each sysiem oriented study firstly on
all relevant environmental effects, limiting the system. Only ofterwards detailed calculations may be performed.

Arecs of current research or those, asking for future activities, will be mentioned within each section,

Detailed equations for numerical analysis may be easily found in relevant text-books, hand-books,
review-reports and proceedings on atmospheric optics, including mostly tables and graphs, e.g. [1,3-11, 14, 21].
Current papers on problem areas, mentioned in the following, also may be easily found by a quick look through the
yearly subject index of relevant journals, e.g. [12], and especially the report series of the research establishments
within NATO, devoted to atmospheric optics. Most of the cooperative effort in this area is established by, and re-
ported to NATO AC/243 (Panel IV): On Optics and Far-Infra-Red; this Panel and its RSGs are also publishing rele-

“vant papers, e.g. Ref.[1] of lecture 1,

2. _ ATMOSPHERIC OPTICAL EFFECTS

2.1 Atmospheric Refraction

The index_of refraction n = ¢/v, with ¢ = velocity of propagation in a vacwm and v in air,

is numerically described by the refractive modulus

N=(-n10t= 788 °'58;P (- 0.06P ), )
T2 wy ’

with P = atmospheric pressure ond P = partial pressure of water vapour in mb, T = air temperature in K, and
X = wavelength in um, for wavelengths including the 8 to 14 um band. If pressure and/or temperature, i.e. the
index of refraction n, are chonging spatially in o systematic woy, a beam is refracted. This effect is colled atmo-
spheric refraction. Typical time constants of temporal variations of atmospheric refraction are starting with minutes,
Statistical fluctuations of n, os caused by atmospheric turbulence, result in fluctuations of optical parameters in-
cluding beam direction, and will be discussed in lecture 3. n is decreasing with increasing femperature and wave-
length, ond with decreasing pressure, e.g,_with increasing dltitude, see Eq.(1) and Fig.3 of lecture 1. lts depen-

dency on wavelength is smoll, as demonstrated by Table 1:

Y 0.3 0.7 4 10 pm

N 292 276 273 273 .

Table 1:  Wavelength dependency of N = (n = 1):10°
at 15°C, 1013,25 mb (and diy airt P = O

Looking upwords under normal atmospheric conditions, see Fig.3 of lecture 1, atmospheric refrac~

" tion results in on apparent lifting of the torget, increasing with increasing zenith distance (zero for zenith vision)

and target distance. To offer on Idea of the magnitudes Involved from the visible throughout the Infra-red Including
thermal vision, mean values for nearly horizontal vision (terrestrial refraction &) as a function of the target distance
R, ond for slont vislon (mstronomlical refraction ¥), 1.0, the observation of extraterrestrial or quosl-extraterrestricl

objects o8 a function of zenith distance z ore presented In Table 2:




z 90 89 85 60 10 0 orc.degr,
35 24 9.8 1.7 0.2 0 arc, min,
10 7.0 2.8 0.5 0.06 © mrad

2

Table 22 Typical terrestrial refraction & os a function of target distance R,
and astronomical refraction ¥ as a function of zenith distance z,

i.e. opparent lifting of the target for upward and horizontal vision,

This effect is equivalent to a lifting and simultaneously broodening of the horizon, resulting in trons-horizon vision.
Under anomaleous (hegative) refraction targets as well as the horizon are lowered, the lotter simultaneously is narro-
wed, In the case of looking downward the inverse effects are fo be observed. The occurence of special atmospheric

layers result in phenomena like mirages, fata morgona, etc.

Variations of atmospheric refraction result e.g. in laser beom wandering, preferably vertically,
with time constants of about minutes around sunrise and sunset, At distances up to obout 10 km dispersion effects
for wavelengths from the visible up to about 15 um are usually negligible. Under usual middle European conditions

over some km beam wondering of mrad is typical. The some holds for the opparent line of sight of imaging devices.

But dispersion effects are essential if optical and infra-red means are used together with sub~-mm
and hf systems. For longer wavelengths the wavelength dependency is decreasing further, but the influence of water
vopour i increasing drastically. For sub-mm ond mm waves, say in general 20 um up to dbout 1 em, further research
seems to be necessary. Beyond X\ = 1 cm the following relation holds, that is demonstrating this statement, if compa-
red with Eq.(1):

s 77.6P 370 000 I’wv
N={=-1)10 = + 3 . @)
T T

For formuloe ond numerical values used here, ond further details, see e.g. 5, 10]. These short comments on atmo-
spheric refraction should have shown that also for thermal systems it may have to be token into account, especially
if they are used for applicotions related to guidance and control, or navigation. For the wavelength range

20 pm € X € 1 cm further reseorch seems to be necessory to establish a reliable water vapour term as a function of A.

2,2 Atmospheric_Tronsmission

The atmospheric spectral tronsmision 1'10!) for the wavelength X along the range R of o porallel
beom Is glven by

nR=aR /8 <1, ®

8, s the spactral rodiont flux fn Wum"1) under comlderation ot R = 0, @ () that at R, The differentlal eHemva-

tlon along the length dx establishing this trensmission con be described by
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&, = -0, & dx . )
Integration offers for a homogeneous medium (0)\ = const.):

‘rx@) = ¢’>‘(R) /¢)\,o =exp -0, R. 5

Eq.(5) is the wellknown exponential -extinction law, sometimes called Bouger’s, Lambert’s or Beer’s Law. Oy usually
given in km-‘, is the spectral extinction coefficient. It is odditive with respect to different, independent attenuation

mechanisms and constituents:

o= tBy . ©

+0

BV R VYT @

Eq. (6) selects for absorption (a) and scottering ), see section 2.3, Eq.(7) for different atmospheric constituents,
i.e. molecules (M), aerosols (A) and hydrometeors (H), see section 2.4,

For inhomogeneous distributions of absorbing and scattering atmospheric constituents the transmission TA(R) may be cal-
culated by integration along the path R. The distribution of the local extinction coefficient has to be known either
actually, e.g. by in situ or remote sensing methods, or ot least by a model applicable to the actual meteorological

situation:
R
Tlm) = exp - {cx(x) dx ,
= exp -~ 0)«,0 R-; , > (8)

= exp -'(r_xR .

L

Eq. (8) presents the usual definitions, suitable to describe inhomogeneous transmission. E; is the equivalent trans- -

mission path ot R = 0 with v, fhem, often used for slont path tronsmission. The meon extinction coefficient (7)t
con be applied to s'oﬂsﬂcclly mbomogeneous paths, e.g. to long path transmission problems,

Tronsmission T Is given usually as o number (< 1) or In percent (<100 %). For longer wavelengths

often decibels (db) ore used, Because 10 log‘o('bo/ﬂ = db, if follows ¢ ~ 0.23 db with ¢ In km-', or db/km = 4,340

and 7 = 1070-1%,

The relations presented as Eq.(3) to (8) ore applicable to monochromatic rodiction, e.g. laser
radiation, only. In aoddition they can certainly be used for polychromatic radiation, if oy I independent of wave-
length with respect to the occuracy necessory for a certain analysis. But in general an integration Is necessary to
calculote broad band tramsmission values as used for thermal vision (e.g. 3-5 ond 8-13 um)k

® [exp-0cR]dr :
N a® - Mf A ' ®)
4 AXI ,0

A)./)«o[”P fx(x)dx]dk
WAWEL ' ()




for homogeneous and inhomogeneocus condtitions resp. For system analysis insteod of AX, describing o rectongulor
wovelength band only, the spectral responsivity QA of the receiver has to be included as onother factor in the in-
tegral, The integrals are equivalent to brood bond rodiant fluxes, given in W,

If an average extinction coefficient o). A for the wavelength band under consideration is used
’
to calculate the transmission by Eq. (5), i.e. the exponential law, instead of £q.®), l.e. the correct integration, the
calculated transmission values for short ranges would be higher thon the actual ones. That for long ranges would be

lower, Physically this results simply becouse at the beginning of the transmission range the rodiation ot wavelengths
with high o is attenuated much more thon that with low 0y Therefore the spectral content of the rodiation is
chonging along the transmission range, so-that wavelengths with low o, are dominating more and more. These results

for long range transmission in an overall extinction low ‘flotor than on exponential one,

For wavelength bands comparable with atmospheric windows, see section 2.4.1 and 2.5 Fig.2
and 3), the extinction coefficient for the dominating wavelengths after transmission ronges between some 100 m and
1 km is more or less wavelength independent. Therefore the exponential extinction low can be used for long range
window transmission, including o correction term, as a good approximation. This is very helpful for system anaiysis
becouse of the simple handling of exponential relations and these ranges R » 1 km, quite comparable with operational

ronges sensitive to atmospheric limitations.

2.3 Atmospheric Absorption and Scattering

With respect to absorption, it may be mentioned only, that it is defined as the tronsfer of radiant
energy to other kinds of energy, coused by interaction between radiation and matter. The absorption coefficient «,
as introduced by Eq.(6) is related to the complex index of refraction m = n - ix, sitcble to describe absorbing

motter, by

L s vl an

with Ra = interaction pathlength, R = macroscopical tronsmission range. Absorption was indicated in Fig.2 of lecture ')
by —»o, Absorption effects of atmospheric conmstituents will be discussed in section 2.4,

More general comments ore necessory on scattering, i.e. within this context: the deflection of
radiation from its original direction, If striking a surface or propageting through a medium. It is described by the

volume scattering function

o = £2, - m

——

-1
given in sr-‘m" with 1(¢) = radiont intensity In War ~ for a eertain angle ¢ with respact to the original direction,
€ = irradionce In Wm'2 of the volume element dV In ma, see Fig.1, The scottering coefficlent B, covering all losses
by scottering, follows by Integration:

180
5-2,0./‘ Al sin 0 85 , 3)
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if unpolarized radiation is msumed, i.e. if rotational symmetry is present. 8¢), given in sr-‘m-‘, normalized to

. . =1 =1y . -
B8, given in m (or km ‘), is called the relative scottering function, given in sr ‘:

B0 =8 /8. (14)
It allows easily to discuss the three most relevant scattering processes in the atmosphers,

If the diameter d of the scattering particle is much smaller thon the wavelength ), soy
d € 0.2 ), a symmetrical scattering function exists with 8’ (0) ~ (1 + oosztp). Rotational symmetry with respect to
the direction of incidence is present, if no oriented scattering particles have to be ccsumed within the atmosphere.,
If no wavelength dependency of n has to be taken into account, the scattering coefficient 8 is proportional to )«‘4
This is the area of of Rayleigh scattering, see Fig.1 and section 2.4.1,

For diameters d comparable with the wavelength, say 0.2 A € d € 5), forwerd scattering is In-
creasing more and more with increasing diameters d, see Fig.), Because of diffraction effects B, 1s fluctuating with
X for a given d, see Fig.4 (before it becomes constont for X << d). This is the orea of Mie scattering, where all
scattering quantities are very sensitive to variotions of d, and especially also to the size distribution of porticles
in the realistic cose of ensembles of particles, different in size and complex index of refraction m, as present in
the atmosphere. Scattering and absorption no longer can be seporated, because m & n - ix is describing absorption
by %, see Eq.(11), as well as scattering by m itelf. Mie’s scattering theory covers Rayleigh scattering for small
X as well as geometrical scattering for large X, olso, because it is based strictly on electromagnetic wave theory.

Usually spherical particles con be assumed in the context of atmospheric scattering,so that no additional problems
are entering the calculations with respect to the relevont boundary conditions , as for non spherical porticles,

espacially irregulor particles like snow. For some more details see section 2.4.2,

Lorge porticles, say d » 5 ), are scottering mostly by reflection and internal refraction, Forword
scattering is the most dominant process, only some minor secondary maxima are present for other directions, see Fig.1.
The extinction coefficient Is wavelength independent, if the wavelength dependency of n is negligible, see section
2.1, Absorption and scattering may be seporated. In section 2.4,3 an example will be discussed.

For datails on theory and the available computer codes, as well as for more sophisticated effects
(e.g.none spherical particles, polarisation effects) the relevant text-books may be used. In the following the diffe-
rent atmospheric constituents will be discumed with respect to thelr coniributions to these tronsmission effects ot
different wavelength bands, as already indicated in lecture 1, Table 2,

2.4 Molecular, Aeroso! ond Hydrometmor Effechs

2.4, Moleculor Effects

For afl wavelengths, considered here: X » 0.3 um, 1t holds the relation d << )\ becouss of
d~ ‘04um for molecules. Thersfore melecular scattering con be handled always os Raylelgh scattering with

3 2 :
o = B2 -

3

where N = molecular concentration {obout 2.7~IO" em > at sea level), In the cose of clear alr ot sea level
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for
the wavelengths A = 0.55 um, 10.6 um and 1 mm resp. In the visible range, where molecular absorption usually

can be neglected, molecular scottering determines the maximum visual range VN’ the so called Rayleigh visibility:

there follows the spectral Rayleigh scattering coefficient ﬁ)\ M= 1.16-10-2 km-‘, B-IO-Bkm-‘ and IO-ISkm-‘

- 3.2
N\R © R 337 km , (18)

as defined in section 3.3 by Eq. (28} and equivalent to a tronsmission of 0.02 along this ronge.

Moleculor absorption, especially essential in the infra-red range, is highly wavelength dependent
because of the fine structure originated by atmospheric gaseous constituents, see Table 2 of lecture 1. Fig.2 de-
monstrates this by offering a schematical low resolution transmission spectrum of the atmosphere, together with an
indication of the absorbing atmospheric goseous constituents. The atmospheric absomption bonds ond windows are
marked, using todays usual nomenclatures. This spectrum demonstrates the necessity of integrations over X for infra-
red wavelength bands, as discussed in section 2.2. Only within actual window areas and for distances lorger than
some 100 m exponential approximations iy be used, e.g. for the 8 to 13 pm boand, mostly used with thefmal

imaging devices of the first generation,

Even if much relevant empirical and theoretical material is available, and alreody used for com-

" puter codes, like LOWTRAN (resolution A(1/}) = 20 cm“) and HITRAN (line by line model) [11], see also section
2.5, also with respect to molecular absorption further research is still necessary. New high quality spectrol trans-
mission measurements ond broad bond transmission mecsurements (e.g., see project OPAQUE, section 4) under diffe~

~ rent meteorological conditions, and as a function of range, should allow to improve such models. But in contradiction
to aerosol and hydrometeor effects, molecular absorption and scattering can be handled theoretically and by models
with a quality, sufficient already for very much of todays system analysis problems, see Fig.3.

2.4.2 Aerosol Effects

The term oerosol is frequently used to describe suspended solid, liquid and mixed particles in the
atmosphere, small enough not to fall rapidly under the force of gravity such as rain drops, and that are not produced
in the context of thermodynamical processes, such & cloud ond fog droplets, that are usually hondled as hydrometeors
(sometimes olso as cerosols). The diometer range for aerosols is 10-3 to about 50 pum, overlapping with that of cloud
aond fog droplets, os well as with that of fine drizzle droplets [7] with falling speeds between cm;‘ ond m;‘.
Typical overoll cerosol concentrations neor ground are lying between 50 ond loscm.a. Visually aerosols are producing
haze or dust, equivalent to decreasing transmission ond contrast, f.e. visibility. The composition, optically described
by m, see section 2.3 and Eq.(11), and the size distribution of actuol oerosols are highly voricble, related to meteo-
rologicol and orographical conditions. Sea and land ore producing oerosols of different type, that will be modified
‘ond mixed, up to their transportation, fo relative humidity and their lifetime. Especlally over seas and neor to the
sea surface (including sea spray) the aerosol is not known ot all with an accuracy necessary for militory system ona-
Iysis, e.g. for sea scimmer onolysis, But also at land ond for cercspace, especially long ronge tronsmission in the
stratosphere, much oerosol research Is still necessary to derive in models and accurate in situ and remote sensing
meosurement methods, Particle size distributions can be meowred In sitv with modem optical means (e.g. Instruments
of Royco ond Porticle Measuring Inc., USA), but there Is still a lack of methods to meawre the complex index of
refraction m In situ, and certainly for relicble remote serting methods,

In the wavelength range 0.3 pm € A € 15 um aeroso!l porticles are acting as Mie scatterers up
to m (1) and obsorbers up to % (1), see Eq.(11), The absorption effect Is smoll in the visible range, but has to be
teken into account for infra-red wavelengths, where 1t is not known accurately up till now. To get o fesling for
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the impact of aerosol size distributions on the wavelength dependency of the scattering coefficient ﬂA' it may be
used the so-called Junge aerosol distribution:

dN =)
A T (17)

dlogr

that is o good first order opproximation for haze over land and diameters oround visual wavelengths. N = aerosol
concentration, r = aerosol radius d/2; ¢ and V are constants, describing aerosol concentration ond distribution resp.
V usually is lying between 2.5 and 4; volues between 3 and 3.5 may be used as an firt order approximation for
visual ranges larger than 1 km, and up to aerosol diameters of about some um. Mie’s theory allows to calculate
the spectral scattering coefficient for this distribution:

Bra ~1 =(v=2) _ =0 1l 1.5)

(18)
for v = 3 till 3.5. For visual ronges VN between dbout 1 km and the Rayleigh ronge 337 km,BA is lying therefore
between about 4 km-l ond lo-zkm-l, san Eq.{16). Visual ronges smaller than about 1 km are seldom; ranges of

some 100 m and less, occuring more often, are coused by hydrometeors, like clouds, fog or precipitation.

Fig.4 allows to discuss the impact of different cerosol diameter ranges on the spectral scattering
coefficient QA, following F.Volz, e.9.[3]. Assuming a Junge distribution with v = 3 for 0.1 pm € d < 20 um the
spectral scattering coefficients for these diameters has to be odded, weighted by that distribution. It follows, that
for o certnin wavelength X particles oround d = X are the most effective scatterers, For wavelengths X > dmcx
Rayleigh scattering (~A-4) results, for dmin <\ s dm withv =3 a )\-]-rolaﬁon is present, and for A < dmln
more or less wavelength independent, i.e. geometrical scattering is indicated. Deviations from a Junge distribution
have a strong impact on the wavelength dependency around d = X, as shown by an exomple in Fig.4,

This simple physical discussion shows clearly the impact of giont oerosol porﬂcI.u of some um on
infra-red tronsmission. There is no strong correlation between the concentration of them and that of ocerosols with
smaller diameters, because of different production and tronsportation mechanisms, Much research is necessary, based
on aeroso! size distribution measurements up to 50 pm ond their correlation with transmission and scottering, as well
os the meteorological ond orogrophical conditions. Fig.5 presents on example of size distributions, quite similar up
to some um, but differing very much around 20 um, quite typical for overland, neor ground situations. The visual
range V not at aoll con be used to choracterize such distributions as a whole, It wos almost the same for both
measrements, but infra-red tronsmission would have been quite different, No simple standord method esists up till
now, comparable with the determination of visval ronge VN' to derive in o figure, describing nerosol extinction
in the middle ond for infra-red crea, aside from thermal or laer tramsmission measurements over some 100 m them-

selves, ¢ ~ section 4,

For particle diometers up fo some um there exist several well established models, e.g. [11,19],
that may be used for system analysis, More models ond especially models for lorger particles are necessory, In-
cluding studies of avollable ond new opproximation functions to describe them by a set of parometen Inatead of
actually measured distributions,
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243 Hydrometeor Effects

Hydrometeors are precipitation particles like rain, snow and hail, but also fog and cloud droplets
(sometimes clowsified as oerosols); futthermore also dew as well as hoor- and whitefrost ond frozen fog are hydro-

meteors, not relevant to atmospheric propagation, but to target/background radiation characteristics.

Fog and cloud droplets with diameters between 0.1 and 1 um resp., and obout 20 m and more [19] '

in case of fog, may be handled similor to aerosols. In the visible range fog and clouds are "white" becouse of

A < dgs . because the corresponding size distributions are peaking at some um, aside from special "blue" fogs
with very small fog droplets, peaking around 1 um. Around 10 pm a “pseudo window" oppears, found, by measure-
ments ond Mie calculations [4], see Fig.6. Wavelength independent calculations, based on the visual ronge Vﬁ in
fog and clouds Gome m € Vy, < some 100 m, e.g. 4-10%km™' € 0 & 7km"'), as incorporated In LOWTRAN 38 s
a zero order approximation, may be used up to wavelengths of 1 or some um, but are only zero order approxima~

tions for the 8-13 um thermal band, for what Mie calculations ore necessary, because there d ~ X holds.

Precipitation offers droplets in case of rain between about 100 pm and 5 mm, where they are
brecking up through hydrodynamic effects. Larger particles exist only as solid hydrometeors, like snow, groupel
ond hail, the latter may occur up to some cm diameter. For wavelengths up till 15 pm they oll are producing geo-
metrical scattering, so that the non spherical shopes do not cause much problems. For mm waves especially the
effects of rain droplets has to be handled by Mie’s theory, including the contribution of the non spherical aroplot
shape to depolarization effects. For visible and infra-red wavelengths the drop size distribution of rain con be
described by the rain rate RR in mmh-l, i.e. by the Marshall-Palmer distribution [13]:

N@) = N_ exp - Ad, (19

with the intercept parameter No ~ 8000 m":’rnm"l ~ const, ond the slope factor

A= 41 j70:2

in cm-] for RR in mmh-l. The wavelength independent transmission may be calculated by a geometrical mode! {20]
taking into account this distribution and the fact, thot the Mie extinction efficiency factor Qoxt is opproaching 2
for large values of the Mie size porameter dir/) ,see left end of single size curves in Fig.4, In oddition a con-
stont terminal drop veloclty v(d) ~ 10+(1 = exp = 5.5 d) In mé' has o be cusumed. Fig.7 shows calculated trans=
mission values for different ranges as a function of rain rate RR, that would have to be multiplied by the trans-
mission of the rainless ccse, especially in the infra-red range with respect to moleculor absorption. The aerosol
concentration during rain is rather small, so that cerosol extinction may be neglected. Fig.8 shows an example [21]
of simultaneous transmission measurements along @ 160 m path, but folded, i.e. clong a 320 m tronsmission range,
at 0.63 um (HeNe-laser) and ot 10.6 um COz-luer) together with vitibility meoswrements uing a backscatter
device (Videograph, Impulsphysik Hamburg) ond the determination of metecrological quantities, especlally of rain
rate. In Fig.8 the tronsmission ot 0.63um, at 10.6 um, in the visible band ond that, colculated by thi- model,
moy be compored with the measured rain rates. The correlation coefficients between these functions o!l ore about
0.8. Eldborated models of this type may be Incorporated In future versions of LOWTRAN, But more measurements

of raln drop size distribution and typical rain inhomogeneities are still necessary, especially with respect to sub-

mm ond mm wave fronsmission and scattering,
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2.5 Transmission Computer Code LOWTRAN

The already mentioned transmission computer code LOWTRAN T11], o established by the AFGL of
the USA is the best available tool to calculate horizontal and slant path transmission In the atmosphere with wave-
length resolutions of A (1/) = 20 cm-] for 0.25 um < X < 28.5 um (i.e. 0.5 °/oo < AX/\ 5 5%). The accuracy is
some percent, decreasing to maybe 10% near the slopes of absorption bands, see Fig.3. The lotest version (3B) in-
cludes several standord aeroso! models. Relicble models for hydrometeor effects have to be odded In the future. For
details and distribution procedures of this computer code see [11]. Fig.3 presents an example.

3. ATMOSPHERIZ VISION

K | General Vision Formula and Perception Criteria

Aside from double ended optical/optronical systems, e.g. communication links, that can be
described by atmospheric transmission including turbulence effects, see lecture 3, the propagation of optical signals
suffers not only from otmospheric transmission, but also from atmospheric path radiance, aside from the influence of
meteorological, i.e. atmospheric conditions on initial target and background rodiances. These three general effects,
transmission, path rodiance and iritial scene rodiance are strongly related. Vision theories or models are describing
system performance, including optical/optronical device characteristics and the perception capability of an observer,
or an automatic perception system, with respect to a certain perception task. Zero - (detection) and one-dimen-
sfonal (line scanner) systems may be included, as well as passive and active systems. Only opplied in the context
of such models atmospheric propagation quantities are applicable to system analysis dnd the forecasting of "optical

woather", i.e, of opplication oriented figures,

As mentioned in lacture 1 ond summarized in its Fig.2, the initial scene information is either
produced by reflection (A € 3 pm ond active) or emission (\ > 3 pm) in the scene. It has to be described by an
initlal radiance L? for the scene elements i, The corresponding apparent rodiance LI at an observation site is given
by

L=+ A8 (20)

because the initial rodiance is reduced by atmosphutic transmission T < 1, and atmospheric path rodiance LA,

not carrying imoge Information, is added. The lotter Is produced by scattering of radiation from amblent natural
or man mode sources ( A € 3 um), or the system source itself in the case of octive systems, ond therefore strongly
related to the iradionce of the scene. For A > 3 um atmospheric emlission 1s odding path rodiance. The generc!

vislon signal

Al=r Al <al’ 1)

has to be perceived to discriminate between hso different scene elements, necessary to perform a certain per-
ception task, If this Is pousible, 1s up to the relevant signal-to-nolse rotio

S/N-—g-:-nz P, (22)
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0p = tms noise of AL, p = perception threshold, e.g. for an human observer about 2.5. Eq. (22) may be called
general vision formula [15], because it allows the description of all vision processes, at least for the wavelength
range 0.3 um < X € 15 pm. It includes human vision, i.e. the well known theory based on contrast loss [14] by
Koschmieder, as shown In [15], see olso {1, poper 40]. It allows to calculate the maximum perception range @ a
function of scene characteristics, atmospheric conditions affecting scene and propagation medium, device characte~
ristics and perception task:

Rmax = Rmox(scene, atm., devize, task) . (23)

Observation task, are uvsually described by the spatial resolution necessary to fulfil a certain task with respect to
a certain torget, e.g. 1 Ip/target, 3.5 Ip/target and 7 Ip/target for detection, recognition and identification resp.
This would define the scene element 1 In the above presented general formate,

3.2 Atmospheric Path Radiance

Scene choracteristics, i.e. reflection and emission a3 a function of geophysical conditions
cannot be discussed within this context. It may be mentioned only, that thermal signatures and reflectivities ¢t ro-
levant laser wavelengths, e.g. at 1.06 um ond especiatly at 10.6 um of differert targets and bockgrounds (incl.
background clutter problems and camouflaging), and their dependency on meteorological conditions are not at all
known to an extent, necessary for system onalysis today. Therefore many extended current research programmes are
devoted to these problem oreas. For human vision and image intensifier passive vision the scene irradiation
during day and night has to be known. Many research projects in the past were devoted to thet, e.g. [9], and

sufficient data seem to be available,

Atmospheric path radionce, produced by scattered ambient radiation Is directly ruiated to the
irradionce of the scene under uwal conditions. Following Koschmieder (14, 15] for passive systems )\ € 3 pm) It
can be described by the horizon redionce LH ond the extinction coefficient o:

P ath (1 -exp-om). (24)

For inhomogeneous conditions Duntley introduced the atmospheric path function L’ A os path radiance per unit

poth langth, sometimes cclled differential path rodiance. For homogeneous conditions it holds the relation LH = L'Aﬁ.
Further theoretical work and mecsurements on L'A are still the key to improved vislon theorles and models for

A € 3 pm in the pessive case, especially for slant path vision, For active systems see [1 , paper 40] ond

[16], offering in its port 11 o perception model for gated viewing sysiems.

In the case of thermal path radionce It follows alio  Eq. (24), certainly uting only T R), becouse
no exponential tronsmission law Is opplicable in géneral, see section 2,2, Because T 0 for R+, .0, the
emissivity € =1 (Kirchhoff’'s lows € = a = 1 - T in the atmosphere) LH-’ Lo' where !’o 1s the spectrally relevont
blockbody rodiation at amblent temperature T . Thermal poth radiance therefore Is given by

ey 0-rRy . @3)
So, cslde from vision along Inhomogeneous paths, where I.'A has to be studled ond opplied, the critical magnitude
path rodionce con be handled, If atmospheric trommlssion ‘rx(R) fs known ond horizon radionce, Problem orecs with
respect to 7, R) were mentioned olready eorlier, but stifl meawrements (see section 4) are necessary to prove aleo -




"hcse ralations for path radiance under « large variety of reol conditions, becouse many assumptions have to be made,

to derive them, that could not be discussed here in detail.

3.3 Perceplion Range Modelling Concepts

The classical example of a perception range model is Koschmieder’s theory of human vision,
based on atmospheriz vontrast loss as produced by path radiance, and on a controst threshold Kmin = 0.02 to chorac-
terize "device and percention task" for human vision. If the contrast , as usual in physiological optics is defined

by K= (@, - L2)/ L, ,it follows from Eq.(20) and (24), that the opparent contrast at an observation site is given by

LT

sk 2 .
K=K, L;(RT oxp -oR2K . - (26)

where K = initla] contrast and K min = oontrost threshold ™ 0.02, Against the horizon Eq.(26) reduces to an expo-

nentia’ contrmt loss law, because of L = LT = LZ(R) For the observation of a"hlack) i.e. non-rodiating target for

A<3pum, L 1; = 0 and therefore Ko = «1, so that in this special case
K=-exp-0R2Km'n. v2)]

Tha maximuin perception range in this case is called visual range VN (Normsichiweite), that therefore is defined by

= 3'9‘2. =
VN s er=0.02, (28)
if Km'n = 0,02, Vi wnll be measured photopically or sometimes necr 0.55 pm, if not estimated by human obsarvers

as still usual In motoorology VN is the distance over what a black target against the horizon may be observed, i.e.
datected, or based on this theory, along -what the transmission in_the visval band (photopic or around 0.55 pm) Is
0.02. Scattering methods can be used also for its determination, because extinctic In the visible band is produced
almost only by scatte..ag, and path rodiconce is produced by scattering s mentioned. Sometimes the definitlon, pre-

sented as Eq. (28) is also applied to other wavelength bonds, to define a choracteristic atmospheric range VN(R, A)).
" For tha following it may be remembered, that V\ is In fact @ maximum perception range R whh respect to o
specified scene (visually"black”targat against the horizon), a speclal device (human eye), ond a well defined task
(detection), s a function of atmospheric conditions, Only bated on the asumptions Involved in Koschmieder's theo-
ry, these conditions con be choracterized by the extinction coefficlent o only. This human vision theory, bosed on
contrast loss, may be derived from the general vhlon formula, Eq.(22), If the contrast is introduced ond quontume
nolse limited vision Is assumed or a contrast limited device [15].

To derive in maximum propagation ronges RW the general vision formula Eq.(22) may be {
simply rewritten for the threshold cose as following: :

T
TR )AL =po,,

()
ASD = IANSD.,

ASD, the gpparent gignal difference, Is a function of the scene conditions, the atmonsheric conditions (ond the
toek) of Rm . MNSD, the minimum pecessary gignal difference, 1s o function of the davice, the tosk (ond the
poth radiance) et R . For thermal vision, for exomple, ASD 1s on gpparent temperature difference {ATD),
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and MNSD a minimum necessary femperature_difference (MNTD), The task enters the ASD by the definition of the
relovant areo of scene elements, o.q. the relevant initial temperature difference ATT," that may be different for
differant perception tasks. With similar temperatures in the scene (AT << T ) the thermal path rodionce does not
explicitely enter the MNTD, because that is given for a certain ambient tec:nparamre T . In the cose of recognition,
i.e. for 3.5 Ip/target ond a square target, i.e. the 4 bare pattern with aspect ratio 137, the MNTD is the well-
known MRTD (minimum resolvable temperature difference), used to charact:ize thermal imaging systems. Fig.9 shows
typical curves for the apporent signal difference ASD and the minimum necessary signal difference MNSD, let soy
in the obove mentioned case the apparent temperature difference ATD, and for recognition, the MRTD. The inter-

ception of both curves presents the maximum parception range Rmux' This model allows to separate environmental
aspects from device and perception features os much as possible. Different devices, would result in different MNSD-
curves, a varlety of environmental conditions would be equivalent to a set of ASD-curves with the same starting
point at R = 0 or maybe also with different starting points, because of the interrelation between scene and propa-
gation medium characteristics. For more details of thermal range models see [17], and [18] presenting especially

this concept.

More generaily it does not exist a maximum perception range Rmox rather than a decreasing per~
ception probability as a function of range, PP(R). Eq. (22) and (25) con be generalized, to cover this, by introdu-
cing a function p instead of a thresehold figure. In Fig.? it would have to be added a third dimension, i.e. the
probability to fulfil a certain perception task. Instead of Rmox’ usually given for a 50% probability, it would
follow PP(R).

Summarizing this section, it was shown that atmospheric propagation and meteorology are key
areas to calculate the apparent signal difference at an observation site, being the input to each vision model,
The some holds for the apparent controst, if it is o relevant assessment figure, and for spatially dec-radiance levels,

affecting quantum=noise limited systems.

4. MEASUREMENT PROJECT OPAQUE

Having mentioned throughout this lecture many measurements necosmeary to be performed in the
future, 1t may be meoningful to draw the attention to an extended current measurement project, that will offer
a large data bosis for future atmospheric o;-f_l—cd and system analysis purposes, It Is the project OPAQUE (gptical
and infra-red atmospheric quantities in Europe), orgonized and performed Ly a NATO research study group (AC/243
{Panel 1V/RSG,8)), where Canoda, Denmark, F.R,Gemany, Fronce, ltaly, The Netherlands, U.K, und the U,5,A,
are cooperating [ 1, poper 14] ond Reference [1] of lecture 1.

At 6 OPAQUE-stations in Westem Europe, to what In the near future o 7th will be added,
all relevant atmospheric optical and infra-red quantities are hourly measured over a period of at least 2 yeors, to-
gether with the usual meteorological figuras, Fig.10 presents an exomple of such on OPAQUE - station.

For this routine mecsurement programme broad-bond quantities In the visible (photopic) and thermal i
tange were choten, oslde from odditional laser tronsmimlon ond scattering, o1 well a8 mm wave transmission projects
ot some statiom, As shown eorlier photoplc magnitudes allow to determine radiation quantities rolevont to image In-

tensifisr vision with on acceptoble accuracy,

The basic data set, collected hourly ot sach station Is defined by



&

o

o = photopic extinction coefficient, i.e. visual range V,,,

Eh = " irradionce of a horizontal plane,

Ev = " " of a vertical plane (N,E,S ,W),

L = path“radiance towards E, with R = 100 m,

FP = " differential path rodiance (N,E,S ,W),

ESi = " and spectral irradiance by the sun, at 8 channels,

Ti = thermal transmission ot 4 channels, with R = 500 m,

8T = temperature fluctuations, i.e. microturbulence,

MET = temperature, humidity, pressure, rain rate, wind speed ond direction at 2 m and 10 m.

All measurements are performed at about 2 m height over ground, aside of the additional wind measurement at the
usual meteorological height of 10 m. It is used, if applicable, a common time constant of about 103, Many addi-

tional measuring equipments ore installed ot the OPAQUE-stations, e.g. for the determination of

n{r) = oerosol size distribution (almost at all stations!),
T)J’g)\ ‘= laser transmission end scattering,
ESk' EGr = radiotion flux from sky ond ground,
61 = furbulence induced laser beam and thermal beam fluctuations, i.e. microturbulence,

~ hemispherical/cloud pictures,

- aerosol somples, e.g. index of refraction,

(- visual weather observations),

(- atmospheric optical quontities in aerospace, collected by two national USA, and F.R.G.)

flight programmes ),

The calibration of the measuring equipment was established by calibration roundtrips of mobile
stations and intercomparison trials at certain sites. The intercomparative calibration of aerosol counters ond thermal
tronsmissometers were the first extensive frials of this type at all. Reports are available to the participating countries.
Most of the stations are computer controlled, and are automatically operating since the beginning of 1977, aside from
service ond calibration activities, and mide of the 7th station, mentioned above. The data collected at these stations
are digitally collected and offered in a common formate to the OPAQUE data-bank at U.K., ond will be available
to oll participating countries. They will form a unique data basis on atmospheric optical and infra-red quantities.

As mentioned earlier similar programmes, not necessarily performed at o routine basis, have to be per-
formed in the future, especially ot actual costal areas, over seas and in oerospace. Longe ronge tronsmission studies
are necessary, as well as much detail work on cerosols and hydrometeors, to summarize only the most essential problem
areas for research under natural conditions. Battle polluted environments up Hll now are only studied in a limited way,

and are asking for many future research activities in atmospheric optics, e.g. ['IO].

5. CONCLUSIONS

1t wos tried within this lecture to cover the brood field of atmospheric propagation, Including comments
on atmospheric vision for the wavelength range 0.3 pm € X\ € 15 um, ond perception range modelling concepts. Sub-mm
and mm wave effects were mentioned also In some cases. Becouse most of the sections contain already final remarks on
the state of the ort and nacessory future reseorch, and becouss of the brood problem area touched, It does not teem
to be meaningful to repeat these concluding statements here again,

5
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it may finally be mentioned only, that todays available numerical computer techniques allow extensive quick nume-~
rical caleulations. But especially this fact is often inducing such, extended calculations before the atmospheric propa-
gation problem, as affecting a cartain opticol/optronical system or a class of systems, has been analyzed completely,
and all major effects and their interrelation, limiting the system, are identified and studied. If this lecture was only

helpful to increcse the general overview, absolutely necessary for such an analysis, it may have been already

effective. —
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Fig.4 : Aerosol scattering coefficient ﬂ)\A as a function of wavelength ), os realized by o Junge distribution
of the oerosol (v = 3), ond the impact of a deviation of such a distribution, schematical; following

F.Volz [3, Section 2: Strohlung in der unteren Atmosphtire (radiation in the lower atmosphere)].
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PROPAGATTON PROBLEMS RELATIVE TO LASER
TRANSMISSTION

by

Mario Bertolotti

Istituto di Fisica~Facolta' di Ingegneria
Universita' di Roma, Roma, Italy

SUMMARY

Atmospheric transmission and scattering of monochromatic beams are considered.
The effects of atmospheric turbulence are then described., After short theoretical
introduction, the more important effects are described and discussed. Thermal blooming
is finally discussed in both cases of cw and pulse operation.

CONTENT

1. ATMOSPHERIC ABSORPTION AND SCATTERING

1.1. Molecular extinction
1.2 Extinction due to aerosols
1.3 Fog and rain extinction

2. ATMOSPHERIC TURBULENCE

2.1 Introductory remarks and theoretical background
2.2 Effects of turbulence on laser beams

a) beam spread and average intensity

b) spatial coherence of the electric field

¢) intensity fluctuations

d) phase fluctuations

e) angle of arrival fluctuations

3., BLOOMING

7. ATMOSPHERIC ABSORPTION AND SCATTERING

The 1light traveling through the atmosphere, suffers an attemuation which is
due to the absorption from the various constituents that form the atmosphere and an
attenuation due to scattering of radiation out of the incident beam direction from
molecules or small particles—suspended in the atmosphere (dust,vater droplets, etc.).
This radiation is not absorbed but the effect of diffusion iu directions different from
the one of beam propagation results the same in an attenuation of the trangmitted beam,

Sometimes it happens that this radiation is sent back in the beam direction
because of multiple scattering (forwvard scattering).

To these effects other phenomena add due to casual fluctuations in the index
of refraction of the atmosphere, due to turbulence. The intensity I(x) of a laser beam
propagating in an homogeneocus atmosphere For a path length x can be written as(Bouger

lav) ( I .
TI(x)e]le
* ! ‘ ()
where I, is the incident light intensity, and y is the extinction coefficient, It is
usually given in rm~1 and it takes into account all interactions which extract energy
from the laser beam,
The coefficient y can be considered the summ of various components

x‘Y,*f.,"'a’"f, (2)

each one taking into account the effects due 5 molecules ( I )y aerosol ( i), Pog
( x‘ ) and precipitation ( Y, Y. We vill consider these contributions separately.
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1.1 Molecular extinction

Yo s Ken * T (3)

The molecular scattering coefficient #; is essentially due to Rayleigh and Mie scattering.
The absorption coefficient X is rather complex to be calculated.

The relative transmission of primary constituents of the atmosphere is shown
in Fig.1 as a function of wavelength (1). There are vis.ble regions of high transparency
(vindovs) at wvavelengths in the ranges from 1 to 2u, 3.5 to 5p, and 8 to 14u. The curves
of Fig.1 have a relatively poor spectral resnlution. Practically the atmospheric
absorption changes drastically as a function of wavelenght,

Besides the absorption due to the fixed atmospheric constituents it is
necessary to take into account also the absorption due to components which can be in
variable concertrations. Water vapor and CO, are the more important.

The coefficients X_ (H,.0) have been measured by various authors (2)(3)(4)(s)
for different laser vavelengtgs. Rs an example

1

Km(H20)°0.03 o=t mm ! of precipitable vater for He-Ne (4)

-6 -
X, (H,0)= 7.0x107° g (P+88 4 ) (xm ') for co

. ()
vhere 4, is the partial pressure of water vapor in Torr, and P is the total atmospheric
pressure (in Torr),.

For CO, beams also absorption by CO, is important (6)(7)(8) . Stepenson and
collab, (6) give

K, (¢o) = 0418 ¢ (g%’_,-_)!/a e :mo/:’ 6)

vhere T is absolute temperature and ¢ is CO_, concentration in ppm (normal values of
¢ range from 330 ppm in dry atmosphere up to 906 ppm during the night near vegetation).
Other vavelenghts have been considered by J.Y.Wang (9).

1.2 Extinction due to aerosols

The aerosol extinction coefficient y, is the most difficult to evaluate,
Transmission of radiation through the atmosphere depends strongly from scattering and
absorption of aerosols, vhich can consist of dust and combustion products, salt
particles, industrial pollutants, living organisms and, the most important, wvater
droplets.

Mie theory can be used to derive absorption and scattering coefficients .-
and oz for spherical particles if the complex refractive index and the rumber density
and size distribution are known (10). Every irregularity in particle size gives hovever
strong changes.

Atmospheric aerosol is present in every state of the atmosphere but vith a
higly variable concentration in time and in space. The sire distribution ranges in a
large interval of radii for natural particles between about 10~3um up to 10“pm and can
have a considerable complexity.

Moreover many particles of natural aerosols, vhich are a mixture of water
soluble and insoluble components, are subjected to strong changes in size vhen relative
humidity changes,

Let us consider an atmosphere vhere the aerosol sizes in the unitary volume
are characterized by a distribution function £(r). Many distribution function have been
considered, B

The extinction coeﬂ’icimg can be written in general as

re .S {(n) c(n,2) A%, (7)

vhere c(r,)\) is the extinction cross-section of a particle of radius »r at vavelength
A. It is convenient to use an extinction efficiency factor

Qut . ‘(:"; * (8)
Therefore -
s § 00 Gue (1) mat dr. (9)

The dependence of Q ¢ Prom the particle radius is shown in Fig.2 Por spharical water
droplets not absorbiﬁ (refractive index 1,33) by using the dimension parameter
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s Ine/a. (10)
1

For wavelengths larger than 3pm, absorption of liquid water must be considered, It is

tguk * ggh hi @Md' : (11)

The complete solution of the scattering problen may be found and results for Q are
tabulated.

The natural scatterer size distribution can be approximated by many models and many
calculations have been done on the resulting attemuation (11) to (17). Recently Shettle
and Fenn (18) have given aernsol models for various altitudes. For altitudes near the

ground the range of conditions is represented by three different aerosol models, rural,
urban and maritime,

These models are assumed to be the sum of two log-normal distributions
1 3
c\N(t) . Z N", xp [— (&,t—&’t") ,
et (12)

dn det bydo.e.op Vam
vhere N(r) is the cumulative number density. The parameters defining the size distribu
tions are given in Table I,
Table I
(Size distributions)

(normalized to 1 particlq/cm3)

*
Type of aerosol Ng’) T, a; Né ) r, 05
Rural 0.9999975 0.0051 0.475 2.5.10‘2 0.5  0.475
Maritime-continental 1 0.005n 0.475 - - -
" origin
Maritime-see spray 9 0.3 0.4 - - -
origin
(*) N+ Ny =1

The maritime aerosol is composed by salt particles which are caused by the evaporation
of seaspray droplets plus a continental component, The properties of the seaspray =
produced component, especially in the lower 100 m or so above the vater, depend strongly
on relative umidity and also windspeed. g R |
The number of seaspray produced aerosols increase with vindspeed, especially the larger
particles. The size distribution also is a function of relative humidity since the
hygroscopic particles begin to grow by absorption of water, if the relative humidity
reaches values above 70%, The dependence of humidity and windspeed has not beer
incorporated in the model which corresponds to moderate windspeeds and a rqlativo .
humidity of =80% . o VR :
‘The coefficients for extinction, absorption and scattering are shown in Figs.3.
Some examples of calculated atmospheric transmittances are shwwn in Table 2 which gives
total atmospheric transmittances for a 1 Xm horizontal path at ground,ltvel,th:ough«
atmosphere of different optigcal properties. : R PO
The transmittances are darived from the coefficients for molecular absorption and
scattering as wvell as aerosol absorption and scattering, ‘ - .
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Table 2
Transmittance

Aerosol Model Vigibility A = 0,55um A= 1,06um A= 10,591um
rural 50 Xm 0.925 0.970 0.694
10 Km 0.677 0.843 0.673
urban 10 Km 0.677 0.822 0.673
2 Xm ‘ 0. 142 0.368 0.578
maritime 10 Km 0.677 0.691 0.657
2 Xm 0.142 0.181 0.509

The scattering coefficient of can also be found by means of an empirical relation from
the knowledge of the optical vigibility v

1.9 ( 083 (o.erv¥

s (13)
vhere V is in xm, A in pm and o7 in Km_1(19). The transmittances at 0.55um in table 2

,are therefore, by definition, identical if the visibility is the same.

The growth factor F of aerosol radius as a function of relatlve humidity ™
is shown in Fig.4 (20),
From it we may expect a strong increase in the extinction of hygroscopic aerosol
particles with an increase of relative humidity B [§.Fig.5 ref, (12) ]; it is a
consequence of the combined effect of change in amplitude of size distribution and

_change in refractive index (21).

One of the best calculation for g, has been made by Barnhardt and Strete(17)
for the 10.6um wavelength. They have calculated ¥, as a function of relative humidity

for various aerosol kinds classified as a mixture of two fundamental types; continental

and maritime.
They results are saown in Fig.6.

1.3 Fog and rain extinction

An empirical relation between fog extincticn coefficient at 10.6um and at

L 0.53um (22) is

G (A = 10.6) = 0.38 x,(r = 0.53) (14)
For rain, Sokolov (23) Pinds that y i3 connected to precipitation velocity as shown in
Table 3. T
Table 3

recipitation

elocity (mm/hour) 1 5 10 25 50 100

;(A = 0.63um) 0.25 0.69 1.04 1. 80 2,88 14,19

'(A = 10.6[1’") 0-25 0069 1004 1.82 2‘90 4027

Prom Table 3 it is seen that there is no substantial difference in attenuation betwveen
these tvo wavelengths,

Scattering by rain is a multiple scattering phenomenon difficult to analize
quantitatively. A theoretical extimation in single scattering can be made by assuming
that for A between 0.4 pm and 15 um rain doplets can be considered large with Q
practically equal to two.

Therefore %

IR PR OEATETS
b

~5.~‘g ) A, e

(13)

is the geometrical cross-section of doplets per volume unity. Therefore we may expect
that the extinction coefficiant for rain is independent of )\ Dbetween O.4pm and 13um,
The empirical relation betveen LA and the precipitation velocity J (mm/hour)
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= 0,21 J 74 . (xm 1) (17)

Additional data can be founfl in ref, (24).

2 - ATMOSPHERIC TURBULENCE

2.1 = Introductory remarks ard theoretical background

When a laser beam propagates through the turbulent atmospere it suffers a
degradation due to the random changes of the refractive index.

The structure of turbulence is described by statistical fluctuations in air
velocity. Two basic mechanisms are responsible for velocity turbulence ! wind shear and
convective heating from the ground. -

As a result of these turbulences, eddy air currents are produced. For instance
air blown over obstacles breaks up into eddies, the largest of which being detériined by
the size of the obstacle. Due to viscosity if the energy in the eddy exceeds a crytical
level determined by the Reynold's number, the velocity fluctuations within the eddy are
no longer stable, and the eddy breaks up into smaller eddies. Further breakup occurs
until the eddy is reduced to sufficiently small size where viscous elfects become
dominant thereby dissipating the available energy into heat.

When the process is selfustaining each eddy of a given size transfer <he same
amount of energy to its immediately smaller neighbor. A range of size or scales of
eddies is then found to exist, extending from an outer scale L, to an inmer scale 1, .
Close to ground it is often assumed that the outer scale is of the order of the height
«hove thz ground and ranges tipically between 1 to 100 m. The inner scale is of the
srder of 1 to 10 mm near the grdund. PR

Each eddy can be thought of as a parcell of air, a turbulent blob with its own
characteristics velocity, temperature, refractive index, et2,

The propagation of optical waves is influenced meanly by changes in the
refractive index which depend directly of temperature fluctuations resulting from the

i turbulent mixing ofair blobs induced by temperature gradients in the atmosphere. It can

be shown (25) that in the atmosphere, when conditions for homogeneous turbulence exist,
the power spectrum of velocity fluctuations is proportional to the power spectrum of the
index of refraction fluctuations. The Ffluctuations in the index of refraction are
functions of the position r and time t, so that the index of refraction n can be written
as

n(r,t) = 1+n1(r,t) (18)

vhere n_ is the fluctuation in the index of refraction. For Clear-air atmospheric

‘ turbulenée it i3 generally reasonable to assume that n_ is small and that its temporal

dependence ic mainly due to atmospheric winds, so that'n_(r,t) e n [r—v(r)g] where
V(r) is the local wind velocity. This last assumption is known as f' Taylor's frozen-flow
hypothesist!', and appears to hold in most practical situations.

Let us now ignore, for the moment, the effect of atmospheric winds and
concentrate on the spatial variations of n_. Here we shall only need to calculate
integrals of n_, of the form jf(x)n (x)dx, dna these are generally Gaussian random
variables, Therefore, we shall only be interested in the first two moments of n_., It is
clear that the first moment < n_> = O where <> denotes an ensemble average, We mmst now
specify the covariance < n (r)n1(r')>.

We shall assume that the réndom medium is locally stationary; that is, if we define
R = (r+r')/2 and p = r-r' then the moment < n_(r)n_(r')> varies much more rapidly with
p that it does with R, For thii case the cova;ianc; of n1 may be written as

LN ()N (7)) > gs d’x é,' (R,w) ef'"’, (19)

The function & (R,k) is known as the wavenumber spectrum of the index-of-refraction
fluctuations, and for vell-developed turbulence in the earth's atmosphere is given

approximately by ¢
5 0.033¢k exple (58)]
n(ﬁ,t): E"l" L:'J 14/¢ _ (20)

.

In Eq.(20), the quantity 02 is known as the index~of-refraction structure constant, and
is a measure of .the magnitude of the fluctuations in the index of refraction.
The values of C° can be taken as indicative of the turbulence strength., The following

clasgsificat’on i3 sometimes used
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-18 m-2/3

weak turbulence Ci = 64.10
intermediate turbulence Ci = 16.10"1° m-2/3
strong " Ci = 25,10" 1% m=2/3

o
In general C; will vary with altitude, and the values listed here are meant to
characterize average day-time conditions a few meters above the earth's surface. The
exact variations with 2" titute depends upon the local terrain.

The earliest uttempts to study propagation in a random medium employed the
geometric-optics approximation; however, this was shown to be of very limited utility
since results obtained by geometric optics are valid only for propagation paths of
order k@ where k is the signal wave-number. In the late 1950's Tatarski (25) developed
a nev technique, based on the Rytov approximation, which had a much greater range of
validity than the geometric-optics method. In this method the electric field E of a
narrov-band beam propagating in a random medium is written as

E-Clp(\)‘): (.up(x-f&S)l (21)
and ‘f’ is next written as
¥y=¢ ¥, ) (22)

where ¥, satisfies the vacuum equation

— g+ @)+ a0, - (23)
and ¢ = x_ + 45 has a solution given by
ax|T-% ‘
W 3 n e (24)
")« dn! ! ) ——— ,
. IrE, () Sg = 0 ()E () ENCTE

where E, = exp ¢, . From EqQ.(24) it is possible to calculate the moments of the log-
amplitude x,and the phase S_. It is quite clear from Eq.(24) that the moments of ¥,

can be expressed in terms of the moments of the index of refraction fluctuation n_.
Solution (24) is however obtained under the assumption that | V¢, |« | ¥¥.| which 1edds to
an important restriction on the range of validity of the Rytov method. When the Rytov
methnd was first developed it appeared to give quite good agreement with all the availa-
ble experimental data, which had been taken over propagation paths of less than 1 Xm in
the atmosphere, However, in the late 1960's when experiments were performed using
horizontal propagation paths much greater than 1 Xm, it was found that the experimental
data deviated significantly from predictions made using the Rytov method. In particular,
it was found that if the propagation path x is such that the parameter .

0.’; 1.23 k7/602 b4 "/6 is greater than 0.3, the Rytov approximation is invalid. It was
soon recognize& that, because the Rytov approximation is equivalent to the scatter of the
incident wave by a series of random phase screens it did not adequately account for
multiple scatter of the electromagnetic wave by the turbulent eddies, This pushed to
develop new theories which properly include multiple scatter, and led to an exploration
of seversl different techniques., However, the technique which to date appears to be most
successful in overcoming the limitations of the Rytov method and is easiest to understand
is the Markov approximation (25)(26)(27)(28). In this approximation a light beam is
congidered which is propagating along the x axis in a medium with random index of
refraction fluctuations, and the electric field is written as

AR
E=ulxy2)e - (25)
To obtain solutions for the moments <AL(x,8)>, ¢ 4(%,0)u’(x,0.)5, etc., vhere

p = (y,z) it is Pirst assumed that the index-of-refraction fluctuation n, is delta-
Punction correlated in the direction of propagation, so that the turbulcﬂt eddies look
like Plat disks oriented normally to the propagation path.

The moments of the field are than obtained by using the Novikov-Furutsu Pormula (29),
vhich states that if n_ is a Gaussian random variable and &TCAd  is an arbitrary

1
functional of n,, then' §4 L]

<A (A LAY > Sﬁ‘v't'<4«(t)n-(t')>< IR (26)
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It can be demonstrated (25) that the conditions required for the validity of
the approximations made in this method are that

wd, i , (27a)

and iy
1 3
KC, L, «4. (27b)
The condition in Eq.(27a) requires that the scattering pattern of even the smallest
turbulent eddies must be primarily in the forward direction, while that requirement
expressed by Eq.(27b) is that there be very little attenuation (due to scatter) of the
signal over one wvavelength, 2 .

If we substitute numbers typical of C_, L, and 1, in the earth's atmosphere
we find that the condition in Eq. (27b) is reaﬂy not very restrictive, and that the
Markov approximation is valid over horizontal propagation paths of many hundreds or
thousands of kilometers in the Earth's atmosphere; this is quite an improvement gver
the Rytov approximation, which was valid only over distances less than about 1 Km.

It is so possible to derive the equations satisfied by the higher order
moments of the field; the equation satisfied by second moment

T, (%, 8,8)c <4 lx 2) U (x,8)>, (28)
can be obtained and its solut';ign is“

T Cent) - () [ ater [ dlel s (st ().

-

n
. P T t ’ ! ’ 2
"-"P{* [ el-er- (50-0)']- "f‘j"" X et - 2], 32
vhere for the spectrum &, given in Eq.(22)

- //
Hegys aeecke (81 [4-0mes (1) ], (30

provided {. «|§]« L, . Equation (29) yives the general spatial coherence function of
the beam; the intensity distribution 1(x,8)sc¢u(x,g)4"(x,g)>can be obtained from
Eq. (29) simply by setting p, equal to Py +

It is also po:sib&e to derive the equation satisfied by the fourth moment of
the field

T (x,0.8.,8,.8.) « {AULX,0)AL(x,8 ) 4L, 9 ) 447Co0,8,)5 .

Hovever in this case a solution in closed form cannot be obtained,

This is unfortunate since a knowledge of Tl is necessary in order to calculate
intensity scintillations, beam wander, aperture averaging, and a number of other measu-
rable effects, However, a number of approximate solutions, valid for different ranges
of c:‘ have recently been developed and will be discussed in the following.

2,2. Effects of turbulence on laser beams

We vill now consider the various effects of turbulence on the parameters of a
Jaser beam. let us consider a receiving equipment composed of a lens and a photomulti-
plier at its focus, The voltage across its output terminals constitutes the received
signal. In the vacuum, or in an homogeneous atmosphere, the laser beam is directed
along the optical axis, and the photomultiplier receives practically the full energy
£ the beam.
° A turbulent atmosphere causes the beam parameters to £luctuate at random,and
wvill distort the beam producing one or more of the following effects.
A) Beam spreading.

The unperturbed beam has its own spread due to diffraction. Turbulence causes
further beam spread and the beam cross=section fluctuates in size {breathing).

B) spatial coherence

The spatial coherence of the beam is shown to decrease with its traveling in
the turbulent atmosphere,
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C) Intensity fluctuations. '
Iaterference produces amplitude fluctuations on the receiving surface
' (scintillation). As a result we have fluctuations in the received power that, turbulence
being equal, depend on the receiver aperture size and on the path length,
In telecommunications these flu¢tuations impose a lower limit to the depth of
amplitude modulation, and finally inhibit its use for analogical modulation. The
temporal changes of these fluctuations are also of interest for these systems.

D) phase fluctuations.

The phase along the arriving wavefront changes in a random way. Two points on
the wave surface of the unperturbed wave, do not have, generally the same phase, Their
phase difference changes at random (spatial phase fluctuations).

In telecommunication it is desirable to have coherence over the whole
receiving surface; therefore this phenomenon poses an upper limit to the receiver
dimensions.

Fluctuations in the transit time (due to fluctuations in the propagation
velocity) cause random phase changes over a point of the receiver. These fluctuations
produce a parasite modulation that perturbes the signal modulation.

F) angle of arrival fluctuations.

The angle formed by the normal to the wavefroat and the propagation direction
undergoes casual changes. IF there is a lens, in the receiver, these fluctuations
produce displacements of the image point of the beam on the focal plane (image-dancing
or quivering). Therefore to receive the - mal we must increase the aperture surface
at the receiver,

When the path is long, the wavefront can be thought of as divided into
coherence regions. Each coherence region presents its own incidence angle with causal
changes (crumbling of the wavefront, boiling or image blurring).

Not all these phenomena are mutually independent.We will in the following
describe them,

A) Beam spread and average intensity

In the absence of *urbulence, a laser beam exiting from an aperture of diameter D would,
in the far field, have an angular spread 9;= A/D, vhere A is the signal wavelength,
When turbulence is present the-situation becomes much more complex because the beam is
scattered by the moving turbulent eddies. This gives rise to an angular beam spread
vhich may be much greater than 3; ; in addition other effects such as beam wander or
even breakup of the beam into an ensemble of individual beams may occur.

When discussing the radius of a beam propagating in a turbulent medium it is
necessary to distinguish between its short-and long-term spread. In general, when a
laser bean interacts with the turbulent eddies it is found that those eddies which are
large compared with the Jdiameter of the beam tend to deflect the beam, whereas those
eddies which are sma’l compared with the beam diameter tend to broaden the beam, but do
not deflect it significantly. Conscquently, if we had a photographic plate at a distance
x into the random medium and took a very short exposure picture we would observe a
hroadened laser spot (due to the small eddies) of radius p_ which is deflected (due to .
the large eddies) by a distance p , as indicated pictoriallf' in Fig.7. Now, bezause the
turbulent eddies are flowing acrogs the beam, the beam will be continually deflected
in different directions in time intervals of order At = D/|v| , vhere V is the
trangverse flow velocity of the turbulent eddies. The time history of the beam wander
is shown in Fig.8. Decause the spot dances from position to position in times of order
At, it is clear from Fig.8 that if we took a picture, with an exposure time much longer
than At, of the received spot ve wvould see a broadened spot with a meansquare radius

<gl> given by
<gi>e B>+ L8>, (31)

p. is the short-=term beam spread and p, is the long-term beam spread,

s Unfortunately, the model giv@n above does not give the wvhole story, and only
holds in the limit when the turbulence is relatively weak, When the turbulence is
strong the beam no longer wanders significantly, but rather breaks up into multiple
beams, In this case a short exposure picture of the received spot would consist not of
a single spot, but of a multiplicity of spots at random locations on the receiving
aperture. The long~-exposure picture, however, would be a blurred version of the short
exposure, but with approximately the same total diameter,

1P the initial £ield distribution in the beam has the Gaussian form
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M (8) = expg- _E!.; - :3“9_'} (32)
zF !

i.e, a beam wi initi i i i
1 wvith an initial diameter D and a radius of curvature F one finds

1 ”~ 4&‘ ‘D' _.’-‘— t 4"‘ t t '/ -1
R AL (332)
PR E S L PSRN SO et gty
48,5 = Wt D' - T(“’—F).M'l“‘ 1o {"' x 22 (%P6 ) ’ (33b)

where, for h eneous turb i.e. . R
' omog turbulence (i.e cn not depending on distance)

- -
Q, e dosn C, 8 xmVE

The first two terms in Eq.(33a) and EqQ.(33b) represent the beam spreading in vacuum;
the last term represents the additional spread due to the scattering of the beam by
the turbulent eddies.

The validity of Eq.(33a) has been studied somehow and seems to be conf irmed

2 5/3)-1

(30). 0
In atmospheric turbulence (k cnlo

is of order of 100 Km,
Average Intensity

The formal expression for the long term averaged beam intensity is given
by B4.(29) with p_ = P, = p. In particular, for a Gaussian initial field distribution
u, (p), the long—%erm averaged intensity can be found by using the results of Eq.(33a)
and Eq,(33b), along with energy conservation. That is, since the turbulent eddies are
much larger than the signal wavelength, nearly all of the energy is scattered in the
forward direction. Congsequently <L(x,0)><¢¥(x)> is approximately a constant. If we
denote the intensity at x = 0 by I, ve then have for the axial intensity (31)

LI xcttneregtd>. (34)

T %
We next substitute Eq.(33a) into EqQ.(34) to obtain, for x << ( »w'C, 4, )

ml
(#)L
{I(%,9> % —o - . '
X, B (4- %, fv,x_.‘ SR (35)
K‘D 4 P “’.
2.2 . 5/3,~1
For x >> (x“C_ 1,”/°) ' we have to use instead BEq. (33b). The approximate result

in Bq. (35) afrees quite well with more rigorous theoretical results (25), (32) and also
iwith experimental data (33). 2

If the flux P, = nD° I,/4 through the transmitting aperture is held fixeqd,
Bq.(35) predicts that, in turbulence, there is a limiting value of the intensity at the
Pocus (x = F) of the beam, no matter how large the initial diameter D of the beam is
nade. This maximum intensity is

0.165 R
Ll > g s : (36)

rallistrova and Xon (34) have made detailed measurements of the focused beam intensity
in turbulence; they have found that there is a limit to the intensity of a focused
beam, and that Bq. (36) is a good approximation to that limit. The short term averaged
intensity is considered by (34a).

B. Spatial coherence,

The function T,(£,9,8 )e4ulx.2)u"(5,8)5> is a measure of the log-term
spatial coherence of the electric field, in a plane transverse to the direction of
propagation of the beam, This function 1is important for interferometry experiments in

" radio astronomy, and because it determines the signal-to-noise ratio in an optical




310

het&rqdyne receiver (35). Exact expressions For T} in the limiting cases of plane and
spherical waves have been available for some time; however, the general solution for

T, For a finite beam has only more recently been derived (25)(34)(36) and numerically
evaluated (31). In particular, the general solution for the coherence relative to the
average center of the beam is given by Eq, (29), with p_ set equal to zero, We will not
present the general solution for 11 here, but will ratﬂer Present an approximate
evaluation of Fq. (29) for the case when the initial electric field of the beam is
given by Fq.(32). We then find that the long-term coherence function M(x, p), which
measures coherence relative to the undisplaced center of the beam, is (36)

T e, 0,8) ? \¥
s i - (& (37)
M Telx,00 uPS (S's) }'
where
g | %) @ {15 %)} *
b7 T, x4 . ’
-5 5 Z5 (- 1&)} (38)

p, is the plane~wave coherence length given by
P _e/s Vs -8/

. c
o X "oy (39)

and it is assumed that £, < ?,¢ L,. The simplified expression in Eq.(37) can be
shown (31) to be a good approximation to the exact results obtained from Eq.(29). It
can also be demonstrated that the same trends, as predicted by Eq.(37), are observed
experimentally. For example, consider the plane-wave limit in which

Mx,5)- exp |- (%}.)%}' (40)

Gilmartin and Holtz (37) have found experimentally that p_varies as k-G/S' as

predicted by Eq.(39). Further verifi atigy is found in retent Soviet experiments (38)
which indicate that % varies as k~6/5x™ 5Cn"6/5, in complete agreement with Eqs.(39)
and (40).

Tt is important to emphasgize that is the long-term averaged (over times much larger
than At = D/V) coherence length of the beam., If measurements relative to the
instantaneous center of the wandering beam are made over times much shorter than At
some short-term length p§?"$ﬁ¥gﬁ is greater than . The short term coherence length
has not been studied in any rigorous fashion; however, a rough approximation (39) is
readily obtained, and it is found that the short-term beam coherence length is also
given by Eq.(38), except with P replaced by p,_ vhich for pp/D< 1 is given by

G, = 2 [1+037 (&8s D) ] (41)

—

C. Intensity fluctuations

If we measure the intensity of a laser beam across its traveling direction in a
turbulent medium, we would find that the measured value of I would fluctuate with time
about its average value < I > ., As an example Fig.9 shows powver fluctuations measured
vith an aperture of 7 cm over a path 145 Xm long (40). It is desirable to be able to
predict the magnitude of the intensity scintillations, since this is an important
consideration in the design of any receiver system, At present, extensive experimental
data on the intensity scintillation are available, but the theory is complete only for
the limiting case of weak turbulence, For the case of weak turbulence it is conventio~
nal to calculate the variance and covariance of the logarithm of the amplitude
fluctuations rather than of the intensity fluctuations. This presents no great dif-
ficulty because if the log-~amplitude X, is normally distributed, it can be shown that

0.8 )F X (X, 8) X 0X,80)>,
Bl(‘ ’,’) ) (3 l)) (42)

is related to
¢ L(x,0)T(x,0)> =Ll L LLx2)>

UL, 054 Tk, 8)>

bt (";’o,’l)'
(43)




follow from Eq. (44). x’
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Bx (X,?' 9;)': L &"[1-‘- br (,"g"lrlﬂ *
We shall, therefore, present the theoretical results for B the results for bI

The ensgmble average ir_x Eq.(42) can be readily evaluated by using the Rytov
me?hod; the quantlty x.gac,s,/ can be calculated by taking the real part of Eq.(25).
This result is then multiplied by X{x, p2) and ensemble averaged, with Eq.(21) used
to evaluated <(n_(x,p.) n1(x.p ) >.
A good approximaéion Eor Byin"the case of 3 Plane vave can be obtained for the case

vhen the turbulence is homogeneous (i.e., cn independent of x). In that case, (41)

123t

- At g/ al
p \.4-40.9({:) ,40.7(.3;: )] )

B (x,8)= ‘4;; by (x,§)+ (45)

. ? > A Yo . . - 1 "W, 1 W

provided &, << ¢ <« (Ax)"] This expression is valid only for &y=r83% C. % o3, 1t
has been compared in detail with experimental data and the agreement is quite favorable
(42), provided o;'<ol. This point is quite evident from Fig.10; there calculations of

2 LNDY 2 '
ools LE2-¢T2 exps 4By (x,00)}-1
I . ‘t)‘ Fl rl
for a unit-amplitude plane wave are compared with experimental data. Finally wve note
from Eq.(45) that in weak turbulence the charva‘cteristic transverse length for correla-
tion of the intensity fluctuations is ( Ax )7 we shall see later that in strong
turbulence there is an entirely different characteristic correlation length for the
intensity fluctuations.

Scintillations in strong turbulence

A great deal of effort has been devoted to attempting to explain the reasons
for the failure of the Rytov method when the turbulence is strong and to develop new
theories which are adequate when o;'>4 . Most of this effort has been an attempt to
obtain solutions of the equation giving 'T; since the intensity fluctuations are
directly related to T" through

([ (’-,gd)I-('-;,t))‘ £ I(.‘;’!))(I (‘,P;)) = -': (xﬁgct"l" "‘)‘T;. (X‘Q. ,.?.)T: (x'lg‘:g‘).'

In the plane wave limit it has been shown by several different techniques that for
0;'»4 an approximate solution for the normalized intensity scintillation bI(x. p) in
homogeneous turbulence is (43)

. ‘ i % 4 ? - A ,{‘/«
bx(x,s)':w&-i(,') }‘ Y sx[@ﬁ;ﬁ] + 3["3—""‘0,‘)% _J}, (46)
vhere b_ is defined in Eq.(43) , § = |p,=p, | » P, iS the plane vave Coherence length,

definedlin Eq.(39) and the functions £('S)“and gP(s) are shown in Fig.11. We can obtain
the variance of the intensity fluctuations by setting p = O in Eq.(46); the result is

T  §
1 T>»-2L>» 0.9
U‘.“ a .‘__..7_._.‘——- a 4+ _____.__._‘./_' . (47)
2 $3 (e;°)

This exgression is in good agreement (42) with measurement; the decay of o;‘ to unity as
AR 4 has been predicted by a number of authors. In Fig.12 ve present a comparison
of the analytical predictions, made using Eq. (46), and recent Soviet measured data (43)
for the covariance of the intensity fluctuations. The agreement is quite good. In Fig.12
the abscissa R is defined as R = 8/(1-)". The sharp decay in bI(R) near R= 0 is
governed by the first tem in Ed, (46), vhereas the long tail is“governed by the second
term; the last term is important in the transition region between the first two terms,

1t is important to note that the nature of the intensity covariance function
b, is quite different in strong turbulence than in weak turbulence; this is evident
f}om Fig.13. We observe that in wveak turbulenc?/ghe intensity fluctuations are corre-
jated over transverse distance p of order (Ax) . Hovever, in strong turbulence ve see
from Eq.(46) and Fig,13 that the correlation is over transverse separations
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0.16 (Ax)"

@) (48)

Since ofv>1 in strong turbulence it is clear from Eq.(48) that the correlation distance
1s much shorter in strong turbulence than in weak turbulence. Although Eqs.(46) and

{17) are strictly valid only for plane waves it is expected that they will also yield

a fair approximation for finite beams, except possibly in the focal plane, In fact it

has been shown (44) that for o,'»4 and

) /¢
3 " 4 [» o2\
RS o.sL ——_:D‘ - ——“4“ J(1-%) ] o : (49)

the properties of the intensity scintillations of the beam are irdependent of its
initial structure. Therefore for sufficiently strong turbulence the normalized scintil-
lations of a plane wave are the same as those of a finite beam; this effect has-also
been observed experimentally (45)(42).

Aperture averaging

The intensity fluctuations o{ shown in Fig.10 and discussed previously are
really those which would be measured by a receiving aperture with an infinitesimally
small diameter. In practice the receiving aperture has a finite diameter and the
intensity Fluctuations measured will not be of but rather an average of the fluctuations
over the whole aperture. Let us consider the fluctuations &P, in the power received by
a circular aperture of diameter D' when a signal of intensity I is incident on it, ’

L
§F > Pu-<PByye { Ly [T-¢D].
D
The mean~square fluctuation in the received powver is

(8RIy= ([ Alg, (| Mg, [<T(20TC8)> - <I(2)5¢1(8)3]

> P’ (50)
-5 Al A% B (880,
! >’
where Bt (x,8,,8,)= < L(8.)>LL(g)> bz ("091.?:):

and b_ is defined in Eq.(43). Let us now define G(D') as the ratio of the received
power fluctuations in an aperture of diameter D' to those measured by a point aperture,
By using Eq.(50), it is straightforward to show (25) that for a plane vave

D
‘Y 1 bt(‘pi‘) -t ¢ - ¢ g A A ) - .
() () S b, (x,0) im (}f) ‘;7'[4'(‘:’7)_{ }f“?- (51)

G{D') can be readily calculated for both strong and weak turbulence; and the result is
shown in Fig.14. We observe that as the diameter of the receiving aperture is increased
the magnitude of the fluctuations in the received power decreases; this effect is known
as aperture averaging, and has been observed experimentally (45)(46). From Fig.14 we
can note that in weak turbulence ( 0;'« 1) the fluctuations in the received powver are
significantly reduced whenever the aperture diameter D' exceeds ( Ax Y? However, in
strong turbulence (0°*»4) there is a significant reduction in the fluctuations
vhenever the receiving aperture diameter exceeds @= 0.36 (Ax)”™ ( 2*)"Y" yhich is
much smaller than ( Ax )*because o7'»1¢, ’

Frequency spectrum of the intensity scintillations

In some applications it is desirable to know the frequency spectrum of the intensity
fluctuations of a light beam wvhich would be measured by a receiver in a turbulent
medium, This spectrum wI(w) is given by

W (w) s S.l'c Wiy [4:(:.;,,&) I(x,g,,bee)>- CL(x,0, t)>¢L(x g,k .-g)?] , (52)
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where w is the frequency and T (x,q, t) is the instantaneous intensity at the position !
(x,p,) at the time t., In writing Eq.(52), it has been implicitly assumed that the
turbulence is a (temporally) stationary random process; for Frozen flow this is a good
assumption, For strong turbulence the expression in Eq.(52) has been evaluated in some
cases (47). For weak turbulence, it is customary to study the frequency spectrum %{m)
of the log-amplitude fluctuations. This is related to the results obtained previously

via
-

WX (119!;“’).3‘1" wiw T Bx (x'g‘lg'l.t) .

(-]

Approximate analytical expressions for "’1(“’) have been obtained in a number of limiting
cases, (25)(48)(49)(50). Experimental measurements of W, and W_ have been made for both
weak and strong turbulence {51)(52)(53). For the case of propagation in the clear :
atmosphere it is found that, for propagation paths such that the turbulence parameter P
ol«wd |, the width of the frequency spectrum W,(w) is of the order v/(Ax) V2, which ‘
is typically about 10 to 100 Hz, For paths such that o¢j¥»4, the width of the frequency
spectrum is of order V/pp. wvhich is typically about 100 to 1000 Hz.

Probability distribution of the intensity '
|

In some applications, such as the calculation of the probability of error in
a communications 1link, it is desirable to know the probability distribution satisfied
by the received intensity. For the case when oj'«4 , it has been found, that the
probability distribution of the intensity is very nearly log-normal. That, is for a
unit amplitude plane wave, the probability density p (I) satisfies

P(I) "‘P‘I*(’“I* SNCLON Y | (53)

[mrel

vhere o %4 B‘(n,°)= lu (14 7‘,_‘) . The above result is physically reasonable since
it implies that x= (1/2) 1n (I) 1is normally distributed. By returning to Eq.(25), we
see that x= Re (9, ) is essentially the sum of a large number of independent forward
scatterings; therefore, by virtue of the central limit theorem x, is a normally
distributed random variable. . .
Experimental measurements have been made (43)(54); for 2% <o{ <400 , and for 0<o] < 0.3
the distribution in Eq.(53) is reasonably accurate. However, for 4£¢,'<2§ , the
measured probability distribution appears to deviate significantly from the result in
Fq.(53). This is especially true for 14 v{*s 4.

D - Phase fluctuations

The phase fluctuations can be calculated in the weak turbulence case by .
taking the immaginary part of Eq.(25) to obtain the phase S,(x,s,) and then obtaining L

B; ("-’uh)‘ < sc (x,%.)5S, (r.0.)>.

More often it is interesting to calculate the phase structure function defined as
3
c(, (*.8..9.)= ¢ [S,(x,’,)— S.(K,S’.)] > (54)

For the case when a:'<o.'; by employing the Rytov method, for a plane wave we have

. ‘ %A‘(?) l.ug‘« (A&)V‘
cl,(x-,f)&z dolf) g»(“‘)y‘ (55)
vhere . (§) for C «lflal, is given by
d,(¢)s 2.32|§|% K'xC: . (56)

TEqs.(SS) and (56) are fc'nd to be valid also in strong turbulence, as prooved also by
Ishimaru (56a). .
For large values of ¢ Tatarski (57) £inds

D,(x,9,9.)a013 c; w? .u.,fl' i ((ul/e) , (37)
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‘where !(lﬂ/e) is an adimensional function vhose behavior is shown in Fi
scale 1 is defined through g.15, and the

76 2“/6‘ 4.

0.4 Cf‘ «

The phase structure function's dependence on the 5/3 power of the separation

dis;ance p between points, for small P values, has been experimentally verified by many
authors.

For large values of p the phase structure function shows saturation properties,

Bertolotti et al, (58)(59) have made measurements of the phase structure
function on paths of 0.5 Kkm and 3,5 Km by using a particular kind of interferometer
that allows simultaneous measurements for ray couples of different separation.

Fig.16 shows some curves of the phase structure function obtained in different
conditions. The dotted line is the 5/3 power law that best fits the initial part of the
curve, from which the ¢! value can be deduced,

A saturation ?or p values of the order of 10 cm is clearly seen.

Similar results have also been obtained by Burlamacchi et al.(60), Other
authors in different ambiental conditions, have found agreement with the 5/3 power law
up to much larger values of p {51)(62). co

Fig.17 shows on probability paper the statistical distribution of ‘phase dif-
ferences for two distances between the beams., The experimental points are consistent
with a normal distribution.

The spectrum W, (w) of the phase fluctuations can be obtained by evaluating

WSLU)=SA‘¥MW¥ L AsS(b)as(Ere)> (s8)

where AS (t) = S(x,0,t) - S{x,p,t), and t is the time variable. If we assume that the
turbulent flow is Frozen, than the product < AS(t)AS{t+1)> can be rewritten as

([s(x08)- S (58,600 S (n,- VEEIS (3, 3- YV, £)]>, (59)

whers 7 is the flow velocity of the turbulence in the direction transverse to the

direction of propagation. If Eq.(59) is used in Eq.(58) we f£ind for a plane wave that
0/’

()

a——

0.0326 ¥/ - ws ‘e A )y._
\X/,(w)- \ ’C:)LK' L‘l-wd( —\—;)]_?_______‘_ " o 26 Qe (A

0. 0652 4 (4. 0TV " (60)
| [- N wl, g (M)

vhere the expression (55) is used for the phase structure function. For a spherical
vave the expression is the same with the substitution [1-css(ws/v)] vithSi-L‘oiﬂ(.-'f/V)/“:NJ}-
This expression has been experimentally verified (61)(63)(64)(65). Fig.18 (61) shows
experimental points obtained for different p values,

E -~ Angle of arrival fluctuations

A wave propagating in vacuum has a uniform wavefront; however, because dif-
ferent portions of the vavefront experience different phase shifts, a signal propaga-
ting in a random medium has random surfaces of constant phase, such as shown in Fig.19.
This phase distortion leads to fluctuations in the angle of arrival a of the vave-
Pront; these are the cause of image jitter in a telescope, an effect which is well
known to astronomers.

Meang-Square Angle of Arrival

Consider a receiving aperture of diameter D!, The phkse difference AS across
thiz aperture can be approximated by

Asru'D'gmu a D' .
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Therefore, the mean-square angle-of-arrival fluctuations can be written as (s.Fig.19)

13
(sS85 di(x0,D) (61)
wtn'? Wt D't

If we use Eq.(56) in Eq.(61) we have the result, for a plane wave in nearly homogeneous
turbulence,

s = o } che@)® €. ceDec CROR

In strong turbulence the following expression is sometimes used

-V <D’
R IR TONE b wprece, | (63)
l ! L,»Dp'» ¢,

If we compare Pqs.(62) and (63) we see that, except for a slight difference in the value
of th~ .umerical coefficient, the results are idertical, This same conclusion can be

shown to hold for a spherical wave, and we can infer that it also holds for an arbitrary
beam, except possibly in the focal plane, This ccuclusion explains why predictions made

" using the weak turbulence theory were able to give good agreement with experimental

results taken for ¢\';»4. o

2
Angle of Arrival Spectrum

The spectrum ¥ _(w) of the fluctuations in the angle of arrival can be obtained

through the relation
W, W (w)
i (W) a _—;T;;T— (64)

A plot of the normalized angle-of-arrival spectrum is shown in Fig.20. Note that the
spectrum decays sharply (as w‘8/3) when (wD'/V) >> 1.
From Fig.20 we also observe that if D' << L, nearly all of the angle of arrival
fluctuations will have Prequencies £ = w/2n in the interval

.0
0.64Vv P ‘ « dov

D 0 S T (65)

3. BLOOMING

High power laser beams propagating through the earth's atmosphere are
subjected to all the previously studied turbulence effects, and at the same time,
creates a new effect; the so called thermal blooming phenomenon. Blooming is produced
by the absorption of laser radiation by the atmosphere which alters the temperature of
the ambient air and, in turn, its refractive index. The altered index changes the
characteristics of the propagation of the laser beam. Cenerally, the temperature change
is positive, causing the air to act like a thick, weak diverging lens and thereby
enlarging the beam size in the focal plane,

Thermal blooming is a non-linear phenomenon. According to the kind of laser
beam under consideration different effects are obtained (66).

a - cwv thermal blooming

If a cw laser beam, focussed at range £, is turned on at a specified time, the
beam begins the blooming first and most rapidly in the focal volume. The beam spreading
travels backward towards the laser source (transient cw thermal blooming). If a steady
transverse wind is present, however, the heated air is swept out of the beam'and a
steady state evolves, Beam sleawing leads also to a steady state for similar reason.The
cteady state is £irst reached for the beam in the vicinity of the aperture; with the
passage of time the beam reaches the steady condition at longer and longer ranges,until
the entire region between aperture and focal plane becomes time independent. This will
not occur hovever, if wind and sleawing combine algebraically to be zero somewhere
along the beam; then the beam will be steady for all ranges short of the zero wind
point, the so-called stagnation point, and time-dependent at longer ranges,

Lo > D' > (An)‘/'- -(e62) .
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This kind of thermal blooming is called stagnation zone blooming.

The time for the onset of the steady state is of the order of the wind
transit time d/V at the aperture (d = aperture diameter of the beam, V = transverse
component of wind). Fig.271 shows a photograph of a cross-section of a steady state cw
bloomed (66).

CW stagnation zone blooming is as frequent a phenomenon as the cw steady
state case, but is considerably mere complicated.

b ~ pulse blooming

Short, high power, high energy, single pulse beamsalso suffer a variety of themmal
bloomings different from the CW steady state kind.

When a single laser pulse of length <t _ is transmitted in the atmosphere,
the laser heating of the air within the beam will generate a transverse density
gradient which will be time varying. The characteristic time of this phenomenon is
the hydrodynamic time %, = d4/2 Vs (v_ = sound speed) which is the time required for a
sound wave to cross the beam. Wheén /%, << 1 the air density changes 1o not have
time to develop completely and thermag b‘.{boming will be small,

(n the other hand %_ cannot be made too small while maintaining a large pulse energy
because the power dgnsity will then incierse and the atmospheric breackdown limit may
be exceeded.

The hydrodynamic time is proportional to the beam radius, thus thermal
blooming is much greater near the focus than near the laser transmitting aperture.Also
the changes in the index of refraction are larger in the focus. Qualitatively, thermal
blooming causes an expansion of the beam relative to its initial size and hence a
lowering of the beam intensity in the region of the beam axis. The ratio of the on-axis
intensity of the distorted beam to the on-axis intensity of the undistorted beam in the
focal plane in the short-time_regime can be put in the form (,57)

1/I, = 1- & Et'/ Ej %%,

where 6, 1is a numerical parameter of the order of 0.4, E is the total pulse energy,
E. contain” the hydrodynamic parameters. The beam behavior off-axis as a function of
time is illustrated in Fig.22, where the normalized intensity, at any rangde 2z and time
t is plotted against a nmormalized radial coordinate r/a\/IZ;) being a the gaussian beam
spot and d(z) the beam wize at distance z. The curves give the irradiance profiles at
any range and time for which &Et'/ E;¥,%,  is O (upper curve), 0.1,0.2,0.3,0.4,0.5
(lowver curve).

More detailed informations on the various kind of blooming are in refs.(68).
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CW Steady State Thermal Blooming, one point comparison between experiment and theory. The
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laboratory conditions indicated on the figure, while the right hand figure is an isoirradiance contour plot
derived from theory. The comparison is not precise as can be seen by the difference in the corresponding
dimensionless parameters, but close enough to show that quantitative precuction of CW steady state thermal
blooming is reliable. (This figure is by courtesy of Dr. Fred Gebhardt, United Technology Research
Laboratory and Dr. L.C. Bradley and Dr. J. Herrmann of Lincoln Laboratory.)
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INTRODUCTION TO RADIO WAVE PROPAGATION EFFECTS ON SYSTEMS

Jules Aarons
Space Physics Division
Air Force Geophysics Laboratory
Hanscom AFB, MA 01731

1. INTRODUCTION

The optimum path of electromagnetic waves is through a vacuum. Since Nature abhors
a vacuum she introduced the earth's atmosphere - at least that is the way it must seenm
to engineers vexed with propagation problems. The atmosphere mainly hinders propa-
gation - only in a few systems does it provide means for guiding the energy.

The two reglons of interest to this study are the lower atmosphere, the meteor-
ological region, and the ionized upper atmosphere, the latter ranging from 60 km to
several thousand kilometers..from the earth's surface. L

The lower atmosphere is of importance in rafraction and absorption processes at
wavelengths below 3 cm at all angles of elevation. It is also of importance at all
wavelengths at angles of elevation below 5°.

The ionosphere is used as a component of various systems from 10 KHz to 30 MHz; it

has effects on radio wave propagation of major or minor significance at frequencies to
6 GHz,

2. THE IONOSPHERE AS A SYSTEM COMPONENT
2.1 ELF, VLF, LF.

The ionosphere is used as a tool for communications and navigation - as a system
component. The electron layers at 60 km, the D layer, at 100 km, the E layer, and the
highest layer, the F layer, form at various frequuncies the components of a system.

Low frequency and very low frequency waves move from antenna to antenna along a
guided path i.e., a waveguide mode with the upper wall the D layer, the bottom wall the
earth's surface, and with gradients of electron density along the waveguide walls.

Applications of VLF signals are based on either the high potential of their phase
stability (e.g., in radio navigation, in the distribution of standard frequency and time)
or on their characteristic phase and amplitude behavior under the influence of disturbed
boundary conditions in the earth-ionosphere waveguide (e.g., in monitoring solar particle
and X-ray effects in the lower ionosphere and in locating underground discontinuities of
electrical parameters such as ore deposits).

In systems where accurate position determination is important as in various
LORAN C applications for accurate navigation, propagation over ground surfaces sets the
system limitations. In addition there is a lack of knowledge of the morphology of the
D region ion density and composition.

Normal high frequency communications in the range from 5 to 20 MHz utilize the
F layer electren density, the portion of the ionosphere with maximum electron density.
Signals are refracted at heights ranging from 100 km to 400 km depending on latitude,
time of day, solar flux and other parameters,

Radio communications systems using the ionosphere in this wanner depsnd on morphol-
ogical models to forecast frequency channels. A model developed by the Institute of
Telecommunication Sciences (Boulder, Colorado) from networks of ionosondes is the fore-
cast tool of most groups with each user refining the model. The requirement is that
the particular area is to be illuminated with radio energy. However the constraints of
frequency utilization, of RF interforence from other transmissions and of noise, man
made and natural, may further 1limit the choice of frequency.

In systems where accurate position determination is important e.g., HF Direction
Finding and HF Over the Horizon Radar the concept of the ionosphere as a horizontal
stratified curved reflector comes into question as winds, waves, turbulence, instabilities
and external electric fields can all deform the ionosphere to some extent and predictive
models of these short lived phenomena are not available. Howevor in this area various
real time predictive methods are being used.

3. THE 10NOSPHERE AS A NUISANCE

In the 1960's many new systems considered the ionosphere merely as an annoying
degrading component not to be taken seriously. Radars were moved to the range above
400 MHz, where possible, to—mvoid ionospheric problems. Satellite communications services
were placed in the 4 and 6 GHz region in part to avoid ionospheric problems and in part
to avoid problems with the lower atmosphere, However, the advent of new radar systems
requiring higher precision And more accurate target identification forced the resvalu-
ation of the ionospheric time delay. The use of high data rates in satellite communi-
cation caused designers to deal with the loss of data bits by fading processes produced
by ionospheric irregularities. ‘ o 2

Sstellite beacon transmissions from 20 MHz to 6 GHz have shown fading effects when
signals traverse ionospheric irregularities with scales of 1 km or less, The regions of
importance for this effect are the suroral region with some effects at polar and at

s e
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sub-a;;orgl latituge: ang the geomagnetic equatorial region (*20°),
€ irregularities in the ionosphere effectively scatter.
radio wave energy from satellites or reflected from {nrgats b;ygzgu:ﬂe‘?:n::::::: the
ig;:::iicgt:ng gesge;:::gt:igna; ;e;ol. tT:emeiquatorial region produces the most intense
- ea ades a
strong;y ;ffected during maggetic rtosaat z noted. The high latitude region is most

The fading produced by the intense small ionos heric irregularities mu b
design consideration in the frequency range 100-1608 MHz., At ghe higher fr:;ue:c:e:yizc-
adequate signal margin will cause the system to ride out the fades., At frequencies from
100-600 MHz other methods are needed to mitigate the scintillation effects and to provide
error-free operations.

Radio waves propagated through the earth's ionosphere suffer a time delay propor-
tional to the number of free electrons in the mediunm through which the wave passes. A
radar pulse for very accurate ranging must be corrected for the total electron content
in its path. Thus the diurnal, latitudinal, and geomagnetic patterns must be studied
and put into the form of models. In addition, new navigation systems such as the NAV/STAR
Global Positioning System needs a correction model when only a single frequency receiver
‘is used; with a simple model 50% of the error can be eliminated.

4. SOLAR EVENTS AND THEIR EFFECTS

Impulsive emissions of electromagnetic and particulate radiation by the sun cause
'direct and indirect effects on electromagnetic systems which operate in or through the
‘near-earth space environment. :

The frequency of occurrence of impulsive solar events and the intensity of these
events is correlated, to some extent, with the ll-year cycle of solar activity.

While the general modulation of the frequency of impulsive events can be

approximately predicted, detailed forecasting depends on the capability to

judge whether a particular region of solar activity will _

become the site of a solar flare that will emit a burst of X-rays, radio waves or
energetic particles, and when the flare is most likely to occur. This judgement can be
made only approximately. In 1977 the level of solar activity was increasing, and 1ls
expected to reach maximum levels in 1979-1980.

Four important phenomens generally result from any particular impulsive solar event:
a burst of X-rays and EUV (extreme ultraviolet) radiation, a burst of radio noise,
emission of energetic particles, and emission of a plasma blast wave. The effects of
each of these are described below.

X-ray and radio bursts are the very first signatures of a solar event and serve as
useful indicators for forecasters. The radio noise burst may directly
affect radar and communications systems; thus, operators of these systems
need to know whether an increase in noise is associated with a solar event in
progress, a system malfunction or jamming by unfriendly forces. X-ray and
EUV bursts of solar origin will, in general, change the properties of the
ionosphere and may cause phenomena such as fadeouts on HF communications links.

The rise time of these bursts is on the order of minutes; the typical duration may be of
the order of an hour. Forecasting before the imminent occurrence of X-ray or radio
bursts depends on relatively subjective interpretation by experienced observers of the
configuration of solar magnetir fields in solar active regions and a knowledge of. the
past behavior of & particular region. Warning of the effects after an event has started
has recently become & forecusting accomplishment primarily through recognizing solar
radio burst characteristics, .

Solar particle events are impulsive emissions of energetic protons (and hezvier
particles) and electrons from the sun, occurring in association with solar flares.

These energetic particles propagate through interplanetary space at very high speed; the

most energetic reach the earth in times as short as 20-30 minutes after their generation.
An energetic solar particle event, as observed at the earth, may last for many hours or.

several days. :

Solar particles are sufficlently energetic to penetrate to the D-layer of the polar
ionosphere and csuse additional ionization there. This phenomenon is called Polar Cap
Absorption (PCA). Thus, in addition to direct effects on space systems, solar particle
events also affect the propagation of electromagnetic waves through the polar ionosphere.

The typical large solar event which generates X-rays, radio noise and energetic
particles also sends out a blastf of solar plasma into the interplanetary medium, A
shock wave associated with this cloud reaches the earth's orbit in three or four days
and results in a geomagnetic stora and disturbances in the polar ionosphere, aurorae,
anc heating of the neutral stmosphere. Ionospheric disturbances may affect the propa-
gation of HF in polar regions and cause increases in scintillations; changes in the
properties of the aurorse may give rise to enhanced optical background,

'

5. TROPOSPHERIC EFFECTS ON MICROWAVE SYSTEMS

Tropospheric propagation variability affects the performance of microwave radar
and communications systems. Forecasting can warn of unusual propagation and ameliorating
actions can be taken; for the system user the knowledge of deficiencies in propagation
during certain periods, the existence of holes in coverage or of false targets is of
importance. . -

$.1 Effects on Systems. o
The lower atmosphere does refract radio waves. When the path length is long i,9,,
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at low angle of elevation, the refractive structure can bend or delay radio w

the refractive index decreased with altitude smoothly, oxponentiallyyor linel:z;s.an:f
if the atmosphere were horizontally homogeneous, refraction effects could be caléulated
and taken into account by the systom. The real atmosphere contains both vertical and
horizgztal gragients which produce serious problems.

e two phenomena of importance are large vertical gradients near the ' -
face (surface ducts) and similar large gradients over smgll height 1nterval:a::ha:ti?r
tudes to 15,000 feet, the elevated layers. The most serious effects are in situations
vhere the transmission paths are nearly horizontal or where the path terminals or the
vadar and its target are at the altitude of the layer,

5.2 Effects on Radars.

With radars looking out over the sea at low elevation angles, effects appear in
the following ways: echoes appear where they should not and targets that should have
been observed fail to appear. With enough knowledge of the rafractive structure (re-
fractometers in aircraft for example) performance could have been explained. Tests
have shown that radiosonde measurements overhead of the radar can be used but the
ho;i;ontnl variability of meteorological conditions makes this method of limited
ut ty.

Serious degrading can be produced by unusual gradients or ducving. Within a given
surveillance volume of a radar, performance can be seriously degraded with little or
no warning to the operator. These radar "holes: are regions where performance is below
normal due to defocusing.

Although the accuracy of meteorological forecasts has been considerably improved
, in recent years by computer technology, spaceborne moasurements etc., the resulting
warnings of nonstandard propagation are still disappointingly crude. The intensity of
the departure from.normal condiiions, the time duration, and thé precise spatial dis-
tribution of the affected regions is not at present accurately predictable,

Due to the computer processing of radar echoes the use of other methods of cor-
recting for tropospheric effects has been decreased., It is possible for erxample to use
radar meteorological information for correction of angular errors by the programming of
. the processing of radar tracks is just starting to be able to handle such information.

5.3 Troposcatter Communications.

The increasing use of satellite communications will lessen the importance of
troposcatter systems, However, in a military climate a diversity of communications
channels is needed.

Unusual atmospheric profiles can degrade troposcatter communications to an extent
which depend