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An Elementary Derivation of the Saturation
of Optical Scintillation

H. T. Yura
Electronics Research lLaboratory
The Aerospace Corporation
P. 0. Box 92957
Los Angeles, CA 90009

(invited)

Although the literature abounds with aany papers dealing with saturation
of scintillation and related phenomena, these works tend to be very mathemati~-
cal in nature and difficult to understand the underlying physical phenomena
that causes this effect. The purpose of this paper is to present an elemen-
tary derivation of this phenomena which physically elucidates the underlying
causes of saturation of optical scintillation. As will be shown, saturation
of optical scintillation i{s obtained from a straightforward generalization of
Tatarskii's geometrical opticals model(l) to one that includes the progressive

loss of transverse spatial coherence of the wave as it propagates through the
turbulent medium.

The physical mechanism through v.iich turbulence induces beam breakup 1is
the focusing produced by the inhomogereities in the path of the wave., The
simplest model of this effect that retains the essential physics is a plane
wave incident upon a series of closely packed refractive spheres. Consider
the scalar plane-wave field with wave number k incident on a single sphere of
radius a and refractive index n; relative to the surrounding medium (where the
refractive index 18 assumed unity). The scattering for the range of
parameters of interest, n, < 10'6, ka >> 1, 4is primarily ia the forward
direction. In the geometric approximation, the condition ny << 1 implies
negligible reflection at the surface of the sphere and that each ray (the
normal to the wavefront) will pass into and out of the sphere virtually

unperturbed in direction (the refraction angle at the surface is » nl).

In this so-called paraxial approximation, it is well known that a sphere
can act as a lemns with a focal length f = a/2n;. For ny; > 0, the lens is
converging; for ny < 0, there is a virtual focal point behind the lens at
a/2|n1l, and the lens is divergent. For a = 10 cm and n; = 10'6, the focal
range f = 50 km. Hence, for most applications we are much closer to this
spherical lens than its focal plane (except for the smallest of spheres), and
the focusing power of the lens will not be very effective. The fractional




(s

intensity increase (or decrease, for 0y < 0) induced per gohere will then be
small,

We can estimate the irradiance fluctuation induced by a single sphere
being swept past the line of sight between the source and observation point as
follows: In the absence of the sphere, the (plane-wave) irradiance is Io
= Ai at all ranges, where A, is the {initial amplitude. With the sphere
present, the energy incident upon the sphere is brought to a focus at range f
along the optic axis (neglecting diffraction). If we pass a plane
perpendicular to the optic axis at a distance z from the sphere, the energy
will be confined to an area (1 - (z/f))2 raz, and conservation of energy
implies that the mean square relative amplitude fluctuation at z due to a
single sphere is

2 2
<(§é) > -._SELEl_i 1)

o z

-2

3

Assuming the mean nuamber of (closely packed) spheres of radfus a along
the path is z/a and the contribution from each sphere to the resulting ampli-
tude fluctuations are independent we conclude that the resulting mean square
relative amplitude fluctuation from the multiple gpheres is given by multiply-
ing Eg. (1) by z/a,

This geometrical optics result should provide a reasonable estimate of
irradiance fluctuations when diffraction effects are small, Hence for z <<
ka? we obtain the estimate (for z << f ~ n;/a, and neglecting factors of order
unity)

2

2 2, 2%, 2 2 3
<(8A/A D> ~ [<a, >-:§j'; ~ <, (2/a)7, z K< ka

(2)

To relate this result to the Kolmogorov "continuum model” we rote that in
the inertial subrange we have the estimate <n12> ~ an a2/3 for £ < a KK L,,
where an,
respectively. Substituting this into Eq. (2) and summing over all scale sizes
yields

zo and Lb are the fndex gtructure constant, fnnmer and outer scale,

L

2 o
e/ - § e
a=lo

7/3 2

223 erey® w2 e 2 3, 2 < (3)




In the geometric optics regime, the amplitude fluctuations increase as the
cube of the distance, are dominated by the smallest eddies, and are indepeun-

dent of wavelength,

The effect of diffraction by the spheres can be included by noting for
z > kaz the diffracted energy at range z will now be confined to an area of
the order the square of diffraction spot size ~ 32(1 - (z/f))2 + (z/ka)2
rather than the square of the geometric spot size ~ az(l -(z/f))z. Hence,
diffraction effects are obtained from Eq. (1) as

2
2,  _(2/f) Geometric Spot Area
<(6A/AO) > ) z 2 [Diffraction Spot AreaJ ®)
| —0
@b 2 71
e By SO
a3
L° —l
> 1 6?2210y’ [1 + (2/ka? | (5)
a= %
°

Por large z, the main contribution to the sum occurs for a ~ (z/k)ll2 and thus
we obtain that ((GA/A ) >~ 2 11/6 7/6, in agreement with the Born-Rytov
results(l)

Although diffraction effects due to the eddies has slowed down the growth

(from a z3 to a 211/6

range dependence) of amplitude fluctuations it does not
result in a saturation of scintillation. This effect is obtained by including
in the analysis the loss of transverse coherence of the initially coherent
wave as it propagates through the medium. The ability of a turbulent eddy to
focus a partially coherent wave can be considerably less than for a coherent
wave, 1mplying reduced amplitude fluctuations. Now it has been shown(z) that

the spot size area resulting from an obstacle of radius a is of the order

2 2
Diffraction Spot Area vaz(l - %) (ka) (k: ) (6)

where Py is the lateral coherence length of the wave(3). The third term on
tb: right side of Eq. (6) gives the effects of diffraction due to 2 partial

coherent wave and will result in saturation.

9




Substituting Eq. (6) into Eq. (4) yields

1

<(6A/Ab)2> = <n12> kzaz

2
ka? a_ 2
L+ (K [ 2]
o
[} Cn223 1
> aZg :;17/3 z 2 a2 7
o 1+ (——75) (1 + ——75)
ka o}

o
For sufficiently large z and Po < (z/k)l/2 the main contribution to the sum in
Eq. (7) occurs for a ~ 06 and thus we obtain the estimate

-2 5/3
2 23 -1/3 2 22
<csaa)® ~ ¢ %3 / (alkp,”)  ~ ¢ APep, (8)

Now for the Kolmogorov spectrum in the inertial subrange we have

that(3) Po ™ (kzcnzz)-5/3 and hence Eq. (8) yields <(5A/Ao)2> ~ 1, That is,

including the effects of partial coherence in the diffraction analysis results

ia saturation of amplitude fluctuations.
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The Path-Integral Technique
in
Wave Propagation through Random Media

Stanley M. Flatte’
Physics Department, University of California
Santa Crusz, CA 95064 U.S.A.
(invited)

Application of the Feynman path integral to puise propagation through a ran-
dom medium is described, with examples involving seismic, acoustic, and optical
waves.

High frequency (> lcpd) variations in travel time of acoustic transmissions

over ocean mesoscale distances are known to be dominated by the effects of
internal wave displacements of the sound speed stratification (Fiatte, 1983).
Variations in the difference in travel time between transmissions in opposite
directions along the same path (reciprocal transmissions) are dominated by
internal-wave currents (Munk, Worcester, and Zachariasen, 1981). A typical
application involves 10-ms-wide pulss travelling over 300 km. It has been
demonstrated that this type of data can be inverted for internal-wave
strengths. Information can be obtained about range-averaged mean energy
level and about energy distribution in the vertical. Data from tke 1983 Tomog-
raphy Experiment (Worcester, Spindel, and Howe, 1985), consisting of 41 days
of cne-way and 21 days of reciprocal transmissions between two moorings 300
km apart, have been used to observe the statistical field strength of internal
waves (Flatte” and Stoughton, 1986; Stoughton, Flatte’ and Howe, 1986). One-
way travel-time variances are in the range 5-15 ms®. Measurements of travel
time in opposite directions (reciprocals) measure the field of velocity in the
medium rathier than refractive index. Reciprocal variances in the 1983 experi-
ment are sbout 1.5 ms? above the 1-ms® measurement noise. It is shown that
the accuracy of measurement of these variances iz not strongly affected by the
partially saturated nature of the sound propagation.

Application of the path-integral method of wave propagation through ran-
dom media to the analysis of seismic-wave propagation through the earth’s
mantle is underway. Seismic waves with periods of 1 to 10 Hz received at 100-
km-square arrays on the surface of the earth exhibit paradoxical wave-front
properties involving small phase (or travel time) fluctustions combined with
large amplitude fluctuations. A description of these observations will be given.
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Application of the path-integral technique to atmospheric problems will be
discussed the context of the Stellar Horizon Atmospheric Dispersion (SHAD)
program. The SHAD system is a satellite-based star tracker that will measure
the vertical gradient of atmospheric density, integrated along a lire (the
tangent line) that is perpendicular to a radius vector of the earth and whose
point of closest approach is at an altitude between 20 and 60 km above the sur-
face of the earth. The system was suggested by Fred Quelle of the Office of
Naval Research, who is now involved in the planning for the development of the
system.

A SHAD tangent line through the atmosphere remains within an atmos-
pheric scale height of its tangent point over a horizontal distance of about 600
km. In the atmosphere, the gradient of refractive index is proportional to the
density gradient, which is proportional to the temperature gradient. Therefore,
a SHAD system measures the temperature gradient integrated along a straight
line whose length is roughly 600 km and whose lowest (tangent) point varies
from 20 to 60 km altitude. The tangent point of one star observation slices
down through the atmosphere along an 'observation line’ in a time that varies
from twenty seconds to several minutes, and during one star observation as
many as 100 point observations along this observation line may be made.

Any atmospheric process, such as planetary waves or gravity waves, that
has a vertical scale size larger than the light-ray-bundle size, which is on the
order of one meter or less, will contribute to the refraction being measured by a
SHAD system. If the horizontal scale size of the atmospheric phenomenon is
smaller than 600 km, then a statistical average needs to be done to find its
effective contribution. In addition to measuring the differential refraction of a
star, a SHAD system has the capability of measuring the image size of the star,
and hence the spreading of the image due to the atmosphere. This spreading is
proportional to the rms temperature gradient fluctuation within the width of
the light bundle being detected. Hence image spreading is a measure of atmos-
pheric turbulence.

On July 22-23, 1985, a workshop was held at the La Jolla Institute Center
for Studies of Nonlinear Dynamics to provide a forum for middle-atmosphere
scientists to discuss the impact of future data from the Stellar Horizon Atmos-
pheric Dispersion (SHAD) system on fundamental research questions in atmos-
pheric dynamics.

The workshop at La Jolla Institute included discussions on the usefulness
of SHAD data for the investigation of the phenomena of global climate, tides.
planetary waves, gravity waves. and turbulence. It was concluded that all
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these areas of middle-atmospheric research would benefit substantially from
data supplied by an ongoing SHAD program. In most cases the SHAD data
would be unique; that is, no other comparable measurements are available.
Brief explanations of the application of SHAD data to various areas will be
given, and the appropriate questions related to the theory of wave propagation
through random media will be raised.
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Coherence Funct-ons Evaluated Along Ray Paths in the Inhomogeneous
Bacrground of a Weakly Random Medium

R. Mazar and L.B. Felsen
Dept. of Electrical Engineering anl Computer Science/Weber Research Institute
Polytecunic University, Farmingdale, NY 11735 USA

{invited)

1. Introduction

The propagation nroperties of high frequency waves in a medium with grad-
ual inhomogeneities ar-. conveniently charted along the geometric optical rays.
When weak fluctuation: are superimposed on this background environment, on a
scale large enough so ¢s not to violate the geometric optical conditions, the
rays are randomly perturbed, and the physical properties of the resulting wave
field are specified by its various statistical moments. Instead of construct-
ing these moments at eqch field point by peirforming the averaging there, it is
physicaliy more incisive and analytically mors convenient to propagate the mo-
ments directly, from the source to the observer, by deterministic propagation
equations. For high frejuency fields and large scale, weak fluctuations, this
strategy has been implemented by extracting from the wavefunctions the rapidly
varying plane wave phase exp(ikz) along the (straight) direction of prop-
agation and constructing the moment equations ror the resulting "parabolically
approximated" remainder fields [1,2]. By one procedure [1,2], the moment equa-
tions have been reduced to first order partial differential form and then
solved by the method of characterist.cc. the allowable characteristic trijec-
tories being paraxial with respect to z. Solutions for the second moment gen-
erated by this technique were found to have enough spectral content to describe
phenomena near caustics if the background refractive index is weakly focusing
and supports ray fields with small angular deviations from z (3].

In a medium with general, though gradually varying, background profile,
the rays may follow trajectories deviating markedly from the z-direction, there-
by making extraction of an exp(ikz) phase inadequate, It is then suggestive
to extract the phase accummulation along each curved ray trajectory, and to
attempt construction of the moment equations for the reduced fields in the ran-
dom medium in ray centered coordinates [4,5]. It has been shown that this is
indeed possible [61, and that the resulting equations bear strong resemblance
to those pertaining to propagetion along a straight coordinate. As we shall
demonstrate (so far in two ~.mensions), we can solve these equations for the
average field, the second moment, and the multifrequency higher moments by
adapting the techniques employed for the homogeneous background locally to
each ray.

Before describing the solution method, we may anticipate the possibility
of even further generalization by basing the construction of the high-frequency
moment equations in very general randomly varying propagation, reflection, and
diffraction environments on the various categories of rays in the geometrical
theory of diffraction (GTD) [7]. This would require the consideration of canon-
ical problems that model the statistical counterparts of the deterministic
building blocks of GTD. e shall attend to this task, being encouraped by the
success of the first generalization, to the arbitrarily inhomogeneous background,
reported here.
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11. The Two-Point Cohkerence Function

A« Propagation ecuation

A scalar time-harmonic two-dimensional wave field G(:) i8 assumed to prop-
agate in a mediunm characterized by the inhomogencous real squared index of re~
fraction n‘fr)[1-¥25(r)’, where n(r) is the deterministic background portion and
d(y) is a weak randoz perturbation. Introducting for each rawv trajectorv in
the background mecium the ray-centered coordinates r = (r,z), where - mcasures
length along the rav and r measures transverse distance away from the ray,

i o
and extracting the phase accumulation exp[ikao n;(5)d%],where k is a reference wave

number and n;(9) £ n(0,c), one generates the reduced field u(r,s), which satis-
fies approximatelv a rav-centered stochastic parabolic equation. Then in the
sum and difference coordinates
r,+7T
1 2
- hnd - — 1
P 3 » 8 =Ty mT, (1)

the two point coherence function

T(5,5,5) = <u(p + 2 .G)u (p - —.°)> (2)

with * denoting the complex conjugate, can be shown to satisfy a deterministic
propagation equation of the form

- ET (p,s,0) =0, subject to I(p,s,0)=T,(p,s) . &)

Here, p=p/i, s=ks, 3= o/t are scaled coordinates, with i representing the
characteristic length, over which the background refractive index varies appre-
ciably. The operator E has the functional dependence

E:E(D 8,3, ;B %9 %vgl,sz) (3a)

wherein £1,; are perturbation parameters €, = (kl)-Z/B. €; = (kln)-l, and i is

the correlation length of the refractive index fluctuations. These length scales
are ordered so that (2r/k) << i <<i, The fluctuations are assumed to be statis-

tically homogeneous, isotropic, and delta correlated along the rav coordinate <.

B. Zeroth order solution

To effect a solution, the propagation equation (3) 1s subjected to a
succession of svectral forward and inverse transforms, multiple scalings of
derivative operators, rescalings of variables and, finally, expansion with
respect to the perturbatfon parameters £: and z; [8a] to vield an ecuation for
the--propagation of the intensitv spectra. Its simplified form corresponding
to the zeroth order term in the expansion is solved by the method of character-
istics along the background ravs, The solution strategy depends on whether the
observer is reached bv one or more isolated (widely separated) ravs, or by two
closely adjacent rays. In the former (regular ray) domain, the individual ray
fields are uncorrelated because thelr separation exceeds the scale » ; a quad-
ratic, two-scale expansion (see [8a]) is adequate in this case. In the latter
(transitional ray) domain, near a caustic, the two ray fields must be treated
together by a cubic, three-scale expansion that vields a result in the following

form:



© ]
- 1 S - - _—
T(p,s,0) = ——F—— ” dvdol (v _.p_) ‘exp{-Jch (v,0,) Jexp (ips)
(2n)2n0(0) a 'a’a . 0

-0

® _ o i(eloor-\)3 o
. J dnexp [in(v-p)Jexp { —5—— - 8 J
® 0

LGy (v,e,n8,0) 1 ®

where the subscripta"identifies quantities evaluated in the Source planec =0,

Ty is a spectral transform of Ta in (3), and s is a rescaled s coordinate.
The functions Og and og are related to the background ray geometry, whereas

the effect of fluctuations is expressed by the terms B and Gp, which contain
the refractive index correlation function in the transverse (r) coordinates.
For isolated ray fields away from the caustic, the quadratic approximation re-
sults on setting €1=0. In the absence of fluctuation, B = 0. In that case,
and for an initial condition appropriate to line source excitation, the result-
ing deterministic intensities near and away from the caustic agree completely

and continuously with the respective expressions obtained from uniform and
isolated ray theory [9]. This check suggests strongly that our approximate
solution in (4) has enough spectral content to accommodate the corresponding
averaged wave phenomena with comparable quality when fluctuations are included.

We have shown elsewhere [8b] that +he solution strategy outlined above
can be extended to evaluation of the u-f.equency, 2mth moment

S

. m * s
sz(pi’si’o;kil1=1‘°‘m) = <jI=11 U(Pj + -zi)c;kj)u (PJ- - ._ziyo;k )> (5)

3

where Pj and sy are the sum and difference coordinates defined in (1) for
each frequency constituent having a wavenumber kj.

The solution for P2m is synthesized by integration over v ,Sj,ﬁj,
j=1l...m, of the m-fold product of spectral elements as in the {ntegrand of
(4), with coupling between individual j-contributions residing solely in the
generalized functions Gy indicative of the fluctuations. In the absence of
fluctuations (B=0) and for a deterministic source, Fzm separates into the
product of m second order coherence functions,each being associatad with a
frequency wj and coordinates (pj,sj,c).
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RETRORZFLECTED LASER RADIATION IN A TURBULENT ATMOSPHERE
VeEo Zuev, V.A, Bagngkh, V.,L, Mironov

The Institute of Atmospheric Opticas, Siberian Branch
USSR Academy of Sciences, Tomsk, USSR (invited)

The peculiarities of the problems on wave propagation glong
the paths with reflection in randomly inhomogeneous media
are connected with correlation of incident and reflected wa-
ves passing during their propagation through the same medium
inhomogeneities , Phey were considered in Refs. [1- 7]‘

1« The Effect of the Backscattering Amplification

In paper[3 ]Jthe relation between the statistical moments of
intensities of direct and reflected from a point reflector
spherical waves was found

(1'(xef’y = I,"(T*1x.9)), (1)

whereI =/o/*1s the initial intensity of an irradiating wave,
6( 0)} are the moments of the direct wave in the reflector's
plane X'=x ,{(I (xo,O)f } are the moments of the wave reflected
in the source plane X'=Xp,
For the mean intensity (n = 1) we have[3]

(IR(XG, ?» (/uolz/(kf)‘)(l + 51'5(X i’)) (2)
wherel=X-Xo, k= 2II/A 5[ ¢ is the normalized correlation functi-
on of the spherical-wave intensity in the reflector's plane.

It follows from Eqs.(1),(2) that in the strictly backward
direction (r = 0) there occurs amplification of the reflected
wave intensity by the value determlned by variance of the di-
rect spherical wave mteneityq.s—ﬁjs(x Og In the region of
weak fluctuations, when the parameterﬁo 123 Clk%[ <1 (C?1s the
structure characteristics of the refractive index fluctuati-
ons)Gfs-o“'ﬂa and {7%(xo, 0)) increases, in comps,rleon with pro-
pagation in a homogeneous medium, by the Value0~’/ =5 ,6 [ ]
However in the general case the value of anmlification de -
pends on the sizes of exit apertures of the source 2a and the
reflector 2a,. Noreover, the correlation of direct and back-
ward waves can lead to the opposite effect: the mean intensi-
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ty ettenuation, if §2,,,% 1 [7}19,#-52 e, Q-%. ,=kaz/Z,

in region of strong fluctuaticns { ﬁ >>7}5I‘S =1+2 7.//30?‘
end the intensity of & spherical wave reflected from the
point scatterer(ﬂ 7 <<ﬁo ):anreases by a factor of more than
two, If 52»/6,, then the amplification of mean intensity is
small, In this case it is determined by the value of asypto-
tically small terms of the order of !6,_\ [2,3].

2. The =2ffect of Long-Range Correlations

The analysis of the reflected-wave field coherence func-
tion shows that it is represented at ﬁf>>1 as two terms
one of which describes propagation along the doubled-length
path, and the second is responsible for the correlation of
counter waves. In the case of scattering of a spherical wave
the second term makes approximately the same contribution to
the intensity of the reflected wave as the first one (Secti-
on I) end for a plane wave this term sppears to be asymptoti-
cally small. In the latter case its value is determined by
so-called "long-range" correlations of the field [1] caused
by coherence of the rays propagating in opposition between
the esource and the reflector along the spaced paths. The
scale of decrease of this term is yZ/k ,8: , and whenA2»1
it is large. This circumstance allows the effective focusing
of the reflected plane wave to be made using a receiving
lens if its sizes 2a, satisfy the condition kQE (L= >>,6°/ .
In fact, in focus of such a lens the megn intengity increa-
ges by a factor of two in comperison with propagation along
the doubled-length path[1].

Thus, if in the plane of the lens there is no effect of
amplification of the plane wave backscsttering, then such
amplification arises in the lens focus. On the contrary,
wbhen the retle(;eted spherical wave is focused by a lensg with
gizes 52, >>J8n the effect of backscetteritg amplification
occurring in the plane of the lens disappears in the plane

of a sharp lens image [6].
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3. Amplification ¢f Intensity Fluctuations

Correlation of counter waves also results in the jncre-
age of the reflected-radistion intempity fluctuations. In
particular, when _,52 <41 , the relative varianCe of the sphe-
rical-wave intensity scattered by a point reflector takes
the value 6;,3=],6ﬁf=46'[§, that is, increases by a factor of
four in confparison with the direct propagation [1 ]. In the
general case the value of amplification of weak intensity
fluctuations depends on sizes of the source trensmitting
sperture and of the reflector[2,3].

The significant amplification of sitrong intensity fluc-
tuations ( 153_>> { ) occurs only when reflection from &
point ($%<%A4,") reflector does not depend on diffraction
parameters of the transmitting wave. In this case the satura-
tion level of the relative varisnce of the reflected-radia-
tion intensity is five, if the irradiating wave is spherical,
and is three, if it is plane[Z,B].

The long~range correlaticns of the reflected field also
eppear in the behavior of the reflected radiastion intensity
fluctuations. In particular, the sgturation level of inten~
gity fluctuations of a plane wave scattered with g point
reflector increases from the value 6'1%3 =3 1in the plane of
the lens to the value 61;:,:=5 in its focus 4],

If the spherical-wave source field is focused after the
reflection, then the saturation level of intensity variance
in the lens focus turns out to be lower than in the plane
of the lens [3,4].

However, these variations are of the local character.
When the observation plane is displaced from the focus along
the opticel axis of a lens ( {# fz ), the relative varian-
ce of the reflected-radigtion intensity takes eventually
the same values as in the plane of the lens itself[5 ].
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Regularized 2-Scale Solution for a Wave Propagation in a Random Medium

Joseph Gozani
Tel Aviv University,Faculty of Engineering,Tel Aviv, Ramat Aviv 69978,Israel.

1. Introduction

The fourth moment coherence function (MCF4) is defined by TI'y=<U, U¥ U, U
The wave funetion Uj = U(P4,2) is the envelope of a quasi~monochromatic wave
with wave number k. The transverse position vectors are denoted by 91
= ( X ¥y ), i=1,2,3,4, and Z is the forward propagation range. The symbols < >
and » denote ensemble average and complex conjugation respectively.

We use the Two Scale Expansion (TSE) - an extended uniformity perturbation
method. It was successfully applied to solve problems of wave propagation in
inhomogeneous random media [1~7]). TSE analytic expressions produce results
comparable to those of other numerical and analytical methods [6-10]. In this
paper we resolve the loss of symmetry of the solution and obtain a more
general exact correction term,

2. Theory
The partial differential equation governing the propagation of MCF4 is
i
- - . . - k2
5, - [Bg B + 3 35] Ty = K F [g/z , S8, g/z] oy )

with the initial condition (IC), TI4(P,S,Q,R,Z=0) = r (P,S,Q,R). The transver e
variables P,$,Q,R are a combination of ‘sum and difference of Pi. The operator °p
= ( 3/3px » BIBp ) is a two dimensional gradient, The scattering function F is a
linear combination of structure functions D(p) of the random medium:

e g Q Q
F(P,S,Q) = -‘2- D*R) + DIgR) - DS + =) = D(§ = ) = DR+ =) = D - =) |. (D
D(p) depends on a dimensionless variable 22 where % is a typical characterist;ic

scale. Defined in the following equation, it is also related to its isotropic
spectrum ¢{a) by

[ J
u(p) = J < [n(g) - n(§+p)]z > dsy = 2:[ da ¢(a)[1-cos( a'p )], (3
. - - - - -
and n(r) is the random deviation of the refractive index from the mean <n>=1.

TSE expresses MCFY using slow and fast variables. The procedure has
several stages denoted by a subscript., For clarity, a slow variable appears
under the original one.

a. Obtain a dimensionless integro~differential equation
Equation (1) is rendered dimensionless by: .
p~P/% , 8=kS , g=Q% , r=R/AR , z=2/% D() =0g(0)d), (%)

where £ « the smallest scale of the random medium, Then the Fourier Transform
is used on p and r, to obtain an integro-differential equation,

az + 2 ¢ Bs + w . 3q ra = T!%; J dzn' fa(g',EQ)g) I‘a(g = D'v gogre’_lz)o {5)

The coefficient &/8 << 1. Here R.E‘ = k2(0) is the mean free path. Our small
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parameter € = («£)”', measures the narrow forward singie scattering angle.
Throughout tne paper extensive use of the shift operator,
exp( 2°9y ) glp) = glp+a), if 3,0 a =g, (6)

substantially cuts the procedure. Its formal application can be shown using
Taylor's expansion of the operztor. By using Eg.(6) the convolution on the right-
hand side (RHS) of Eq.(5) becomes:

re

£
RHS = T; ¢*n* £.(n's €5,3) exp [-n' . an] r,(n5,q,9,2). (7
- -~

b. Two Scale Expansion

We expand T and s in two scales, thus imbedding MCF4 in a higher
dimensional space:

rb r * g ? Sl w, 2 - rb(g;g’Snl}_)oz)- (8)
~ nm=n §;=8
N2=€n  S,=€S8
In light of the assumption in Eq.(8) a change of derivative
By =* 3n, * €dn, 9 = 3g, * €3y, 9)

transforms Eq.(5) into
aZ+E‘.a§1+Ez-azz+g.aQer

. -t
-t d*n' £, (n', 82, Q) T L §x . (10)
l? - b - - b N, = en'’ 8 °* qQ.0,2

2
The convolution in Eq.(10) is obtained by using the shift operator.

¢. Obtain an exact Integral Equation

We Fourier transform both sides of Eq.(10) with respect to the s and n,.
to obtain -

e . - = -,'—
% By Il et B T B, TolY * 10 2 D) T (112)
The RHS is formally obtained as follows:
n ~-n
L o o« -l - 5
RHS = i dn'd?n, fb(:\', 82, (_;) Ty n -—gnt’s * 3w, Zfexp [i z'm}
IS YT - i =,
- ®
.__i_ 2 2 .
i, ,{_J-, d*n' diny £(n") 820 q) exp [ig' (v + 153“2):] Ty o (11p)

Here fc(!*“:@“z) can be understcod as a convoluticn if we use & Fourier

24




transform, or as a complicated differential operator according to Taylor's
series expansion. Equation (11) is solved with IC T'p, the result of Tr° after
the above mentioned Fourier transforms. Once the formal form of the RHS {is
obtained, Eq.(11) can be transformed into an exact Volterra integral equation
(IE). The RHS of Eg.(11a) is split into a dominant term and a small perturbation.

~ -

L 3
[32 + g 3! + a§2 + aq] r, 1; fc(!’§2'9) I, = i'; h(v, 1 eanz.gz,g) r, »(12a)

h(v,i eanz ._s_z,g) r, = [fc(g + i ean2 ,§z.g) - fc(x,gz.g)- r,
) i 4
s X % v &
€
= l < [325'3!] £ (§9§219) I‘c y ’§2 3 9 s Wy 2 . (12b)
%=1 .J X=V, y=*0

We now solve the homogeneous Eq.(12a) by the method of charactéristics to
obtain the fundamental solution ¥ , with IC ¥ = 1 at t = 0. The RHS of
Eq.(12a), hl‘c » 1s treated as a source term. The final expression of, ¥ is

LA b~z
4 ’ r Qyw,2] = exp -2&- dr f]v * E1, S; ~ n.T, qQ-wtl{. (13)
o -7 F Jteo - oo~ =T

The fundamental solution is used to solve the Inhomogeneous equation.
Interpreting Y5( v +iedp, ) as a convolution from Eq.(11b), the IE for To is
v £ -

[
To[n + g » B2~ r{z— £2, £.9 "@z.g] ¥(z)

2 2
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In terms of iterated kernel the complete solution is

o = z I‘("). 0 . r;[!-gz,g,g-gz.g] ¥(z). (15)
=0

The Neumann series of Eq.(15) converge absolutely and uniformly in ¢ and z.
Successive substitutions for the first two terms 1luckily give us sufficient
accuracy, since higher iterates are difficult to compute. The first order
iterate is of 0(c) due to the leading term in Eq.(12b). Previously used TSE
variants, expanded the solution in powers of ¢ perturbation series. The e° term
coincides with our {00 but our correction term is new. Furthermore our
formulation shows that these are convergent series.

d. Return to original space

Before assembling all spectral contributions, we must insert the value of
9;=¢ g and n, = € n from Eq.(8), and apply the inverse of the above mentioned

Fourier transform. A return to the dimensional variables by Eq.(2), is the
final step.

e. Symmetrizatfon

The original exact solution exhibits a symmetry f.e. Tu(p,s ,*) = T\(s,p ,*),
which Eq.(14) does not. Since we judiciously applied at first the Fourier
transtorm to p , TSE procedure is an asymmetric process. TSE could be exactly
repeated on 8, Therefore the final symmetric solution should be

MCFH = ‘5 Teer 8 @5 £y 2) + Ty(8 Py Q0 s z)]. (16)
3. Conclusion

We presented expressions for the propagation of MCF4 in terms of a
convergent series. We applied TSE with a parameter ¢ whose smallness 1is
independent of the turbulence strength. We have shown how to symmetrize the
solution, Thus the two main problems of TSE: the significance of correction
terms and the loss of symmetry - are regularized.
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A New Derivation of Uscinski’s Approximate Sclution

0f The Fourth-Moment Equation

Alan M. Wht tman
Tel-Aviv University
Faculty of Engineering

Tel-Aviv, Israel

In the recent past an approximate solution to the fourth-moment
equation hae¢ been obtained [11,[2], This has been shown to provide
an accurate sclution to the atmospheric scintillation problem for
all propagation ranges [3), and holds the promise of being
applicable to other outstanding fluctuation problems. However the
two-scale method used in the derivation has been criticized as
being physically and mathematically obscure. Furthermore,
Uscinski“s origitnal calculation of the dominant order term [4] s
aleso difficult to follow because of the plethora of computational
steps and the profusion of approximations., In the present article

we will present & simpler derivation of this result,

The fourth-moment equation for two-dimensional, plane wave

propagation 1 [3]

2L . X3 ¥ oL L= -
d¢ o5 T & & ¢=° N

We write this as an integrodifferentral equation by means of
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Approximating the derivative by the difference iL(gvbf,3,§)-L(gjL§ﬂ/Ag

and agatn using distributions, this time for ;1g17,§) we obtain

N

L(e+rag 3,P) ~ ‘\l

Y\ Il%(x-mu?-?‘) +bg Lisx- %‘(T,- &)
+ S RAHZG-N3GE-P} Ly, A ) ' dg

which 1s accurate to order Agz . Noww we insert the Fourier

transforms of 3 and &, so that

“XX e\C‘(R-A) e\u(F“P’{ - Ag[i?u.# ""\(*‘i?‘ﬂ}
x Lg,4,p) dadp dude

L{g+b¢ ,3,5)~ L
IS FEA Y ety

The crucial step in the derivation 1s to expontiate the term in
curly brackets., Thus .
‘g[iru. * t/‘\.(A,P')]
\eagliousvhafl= € + O(agh)

Subsequent integration with respect to ¢ produces

. wipgh vagh Ch
Ligedy, 5,5)~ ..‘_\“ 3(X-A+dgu) e e L, 2,p) dddg du
ar

At this point we can do erther the u integration or the A
tntegration. The former gives the result

G-y vagh (i) el
L{g+be,3,5)~ L i e e Lig, 4\ dodp
wr ag |\

This formula, 1n which the symmetry of A and P has “een preserved,
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"

could cerve as a numerical algorithm for marching the L freld.
Indeed such a proceedure hac been used csuccesefully on a
factorized wave equation [S1. Furthermore 1t can be viewed as =
numerical approximation of the formal, path integral solution of

Eq (1) [41. The second alternative produces
W (B-P) -mg}\.(X»ngu,P') - . .

AR

Al though the symmetry between.z and ? has been destroyed, this
equation is correct to the same degree as the former. If we set

4 = © here, use the initial condition, and note that
hg
Ag h(F+ogu,f) = X A(Feuk, o) ab + O(8EYH
o
we can write Eq (2) i1n the form

“ L (B-p) en.g L)n(x ragul,pydr

L(ag, 55>~ || & dpdu o

v

Iterating Eq (2> backward toc the ptlane ¢-8% and setting gsag

gives ~¢A~gu\(3"°‘3““/ﬁ) ...}.,(Sanb‘gu.a-hg u\jPl)]

Ly, p) e L Xm e Y )
x e Juéulégéﬁ

Taylor expanding Ih(E+ Agu + dy¥u ) about I-&-Agu.. , and neglecting
terms of order Agz allows two integrals to be evaluated. The
resulting expression can then be manipulated i1nto the form of
Eq (3 with ?.Ag replacing Ag everywhere. Continuing in this way

-~

vie canh arrive at an expression for L(nAg,JS,P ), and on doing the

double 1imit n— oo, Ag—-’o ¢ such that nAg-—- ¢ o we obtain the
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domirant order two-zcale recult {3)

-— i E‘ by *‘ ‘)d-*-
- (r W(F-p) vy h(Argudp , .
Ly,3,5) = ;‘;\\ e ° dudp + OC¥(g)

3

~1though we cannor geterm:ne *(g) from the rather cruds srgument

presented here, we Know from previous work that #(g) = o{\) both

for

£21

£31

41

3]

[s]

g—-»o s and g-—-»ao for a wariety of siructure functions.
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COMPUTATIONS OF THE EFFECT OF ATMOSPHER:C TURBULENCE ON LASER BEAM
PROPAGATION

C.D.V. Thomas
Royal Armament Research and Development Establishment, Fort Halstead,
Sevenoaks, Kent TN14 7BP

The computations reported in this paper refer to scintillations at
optical wavelengths for a beam propagated through atmospheric turbu-
lence with moderate to high values of the refractive index structure
constant. Various cases, including multiple scattering, were included.
The spectrum of refractive index fluctuations was taken as modified
Von Karman spectrum: Ishimary, 1978. The covered two main areas:

1. Numerical computations of the scintillation index and spatial
spectrum using the solution to the fourth order moment equation
derived by Uscinki, 1982 and Macaskill, 1983.

2. Computations of the probability of exceeding given threshold
irradiances at various distances from a laser producing an initially
gaussian beam.

The solution of the fourth moment equation derived by Uscinky
(1982) for plane waves and Macaskill (1983) for spherical waves was
used to calculate the scintillation index vs range. Calculation of
the scintillation index involved multidimensional numerical integration
using a Cray-1 computer, It is hoped to present the results of some
calculations for the three dimensional case.

The results of these calculations of the scintillation index,
along with calculations of the mean irradiance and probability distri-
bution of the irradiance fluctuations were also used to calculate the
probability of exceeding a given threshold irradiance at any point in
a beam which has passed through atmospheric turbulence.

The mean intensity was calculated by evaluating the solution
to the second order moment equation. This solution was derived by
Ishimaru: 1978, and is valid for both single and multiple scattering.

The probability distribution of the irradiance fluctuations was
assumed to be log-normal in the case of weak sci.atillation, however
for other cases including the transition to saturation and beyond, the
fluctuations were assumed to be K-distributed, Parry, 1979.

These calculations have implications for laser safety procedures.

Results of the computations will be presented at the conference,
and it is hoped to publish a full account of this work shortly.
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Temporal and Spectral Correlations of Two-Wavelength
Optical Jspagation in the Turbulent Atmosphere

M. Tur
School of Engineering, Tel-Aviv University, Tel-Aviv, ISRAEL 69978

Z. Azar and E. Azoulay
Soreq Nuclear Research Center, Department of Atmospheric Optics
Yavne 70600, ISRAEL
(invited)

An optical beam, propagating through a randomly inhomogeneous medium,
experiences both phase and intensity fluctuations which are the result of
random scattering and diffraction from the refractive index inhomogeneities in
the random medium. While these fluctuations severely limit the performance of
surveillance, communication and lidar systems that use the random wmedium as
their channel, study of the statistical properties of the received fluctuations
may also reveal useful Information about the nature and structure of the
random medium and/or the optical source (the inverse problem).

Space diversity (simultaneous measurements of the received radiation at
several spatially separated points) and time diversity (measuring the time
correlation of the fluctuations) not only add important data to ease the
solution of the inverse problem, but their incorporation in practical devices
also significantly improve the signal to noise ratio in the above mentioned
electro-optic systems.

Recently, a new degree of freedom has been investigated, namely, spectral
diversity; or the bichromatic intensity correlation of two optical beams with
different wavelengths, propagating through the same channel (The somewhat
related subject of pulse spreading has been extensively studied in the past
using the second order statistical moment of the propagating amplitudes of two
very closely spaced optical frequencies!). Here, comparisons between
experimentally determined bichromatic correlations and their theoretically
calculated counterparts will refine the models used to describe the refractive
index correlacion function of the medium. In system design, a small value of
the bichromatic correlation coefficient increases the chances that whenever
signal fading takes place at one wavelength, good reception will occur at the
other wavelength?’, If on the other hand, the bichromatic correlation
coefficient is high, one wavelength from a cheap and weak optical source can
be used to probe the medium and momentarily locate high transmission, short-
lived, time windows for a stronger, and inevitably more expensive source to
successfully transmit the information through the highly transmissive channel.

Early measurements by Gurvich et al’. were limited to one set of fairly
close wavelengths: O.44um, 0.63um. Also, theoretical treatments could only
handle the weak scattering regime. Last year, new theoretical studies®»® of the
two-frequency fourth moment equation in the strong multiple scattering regime,

have resulted in a closed form, though approximate and difficult to evaluate
expression for the bichromatic covariance function,

+
C(z; pyy Pa; Kiy Kay T2by-ty)

[%I(z, o1 Ki» £)-<I(zZ, D1y Kip t,))][%l(z, P Kao t2)=<I(Z, D2y Kay t,)>]

<z, Bys Kpy EIO<HZ, B2 Ko E3)
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Ky and «; are the two wavenumsers 'k, = 2%/).), z is the range, 3 are twc
spatial transverse coordinates, either "in the ‘receiver plane-where "detectors
are lccated, or in the trarsmitter plane, signifying the location or cirections
of the transmitters, t is the time delay between measurezentc taken at the
two different wavelengths, I(+) is the fluctuating igtensny and <> denote
ensemble averaging. The range dependence of Cl(z; p,, pa; Kiy K2) FOr either a
slane or cylindrical waves, propagating in a two-dimensional random medium,
has been studied in some cetail in Refs., _41-{5] for both a single and doucle
sczle ccorrelation functions. The results sho# tnat independent of the
refractive index spectrum of the medium, C(z; p,, 02; Ki, K2) decreases fairly
rapidly with both Z and Q=(k,-k;)/(K,+k,), 2s 2 departs from zero. Oceanographic
measurements of C(z; p;, pa; Ki» Ky) for acoustic propagation® revealed higher
values for C(*) than those predicted by the present theory".

Optical experiments in the atmosphere*’ result in even higher values for
the bichromatic correlation than in the ocean. The experimental setup is shown
in Fig. 1.

He-Ne s _wi R2
L2 \YJ P
R e RSP 2
+3- —— P o~
ALMR LY Turbulent | D “L/x| RY
LY N t————4
Pt Atmosphere a
L e

Fig. 1 - Zxperimental setup. L1, L2, lasers; SL - beam forming iens; Mi,
plane mirror; S1, S2 dichroic beam splitters; D, variable circular
aperture; R1, R2 receivers.

The transmitt-~ incorporates two CW lasers, botn operating at their TEM,,
modes witn fnitie beam diameters of =1.2mm. L1 is a 120mW, 1.064um Nc*3 : YAG
laser, emitting with a divergence angle of 3 mrad, L2 is a 16mW, 0.6328um
He - Ne laser, having an initial divergence of 1 mrad which is then transformed
bv the lens SL to a 3 mrad beam. The emission from L2 is combined with the
emigsion from L1 by the plane mirror M1 and heas splitter S, whose position
determined the distance ., and hence the angle betseen the two beams. The
receivers were described in’ details elsewhere’.

Fig. 2a gep_;cts the a2easured normalized time-autocovariance function
Cov(z=1300m, p,-p,=0, A_;_oq A10er T) and tne norcalized time-crosscovariance
function Zov{z=1300m, 0,-2,=0, Ay, 0er Ao,e3» T) a5 & function of the time delay
for an aperture size of 15mm. Thus, in spite of the strong turbulence
corncitions {s;*(Rytcov) > 5) znd tne hign value ¢f (=0,25), the correlation
coefficient exceeds 0.8, Similar measurements with shaller apertures or longer
ranges {»3000m; still gave correlation coefficients in excess of 0.7. The
depencence of the two functions on 1 Are ncarly the sare, and the time




correlation at FWHM=4msec.
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Fig. 2 - Measured normalized time-autocovariance and crosscovariance

function as a function of the time delay for 2z=1300m, D=15mm,

C2 = 10713m"2/2, (a) 3t=o; (b) 31;’0' 10, 100mm.
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Fig., 2t depigts the measured normalized, time-crosscovariance function
Cov{z=1300m, p_=p1=P2s A1 06 Ao 63 1) as a function of the time delay for an
aperture size of 15m_|g, and p,=0,1¢,100mm. Tne correlation between the two
beams decreases as p, Increases and it is evident that the correlation
strongly depends on thé initial condition of the experiment. The shift of the
peak is due to the cross wind along the path®,

Unlike the underwater acoustic experiment, where the propagation |is
essentia.ly two dimensional in character®, the optical experiments described
above, require a three cdimensional theory. The basic theoretical formulation®®
is three dimensional but we are unaware of any published results for this case
for Q40 and therefore, direct comparison between theory and experiment is not
possible at this time. Even when these results become available, the agreement
between the theory and the experiment may not be too good, since, as pointed
out in Ref. [4], a major expected reason for the discrepancy between the
theory and the experiment in the acoustical case, can be attributed to
insufficient accuracy of the theoretical result. In particular, all mentioned
results are a zero order approximation in a certain asymptotic expansion. While
for Q=0, this approximation is accurate enough, Q#0 probably requires more
terms in the expression to be evaluated.

In conclusion, measurements of space-time spectral crosscorrelations are
challenging the current theoretical solutions of the fourth moment equation.
The high measured values of the bichromatic correlation coefficient should
also prove useful in various system designs.
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TWO COLOR CORRELATION OF SCINTILLATIONS

N. Ben-Yosef, E. Goldner, and A. Weitz
Applied Physics Division, Graduate School of Applied Science and Technology,
The Hebrew University of Jerusalem, Jerusalem, ISRAEL

Introduction

The correlation between the scintillations of two waves, at different wavelengths,
propagating in the same turbulent medium were not measured extensively. At the
case where it was measured [1], no complete agreement with theory was obtained.
The present set of measurements show that there is a loss of correlation with
increasing turbulence level.

The simple, weak turbulence theory, predicts that the correlation of the intensity
fluctuations of two waves propagating in the same medium is independent of
turbulence strength and depends only on the wavelengths. This conclusion is
reached using the Rytov approximation and the Kolmogorov turbulence spectrum.

The use of thsi spectrum means that all the relevant p.th integrals depend on the
refractive index structure constant as a multiplier and thus its elimination from
the correlation coefficient is obvious. It will be shown that by using the
Von-Karman spectrum and the Rytov approximation the two color correlation
coefficient is dependent on the inner scale size parameter which can be dependent
on turbulence strength [2-4]. Most of the experimental results can be so
explained.

Experimental Results

The present experiment consisted of two laser beams {at 0.632 umeter and
1.06 umeter) propagating along the same 150 meters long path. The intensity of
each at the end of the path was measur2d separately.

The correlation coefficient was measured as a function of turbulence strength by
measuring continuously along the day. A 'point' was represented by analyzing the
proper averages over a time interval of about 40 sec.. In order to check the
accuracy of the measurements and the validity of the use of weak and moderate
sgrength turbulence approximations, figure 1 shows the plot of o}L (He-Ne) vs.
9z, (Nd-Yag). The solid line is the weak turbulence approximation.

One observes that a fair agreement exists. The slight deviations at low and
intermediate values are due to the ripple noise in the Nd-Yag laser.

The two color correlation coefficient, as defined in [11 as a function of

Yoy, oz, is shown in figure 2. The parameter /o;, o,, was chosen to represent
the measure of turbulence intensity. The five points at Yoz, o;, < 0.2 show low
correlation due to the fact taht at this region the noise is significant compared
to the optical scintillation, as the noise in the two charnels is not correlative
the low correlation is not surprising, these points will not be considered
further.

Disregarding the noise dominant region one observes that the correlation

coefficient obtains the value of about 0.875 and decreases monotonously with
increasing turbulence level.
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The Theoretical Correlation Coefficient

Following the well known theories [5,6,8] one can write the two point log-
amplitude coherence function using the proper turbulence spectrum. The use of
the Kolmogorov spectrum is justified if o <</AL (the outer scale size parameter
is of no importance in the present case). In our experiment /AL = 10 millimeters
so that the dissipation range is of importance. In order to account for this
region (the region of small size turbulent eddies) the Von-Karman spectrum has

to be used. One should remenber that this spectrum reduces to the Kolmogorov one
for £,= 0. Using this spectrum one obtains the family of the solid lines in
figure 2 with 1 serving as parameter.

8y comparing the experimental results with the family of curves one concludes that
the present theory with a constant value for the inner scale parameter cannot
account for the results. On the other hand, the results can be completely
understood by stipulating that the turbulence spectrum changes with increasing
turbulence strength. The change is such that as the turbulence becomes stronger
the inner scale size parameter decreases. This conclusion means that increasing
the turbulence strength increases the relative weight of the small turbulent
eddies. This stipulation has some indirect evidence in direct measurements of

€o as reported by [2-4] which show that values of £, down to 3 m'm were measured.

Discussion

The results show that the two color correlation decreases faster than predicted
by theory assuming a fixed functional shape of the turbulence spectrum.
Assuming a varying spectrum the results are quite consistent with theory.

In any case, the fast loss of correlation indicates that the small turbulent
eddies increase their relative weight as turbulence becomes stronger.
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Figure Captions

Figure 1. The normalized intensity standard deviation at 0.6328 umeter,
03, , vs. the normalized intensity standard deviation at 1.06
umeter, 012 . The solid line is the weak turbulence approximation.

Figure 2. The two color cross correlation coefficient vs. /u,,-a,‘
(proportional to turbulence intensity). The solid lines represent
the moderate turbulence approximation using the Von-Karman
turbulence spectrum with lo, the inner scale size parameter, as
parameter.
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BEAM WAVES FREQUENCY CORRELATION IN TURBULENT

ATMOSPHERE
K.S.Gochelashvily
General Physics Institute, Moscow, USSR
T.S.Radjabov
Institute of Agtrophysics, Tadjik Academy of Sciences, Dushan-~
be, USSR
I.M.Uzunov

Institute of Electronics, Bolgarian Academy of Sciences,
Sofia, Bulgaria

V.I.Shishov

P.N.Labedev Physical Institute, Moscow, USSR

The properties of frequency correlation of saturated in-
tensity fluctuations are required in many applications, in
which laser beams emanating from independent sources with dif-
ferant wavelengths are used in propagation experiments in tur-
bulent atmosphere, i.e. in two-wavelength remote sensing of
atmospheric aerosole [1].

At present, there exists a consistert correlation theory
of propagation of monochromatic wave beams in random media
with large~scale index of refragion inhomogeneities based on
moment equations for the field of radiation [2] . This the-
ory predicts the results for the fourth moment of the field,
that are in good agreement with experimental evidence, in ca~
se of both weeK and saturated fluctuations of intensity.

In the paper we generalize the theory to the cage of two-~

frequency wave beams propagation in turbulent media.
The evolution of spectral and correlation characteris-
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tice of intensity of irradiances with wave numbers k4
and km propagating in the < direction in a random medi-
um is described by the equation for the fourth mowent of
the complex amplitude of the field:

/ / ! i}
W@ B R B =ik k)=

’ " / N
(e@T43,%) E*(fi: 3% k) E(F 21k B (5%, A

The analysis of the 1te!atioqueriea built on the in~
tegral equation for the spectrum W shows that in the re-
g%gn of small distances of propagation the first iteration
\x[«) gives the results, that coincide with obtained by the
Obuchov-Rytov method,

The spectrmm of intensity fluctuations is broadened as
the distance X is increased. In the region of small Pres~
nel numbers of the radius of coherence of the field the
iteration series is sumwed with the use of the results of
the theory of limiting laws of distribution of suws of large
numbers of independent random variables [5] o Here the spec~
true is represented by the sum of two components - the low
frequency (L.P,) and high frequency (H,P,) in spatial fre-
quencies domain, The low frequency component of the aspect-
rum is represented by the Pourier iransforms of the product
of monofrequency (for k1=Kq_== K ) second moments, the
exact solution for the equation for which is known., This
component describes large frequency detuning in frequency
correlation function of intensity fluctuations,

The high~frequency component of the spectrum is repre-

sented as the Fourier transform of the product of two-fre-
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quency (for k{ # K5 ) second moments, the equation for
which can be solved only approximately, in the region of small

frequency detunings.
The solution of the integral equation for the spectrum
—
of two-frequency mutual coherence function BE( ') ',1)

can be written in the form

B = (BT 9+ By B39} -
exp {14, o+ 5001,

where B@( z) is the exact solution for Ak =0 .
B@) (p; % T) - the firet approximation for small fre-

quency detuning (Ak/k) &L 1 CL;l' = (z/k> (Ak/ 2k>,
By introdncing

VUQ_\JL %)= ‘N J—V/ﬁb{wa ‘1*4[0}8(0)(?%2
Vi (4 HJ*J o LG (50 B (75559
W(o>(°>°;°>033)=

[V Ca59) Iz+ 2Re { Vi (k33 Vi) (Ak; 3]

where

(0) (P+)? fq)fz >%>——v
WbV, 7., B Re T

The described treatment enables one to deduce the coxr-
relation properties of intensity fluctuations for arbitrary

boundary conditions., In the case of initial plane wave, pro=-

pagating in a turbulent wedium with power law index of
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refraction spectrum
G =42 epcfa),
A= @A‘tja’ r*(M).sCMé;/;)@“D] cnz)
! — ()2~ u)
\\:é; \@060%) &@LID(D (/)

(e )% G40y 90,

D, () = vz W%’Cb(at) {t—ers@ D}
2@ =)L I s/
@D TE-5F {5 %1 o Y]
ey ™ G ¥ i fei 9=
o 4‘1 %UP&HW}W@) T

Por ()(*‘- /% this result coincides with the result obtain~
ed in [&

% (%)
We ™ (01, 0,0,%) = L @D, (3) (W
Ce) = { ZV(qu,)} Cnsé“\‘/z.) FQa+ %@ :

The results of cowputations for the fregquency correla~
tion of sperture averaged intensity fluctuations of irradian-
ces at 1,06 /,\n and 0.63 }; in the regime of strong fluctua-
tions show good agreement with experiment [57
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SPECKLE INTERFEROMETRY AND IMAGING

J C Dainty
Blackett Laboratory,
Imperial College,
London SW7 2BZ, UK

{invited)
Introduction

It is well known that time averaged stellar images are degraded by
atmospheric turbulence or 'seeing’. At the very best observing sites,
angular resolutions as small as 1 arc second can be obtained, compared
to the 1limit A/D set by diffraction of approximately 0.025 arc second
for a 4m diameter telescope at a wavelength of 400 mm. The technique
of speckle interferometry, which was invented by A Labeyriel. enables
diffraction limited resolution to be achieved routinely and with proper
calibration yields the autocorrelation of the object intensity or,
equivalently, its Pourier modulus. A variety of techniques, which we
shall call ’speckle imaging’, att:upt to produce an object map (i.e.
the object intensity) from short-exposure speckle data. Although no
totally satisfactory method of speckle imaging has yet been implemented
routinely in astronomy, several proposed techniqucs look very promising.

Speckle Interferopetry

Let o(x,y) denote the object intensity and O(u,v) denote its Fourier
transform. When imaging through the turbulent atmosphere, the
instantaneous image intensity is simply the object intensity convolved
with the instantaneous point spread function, assuming isoplanatic
imaging: the Fourier transform of the image intensity, I(u,v), is
therefore given by

I(u,v) = 0(u,v) T(u,v) . (1)
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where T(u,v) is the instantaneous transfer function of the telescope/
atmosphere combination.

In speckle i..-~ferometry, the average energy spectrum of the image is
found:

drw,wi2y = jow,wI? <At wi2y . (2)

Thus the Fourier modulus of the object can be determined if the speckle
transfer function, <IT(u,v)|2>, is known. The key feature of speckle
interferometry is that this transfer function has a component that is
proportiomal to the diffraction-limited transfer function of the
telescope — even if the telescope has (small) aberrations. Moreover,
the average energy spectrum of the object can be measured with good
signal-to-noise ratio using only a few detected photons per frameZ and
the liwiting magnitude for simple objects is on the order my = 18.

The technology of detectors and computers now allows the theoretical
limits of speckle interferometry to be achieved in practice.

S le

There are basically twc different approaches to the problem of
restoring the object intensaity o(x,y), or, equivalently, the magnitude
and phase of the object spectrum, from a set of instantanecus image
intensities {i(x,y)}. The first is to use the Labeyrie technique to
obtain the Pourier modulus |0(u,v)| and then somehow deduce the Fourier
phase from it, The second is to process the speckle data {i{x,y)} in
such a way as to extract information that is additional to the Fourier
modulus and that allows reconstruction of the object ol(x,y): several
methods of agieving this aim have been propcsed.

(i) Reconstruction from the Fourier Modulus

In one dimension, it has been known for some time that a unique phase
cannot be found from the Fourier modulus even for positive objects of
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finite support. Considering a sampled object with N values, there are
up to 21 possible objects all of which have exactly the same Fourier
modulus. Thus, in one dimension, given only the Fourier modulus, it is
impossible to reconstruct uniquely the original object except in very
special cases of no practical importance.

However, the situation appears to be quite different in two (or more)
dimensions, as first demonstrated by Fienup3 and explained by Bruck and
Sodin4 for sampled objects. The ambiguity of the one dimensional case
stem: from the factorisability of all one variable polynomials, whereas
factorisable two variable polynomials are a set of measure zero. It
is, of course, easy to construct artificial cases for which the two
dimensional problem is not unique: these cases appear to involve
objects with a high degree of symmetry. The question of uniqueness is
the subject of current investigation and debate’.

The iterative algorithm6 of Fienup for finding the Fourier phase from
the Fourier modulus has been quite successful on laboratory data with
realistic noise. The algorithm irvolves the successive application of
object and Fourier domain comstraints until convergence is obtained.
Convergence is not guaranteed, however, and the algorithm can get stuck
in local minima. Developments in array processors are likely to bring
further refinements to this algorithm.

(ii) Reconstruction from Speckle Data {i(x,y)}

Of the many techniques that have been proposed7. we shall review three
of the most promising: (a) expontential filter method®, (b) cross-
spectrum method? and (c) triple correlation methodl0,

(a) Exponential Filter Method. The image data are multiplied by
an exponential function exp(-ax) and the average energy spectrum of
this modified data set <|I'(u,v)|2> is combined with the average energy
spectrum of the original data <IT(u,v)I2>. It can be shown that these
two energy spectra can yield a unique reconstruction of the object
intensity. However, the best available algorithm for this method,
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which uses a modification of the Pienup algorithm, is not guaranteed to
converge to this unique solution.

(b) Cross—spectrum Method. The cross-spectrum
<I(u,v)I*(u+bu, w6v)> of the data is computed. This yields phase
difference information in the Fourier plane, from which the Fourier
phase can be computed.

‘(c) ITriple Correlation Method. The average triple correlation
< fI(x) I(x+xy) I(x+x9) dx > or bispectrum < I(uy)I(up)I(-uj-ujz) > is
wl;):ted. The Fourier phase can be reconstructed from the bispectrum.
The full implementation of this method requires a large amount of
computer memory ( ~ N4/8 words for an N x N reconstruction).

The main obstacle to speckle imaging at present is the cost of the
technology required to implement the above ideas in (near) real time -
this cost is falling and routine speckle imaging should be feasible in
the next few years.
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RECOVERY OF ASTRONOMICAL IMAGES
FROM A DICHROMATIC ANALYSIS OF SPECKLES

Claude AIME
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(invited)

Abstract. - A technique is proposed for recovering images degraded by atmospheric
turbulence. It is based upon the analysis at two close wavelengths of the speckle pattern formed
at the telescope focus.

I - Introduction

Speckle interferometry techniques take advantage of the fact that the instantancous
monochromatic point spread function S(A,«} of an unresolved star is a random function which
shows small features called speckles whose characteristic size is close to the width of the Airy
function of the telescope aperture. The point spread function is given by the Fourier transform of
the complex amplitude of the wave ¥ on the telescope aperture P :

S(a,a) = [¥ilasa) * PlasAa)j2  /(AA2) (1)

where bold letters denote Fourier transform, * stands for convolution, A is the light
wavelength, « the vector of angular position and A the lens area . For an astronomical object
0{x,x) of small angular extent, isoplanatism is assumed, and the image observed in the focal
plane is the random function I(A,«) given by the convolution relation :

I(A,x) = O(A,x) * S(A,«x) (2)
In the Fourier transform plane, this expression becomes :,
AT = O(A1) . 8(A,1) (3)

It has been shown |1-3] that 8{A,f) countains information speckled all over the
transform plane up to the cutt off frequency D./A of the telescope. However, this information at
high angular frequencies cannot be readily obtained from I(A,f) by any integrative process
because S(A,f) becomes a zero-mean-value complex-function for angular frequencies higher
than r /A, rg being the parameter of Fried [4].

Many proposals [5-8] have been made to use the high angular information present in
S(»,f) to perform the recovery of 0(A,«). We shall examine briefly here the techniques of
Labeyrie and of Knox and Thompson [3] from which the dichromatic technique we propose is
derived.

11 - The techniques of Labeyrie and Knox and Thompson .

Labeyrie's technique makes it possible to obtain the modulus of the Fourier transform of the
intensity distribution in the observed object. It consists of computing the image energy spectrum :

LA, 02> = | 0(a,1) |2 <] S(AM) |2 > (4)
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where the symbol < > denotes an ensemble average. Labeyrie [S) has shown that
<|I{»,1}}2> has a high frequency component extending up to the telescope cut-off frequency.

The observation of a near-by unresolved star gives the necessary calibration for the
determination of | O(A,f) {2 from the observed value of <|I(x,f)}2> .

Algorithms have been developed to reconstruct an image from the modulus alone of its
Fourier transform [8], but this information is not enough in principle, and soon after the first
speckle observations Knox and Thompson proposed a generalization of Labeyrie's technique
which makes it possible to obtain directly the phase information from the speckle data. It consists
of computing the image cross-spectrum defined by :

KIr,1,81) = < I(Af). I* (A, {+AT)>
=0(A,1} OF (A f+Af). <8{A,1) 8* (Ar,f+AT()> (5}

where the symbol * indicates a complex conjuguate. For Af = 0, Eq.(5) reduces to Eq.(4)
of Labeyrie's technique.

Knox and Thompson have shown that, for Af small compared with ro/ A, the term
S(A,f) 8* (A,f+Af) is a complex value which jitters around the real value <|S(A,f)|2>. It
can be shown [10] that, for f>> r /A :

<S(A1) 8°* (A1+A1)> ~ < S(ADN[2> . H (AAL/r,) (6)

where H (A.Af/r ) is a constant value given by the autocorrelation function of Fried's
coherence function or the wave [4]. If, for the sake of simplicity, we assume that H
{(rAAf/r, ) ~ tfor Af small enough, then Labeyrie's technique makes it possible to obtain
the modulus and phase of O(a,r)0*(a,r+Af). If moreover we allow the approximation
jotr+an} ~ [0(a,f)], then we obtain the differences in phase of O(A,f) for the frequency
shift Af. A summation technique allows the retrieval of the phase over the whole transform
plane.

-

The technique we propose is basically a generalization to the speckle case of a technique
proposed by Koechlin [10,12] for Michelson stellar interferometry. It requires a simultaneous
analysis of the speckle image at two close wavelengths A and A+Ax, and it takes advantage of
the deterministic dependance of the point spread function size on A as shown by Eq.1. For A
small, it is expected that the instantaneous transfer functions at A and A+Ax will be similar one
to the other, and that S(ax+AA,1) will equal S(A{A+AA}f/A).

In order to take advantage of this deterministic behavior, it is proposed to compute the
dichromatic cross-spectrum M({A,AA,f) defined by :

MAANT) = < H{A+ANT) I*%(A(A+AN)I/A) > {?)

which can be interpreted as the "achromatized” cross-spectrum of the image intensity.
If we use the notation :

81 = { AA/A (8)
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Figure. Schematic representation of complex functions O(A,f), O(A+AA,1) S(A,f) and
S(A+AA,f) which appear in equations (5) and (7) of Knox Thompson (a) and dichcomatic (b) techniques.
Curves are drawn for one-dimensional signals and a region of the Fourier plane limited to a spatial frequency
difference which corresponds to about one speckle. R = real part. I = imaginary part. Knox Thompson technique
assumes small phase differences in S{A,f) for Af small with regard to ro/A. Dichromatic technique
assumes a similarity relation between S(A,f) and S(A+AA,f) so that 8(A,f+8f) ~ S(A+AA,f)
with 6f = fAA/A. It is also assumed that O(A+AA,f) ~ O(A,f).

expression (7) can be written as ¢
M ANT) = O{A+AA,) O*(A,1+80).<S(A+AN,T) S*(A,1+861)> (9)

This expression is very similar to that of Knox and Thompson in Eq.(5). In a recent
chromatic study of speckle patterns, we have shown that, for f>>r /A, the term between
bracketts of equation (9) is a real term in the form of :

<S(A+AA, 1) S*(A1+60)> ~ <|S(A,0)|2> . B2A,AM) (10)

where B(A,A7) is a spectral coherence term [13] which accounts for the wavelength
dependance of the wave perturbation ¥ at the telescope pupil. Using the same reasoning as in
Knox and Thompson's technique, we shall assume for simplicity that, for AA small enough, the
term B2(A,A1) is almost equal to one.

Moreover, we shall assume that the intensity of the object is wavelength independant. This
will be true for most of the astronomical objects provided that the observations are performed in
the continuum of the spectrum. Under these assumptions, M(A,AA,() gives :

MA,ANT) = O(AT) O*(A,f+61) <|S(AM) |2 > (1)
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Here also, Labeyrie's technique will permit the determination of the modulus of O{A,f}
O*(a,r+61). The derivative of the phase of 0(A,f) will be obtained from this analysis and the
retrieval of G{A,x} could be performed.

A schematic comparison between the dichromatic technique and the Knox and Thompson's
one is made in the figure.

IV - Discussion,

The technique presented here takes advantage of the analysis of the speckle image at two
close wavelengths. The technique can readily be generalized to multiple wavelength analysis, in a
s.pecikle'spectroscOpy type experiment [14] or in a one-dimensional space-wavelength analysis
i15}.

The signal to noise ratio S.N.R. of the experiment will highly depend upon the spectral
coherence term B(A,AA) and astronomical seeing [16] . Although a detailed study of the
SN.R. is yet to be done, a good value is expected since experimental tests on spectral coherence
of speckles [10] revealed to be more favorable than theoretical predictions|13].
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Zernike Decomposition for a
Kolmogorov Turbulence Spectrum
with Finite Outer Scale

D.M. Winker
Air Force Weapons Laboratory
AFWL/ARBA, KAFB
Albuquerque, NM 87117 USA

The use of Zernike polynomials to represent phase distortion in image-forming optical systems
is well established, whether the distortions arise from the system itself [1] or from propagation
through the atmosphere lying between the object and the optical system {2,3]. Research in optical
propagation generally relies on Kolmogorov turbulence theory to describe atmospheric turbulence.
The Kolmogorov theory predicts an inertial range of turbulence having an energy spectrum which
follows a simple power law for spatial scales lying between some large scale where the turbulence
is created and some (much) smaller scale where the turbulent motion is dissipated by the viscosity
of the air. The turbulence within this inertial range is assumed to be isotropic. Kolmogorov theory
predicts a power spectrum for refractive index fluctuations following an 11/3 power law in the
inertial range. Previous studies of the contribution of atmospheric turbulence to wavefront
distortion have assumed the large-scale limit of the inertial range (the outer scale, L) to be infinite.
Although this assumption is non-physical, as the spectrum then contains infinite energy, it has been
assumed that the size of the outer scale has little influence on phasefront statistics, and that the
inertial range may in fact be extended to infinitely large scales with no significant error.

In recent years, the astronomical community has proposed a 'next generation' of telescopes
using apertures significantly larger than any existing telescope [4]. It seems possible that for
optical systems on the scale of the 8 and 10 meter apertures now being proposed for these
telescopes, outer scale effects might become significant. For this reason a study was undertaken to
quantify the importance of any possible effect. In this paper, the Zemike decomposition of
Kolmogorov turbulence derived by Noll [3] will be rederived for the case of a Kolmogorov
spectrum modified by the presence of a finite outer scale. Since the nature of the integrals
encountered in computing this decomposition resist evaluation by numerical techniques, the
computations have been performed analytically whenever possible.

For the case of Kolmogorov turbulence, the index of refraction structure function D (r) is given
by:

Dy(r) = Car?
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This gives the familiar Kolmogorov spectrum for index of refraction fluctuations [5}:

@, (k) = 8.16C2 113

where k is the spatial wavenumber. This spectrum contains infinite energy, leading to an infinite
phase variance. In the past, this difficulty has been handled by working with the piston-removed

phase variance, which is finite. If we assume a flat spectrum for k < 2#/L the phase variance will
also be finite. We will assume a spectrum of the form:

@, (k) = 8.16 C2 (k% k2 )11

where k= 2x/L,. In order to write the spectrum in terms of a scalar, k, rather than a vector, we

have assumed that turbulence at scales larger than the outer scale is isotropic. The phase fluctuation
spectrum has the same form:

@y() =B (k’+ kg )
where the normalization constant, B, may be determined from a comparison of the representation of
thcplmsef.uncmfuncﬁmb¢(r),inmofﬂle index of refraction fluctuation spectrum, ® :

2
Dy = % [ fazkak @,062) (1 -3 o0
and in terms of the phase fluctuation spectrum, ®,:
D)= & [k 9,062 113 ko)

where k= 21/A. The Zemike decomposition may then be performed in the same manner as in [3],
by replacing the Kolmogorov spectrum with the modified spectrum in the expression:

<atay>= f f di’ 4B Q} W)@y kR K'/R) Q; (k)

where a; is a Zemike coefficient, Q, is the Fourier transform of the jth Zemike polynomial, and the
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phase spectrum is scaled by R, the aperture radius.
‘This last expression contains integrals of the form:

f:k T (ak) 1, (@)
o k &+kg)

which may be evaluated following an approach suggested by Watson [6]. The product of the two
Bessel functions is converted to a single Bessel function using Neumann's function. This Bessel
function is then expressed in terms of a contour integral using:

Y
J'(x)=m_,,ds T(v+s+1)

After reversing the order of integration, the evaluation is straightforward. The final expression for
the magnitude of the Zemike polynomial coefficients is a complicated expression involving a sum
of two terms containing hypergeometric functions of the type ,F,. The hypergeometric functions
are readily evaluated numerically. Results and scaling laws will be discussed.
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Stellar Speckle-Image Reconstruction

From Phase Gradients

G.J.M. Aitken, R. Johnson and H. Houtman
Queen's University, Kingston, Ontario, Canada

Introduction.

The estimation of the phase function is a major problem in
the reconstruction of a stellar object's complex spatial
spectrum from a set of speckle images. The Knox-Thompson!
approach measures a 2-D array of phase differences between
adjacent spatial-~frequency components, the phase function being
determined either by summing outward from the origin or fitting
a function to the array of phase differences. However, the
estimation of a phase difference in a given spatial-frequency
interval is simply an estimation of the gradient of the phase.
In this paper a process is described which estimates the true
phase gradient directly from t e speckle images. An important
property of the phase-gradient process described here is that
the noise biases at low photon levels are less troublesome than
in the K-T process and, in principle, can be systematically
removed during data reduction.

Phase-Gradient Estimtor

Let in be the nth speckle image in a set of N, o the object

and S, the time-varying point-spread function of the atmosphere-

telescope combination, Their respective Fourier transforms are
In’ 0 and Sn. For each of the speckle images compute

.
an = Im {Inx In}, (1)
1

where Im{.} indicates the imaginary part, Inx= j2x F.T.{x in} =
dIn/df‘x from the Fourier differentiation theorem, fx is the
x-component of spatial frequency, and the primed symbol denotes

differentiation with respect to the spatial-frequency components
indicated by the subscripts x or y.

if a and o, are the angles of 0 and Sn, respectively, the
expected value of (1) reduces to
t

2 2 1 2 .
D> = 10b S ) > e, = <L) > e (3
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where the fact that <°n> = <°;x> = 0 has teen used., Sirilarly,

L % 2 L . -
Dny = Im{Iny I} and <Dny> = <1 > oy Thus, the estimstor
for the gradient sf object phase is
~ h I Il II 1 * N 2 (
Va = niT m{I, I, x+ Iny I, v} 7/ n§1 M0 3)

where x and y are unit vectors in the fx and fy directions,

respectively. ~
The phase estimate is found by integrating ve outward from

the origin over multiple paths in order to determine the gross
tilt, then by function fitting to establish local features.

Bias and Noise

When the photon-effect model described by Nisenson and
Papaliolios? is applied to the calculation of an , the bias

term is

2 1
B, = 1P} B <I . \0)>/<1 (0)> , (4)

where P is the Fourier transform of the recording system's
response to a single photon event and Np is the average number

of photons per image. The long exposure image gives
<1, (0)>/<I (0)> , white |P|* and K, can be evaluated for the
specific system. By has the same form:

Since for real objects only Im{<Inx(o)>} comes into play,

objects whose centroids are located at the centre of the field
will have zero bias. In fact, if the centroid of each speckle
image is shifted to the centre of the field, the bias terms will
be eliminated. The information lost is the true position of the
source; however, averaging of the shifts imposed on the in-

dividual images would re-establish the position.
The variance of an due tc atmospheric fluctuations reduces

to
2 2 2 L ] (N ]
<Nx> z <|In] > [2<(ex) >+ (ax) 1, (5)
Therefore, the phase-gradient error for N images is

sa) = 20<e)’ + 1IN (6)

LI \J
When <(ox) > is very small the terms contributing ay in (%)
L
disappear. The error irn ay is of the same form,.
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The quantities e; and e; are not readily accessible from

analytic expressions for S. However, a computer simulation using
100 instantaneous atmosphere-telescope transfer functions cor-
responding to a 1m telescope and ry = 12.5 cm yielded a value of

\]
2 x 10's radians?/cycle for ba, y* Other estimates confirm that
[ . "
the value would be of the order of 10 to 10 . For a 1m
telescope and a 128 x 128 sample field the maximum rate of

change of phase, “;ax' would be 2 x 10™ rad®/cycle. These

figures indicate that with N«100 the effects of the atmosphere
will be reduced adequat:ly to allow good estimates of ve as is
demonstrated in the example described below.

Demonstration

Fig. 1(a) shows a test object as seen through the tele-
scope with no atmosphere. Fig. 1(b1) and (b2) show two examples
of the 100 speckle images generated by random phase masks in the
128 x 128 pixel computer simulation. A long exposure image is
shown in (¢). The reconstructed image in (d) was obtained by
Fourier inversion of the spectrum whose modulus was calculated
by the conventional speckle interferometry processing and whose
phase is the integrated phase g adient estimate. Finally, in
Fig. 1(e) Fienup's process?® is applied with the constraints that
the object must be real and positive.

The authors wish to acknowledge the support of this work by
the Natural Sciences and Engineering Research Council of Canada.
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1

(t1) ard (b2)

Typical speckle images. (c) The long-exrosure image.
’d) The reconstructed image. (e) The image of (g)
after application of Fienup's algorithm.

(a) The diffraction limited image.
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Variability of Amplitude Scintillations Observed in Beijing and Rame
on SIRIO Satellite Links,

J. Wang (*), U, Merlo (**), E. Fionda (**)

(*) MOA/CAST, P.O. Box 5106, Beijng, China
{* *) Fondazione U. BORIONI, viale Europa 160, 00144 Rome, ITALY

amplitude scintillation measurements have often to deal with natural
events subject to intrinsic non-stationarities, such as solar heating
or clouds. In these cases, particular care should be paid in perfor-
ming spectral, variance and parameter estimations.
In the present ocontribution we report same scintillation measurements
over two links with SIRIO satellite and we refer a simple but ef-
fective evaluation of the diurnal evolution of turbulence induced by
solar heating.

Measurenments.

During the period June 1983-February 1985, SIRIO sate-
tellite was in a geostationary orbit over the Indian ocean and trasmit-
ted at 11.5 Gz with circular polarization, Propagation and telecomwmni
cation experiments were held in cooperation between Italy and
Pecple's Republic of China. Amplitude scintillations have been measu-
red 1n two stations placed in Beijing (CHINESE ACADEMY OF SPACE) and
RFome (ISTITUTO SUPERIORE DELIE POSTE E TELECOMUNICAZIONI). The stations
were identical and were equipped with 3 m Cassegrain antennas with
mean axis elevation of 20.5° in Beiiing and 20.0°in Rome. Diurnal drif-
ting of satellite was compensated py automatic tracking. Data were recor-
ded on magnetic tapes (sampling rates 1-10 Hz) and analogic strip chart.
The intensity of scintillations has been estimated by using records of
30 minutes length for Beijing and 25 minutes for Rome,
bata during rain events were excluded fram analysis, but cloud effects
have not yet been separated fram those of clear sky convective turbu-
lence, Meteorological ground recordings were gathered by observatories
situated near the wertical projection of atmospheric propagation path.
The intensity of scintillations has been evaluated by scintillation
index defined as 81 = ({(Pmax - Pmin) / (Pmax + Pmin))x 100
where Pmax and Pmin are respectively the third peak down from the maxi~-
mun and third peak up from minimum during each estimation interval /1/.
The use of this simple index may be justified by remembering that the
log~amplitude of each scintillation cvent follows a normal distribution
/2/ and that the standard deviation could be estimated by means of scin-
tillation index.

Synthesis of results,

Measurements of mean SI taken in Rome and Beijing
and corresponding mean ground temperature are shown in Fig. 1. These
values represent the mean of hourly samples taken over the same summer
month, It appears that the four curves present noticeable similarities.
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The largest part of data has been collected during clear sky conditions
hut some variations of SI (particulary for Beirjing) may be caused by cunu-
ius ciouds . Daily cyclical behavior of mean SI has been noted through
all suwmer months (e.g. Fig. 2), while in winter it is less noticeable,
Camparison between mean ground temperature and mean SI by regression ana-
lysis in Fig. 3 confimms the strong sumilarity of the behavior of these
quantities for different climates of Rame and Beijing. Correlation coef-
ficients are respectively 0.920 for Rome and 0.905 for Beijing.
Results shown are valid through wayvelengths where direct effect of tem-
perature over structure parameter C,, is negligible in respect of humidity
/3/. Apparant relationship between power and ground temperature may be
explained noting that intensity of turbulence and absolute humidity oould
be enhanced by ground temperature increments and remembering that
scintillation power is proportional to the refractive index structure
parameter C:, after the well known relationship:
2 .t L2
n=aCHb Cat 2ab C_',q
where the parameters in the second term depend on atmospheric pressure,
temperature, absclute humidity and the wavelength of radiation,
Behaviors shown have been obtained fram monthly mean quantities, The
spread of indidual samples is shown for Beijing and Rome in Fig. 4,
by means of the standard deviation of mean (hourly) valuves of SI
versus mean (hourly) scintillation intensity for each month.
For furtler deepening of the relationship between scintillations and
temperature, cross-correlation analysés of SI versus ground tempera-
ture are reported in PFig. 5 and Fig. 6. In Fig. 5 it is showm
the short~temm cross~correlation index between mean SI and mean ground
temperature in Beijing. It may be remarked a tendency of SI to anticipate
about 0.5 hour ground temperature variations. This tendency is oconfirmed
by the long-term cross—ocorrelation between hourly samples for Rame in
Fig.6. This behavior could be explained by approximately modellinu the
observed turbulence as partly related to the varying of ground tempera-
ture and partly to the actual value of the same temperature. Higher
variability of mean SI has been found from 09 to 12 and from 16 to 19
hours, local time.

Concluding Remarks.

Analysis of amplitude scintillations during sumer
in the different climates of Beijing and Rome has shown that mean scintil-~
lation intensity follows a diurnal cycle. A noticeable variability of mean
scintillation intensity index has been found, particularly around 10.30 and
17.30, local time, It has been noted that this behavior could be approxi-
mately related to the cycle of ground temperature. Scintillation intensity
has been found to be slightly anticipating ground temperature variations,
Relationships fourxd may be useful for scintillation modeling and simulation.

c
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SCINTILLATION ON HIGH-~ AND LOW-ELEVATION
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SUMMARY

Introduction.

In 1983 the SIRIO satellite was shifted from its original loca-
tion 15°W on the Atlantic Ocean to a new position 65°E on the Indian Ocean
for a cooperative Italian-Chinese experiment. A decrease of the elevation
of the satellite with respect to the Italian stations resulted from the
shift. Therefore the displacement offers a peculiar opportunity of analyzing
the propagation characteristics of two earth-space propagation paths invol-~
ving the atmospheric layers to a different extent. In this paper the
statistical properties of the fluctuations of the field amplitude on
the two paths are analyzed for a number of selected events for which
enhancement of the peak-to-peak ve.ue was observed, Particular emphasis
is placed on the spectral properties, which are discussed with reference to
other observations and theory.

The experiment.

The SIRIO experiment was designed to investigate the propagation
characteristics of an earth-space path at the frequencies of 11.5 and 17.75
GHz. The amplitude of the circularly polarized field of the down-link at
11.5 GHz was recorded at the earth station of Fucino, Italy, nearly 700 m
above the sea level, and subsequently, after the displacement of the
satellite, in Rome, Italy, about 50 m above the sea level. The two stations
are about 100 Km apart. The elevation of the propagation path was 33230
for the first location and slightly less than 20° for the second one.
The Fucino station used a 17-m shaped Cassegrain antenna, while the Rome
Cassegrain antenna had a diameter of 3 meters. The sampling frequency
was 10 Hz and data were recorded on digital magnetic tapes.

Analysis of Gthe intensity of fluctuations points out the sea-
sonal and diurnal variability already observed in analogous experiments
(1, 2). In addition, occasional enhancement of fluctuations are observed,
which are usually accompanied by an average attenuation and occur in
concurrence with rain or in adjacent periods. The analysis of two of
such events is presented in this summary, one referring to the low~elevation
propagation path and the other to the initial link with the satellite seen
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at 33°30' above the horizon.
Results.

Observations taken by the Italian Air Force Metecrological
Service at Fiumicino Airport, about 20 Km from the Rome ground station,
reported 2/8 of cumulus clouds at 12:00 GMT on August 17, 1984. Fig.l
reports the amplitude of the 11.5 GHz received field for a period starting
at 12:20 p.m. local time. The mean level of the field is nearly constant
and quite close to its value for clear sky conditions. The corresponding
spectrum (Fig.2), evaluated by an FFT routine, is slowly decreasing at the
lower frequencies and falls off with a slope close to -8/3 beyond the corner
frequency near 0.2 Hz. About one hour later a moderate mean attenuation can
be observed in the record of the field amplitude (Fig. 3). The attenuation
appears to produce an enhancement of the low frequency part of the spectrum
(Fig.4), whereas the high frequency behavior remains almost unchanged.
When a rain cell develops across the propagation path, a noticeable attenua-
tion is observed (Fig.5). Three regions can now be observed in the spectrum
(Fig.6): a low frequency zone where the spectrum decreases with a slope
that seems to be consistent with both the theoretically predicted (3)
and experimentally observed (4) -8/3 slope for propagation in an absorbing
medium; a rather flat intermediate zone between the low corner frequency
about 0.01 Hz and the high corner frequency about 0.2 Hz; a high frequency
zone which falls off with the expected -8/3 slope.

The existence of a low frequency spectral region with a -8/3
slope when the path attenuation is not negligible confirms previous obser-
vations (5). Indeed, although the frequency of the electromagnetic wave
does not fall within an absorption band of the atmospheric gases, the
presence of liquid water on the path makes the global refractive index
complex. The random space-time variations of the liquid water density due
to turbulence in the clouds produces random fluctuations of the complex
refractivity. The effect on the amplitude spectra of waves propagating
in such a random absorbing medium is analogous to the one theoretically
predicted by Ott and Thompson (3).

) To clarify this poin, several additional events have been
analyzed, taking also into account concurrent radiometric measurements.
Amplitude fluctuations and the radiometric signal have been recorded at
the Fucino ground station where, as said, the satellite had a local eleva-~
tion different from that at the Rome station. The obtained results appear
to be consistent, at least within the natural variability of experimental
data, and with regard to the differences in the propagation path. As an
example, Fig.7 reports the time series of a long (ih 26') attenuation
event and Fig.8 the corresponding spectrum. In this case the low freguency
region which is attributed to absorption extends to about 0.02 Hz, thus
somewhat reducing the flat portion of the spectrum, according, again,
“o the theory. Of course, statistical nonstationarities and possibly highly
variable atmospheric conditions along the slant earth-space path introduce
disturbing effects which are to be carefully considered.
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Some Recent Developments in Optical Coherence Theory+

*
Emil Wolf

Department of Physics and Astronomy
University of Rochester
Rochester, NY 14627 USA
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A review will be presented of some recent researches relating to par-
tially coherent wavefields. These include the clarification of the rela-
tionship between space-time correlation functions employed in the tradi-
tional description of partial coherence and the single-frequency correlation
functions frequently used in the analysis of problems relating to atmos-
heric propagation and to speckle patterns. Second-order as well as higher-
order correlations will be considered.

Progress towards the clarification of the foundations of the theory of
radiative energy transfer will also be described and some of the important

unsolved problems in this area will be noted.

+ Supported by the National Science Foundation

* Also at the Institute of Optics, University of Rochester
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Classical radiometry: a short wavelength limit for a

general mapping of crms-spectral densities in second-

order coherence theory

by
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Serrano, 121

28006 Madrid, Spain.

In the last years there has been much effort in
the attempt to derive the empiric laws of radiometry
from the statistical theory of wave fields'™3. In this
context, expressions for the so-called generalized
radiance were proposed in terms of the cross-spectral
density of the optical field. It has also been shownh
that it is not possible to build a generalized radiance
that depends linearly on the cross-spectral density of
the optical field and that satisfies the threc requisites

of radiometry. In generals, all the generalized radiance

functions proposed in the literature can be mathematically
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derived as particular cases of a general mapping, between
the cross-spectral density and the generalized radiance,
originally propond in Quantum Statistical Mechanics by

6

Cohen .

The difficulties mentioned above can be,
however oOverconed when one considers the limit of short
wavelengths for the radiated field. This was recently put
forward for quasi-homogeneous sources, and for a parti-
cular case of generalized radiance, (the established in
Ref. 3) in Ref. 7. In fact, the sources for which tradi-
tional radiometry was applied are of dimensions very
large compared to the radiation wavelength and are

quasihomogeneous (e.g. blackbody sources).

In this communication it is shown that for
this class of sources, in the short wavelength limit,
all generalized radiance functions obtained from Cohen’s
mopping reduce to the ordinary radiance and thus satisfies
the three conditions of classical radiometry. Also, the
associated specific intensity, that characterizes 3-D
propagation of the field, is shown to satisfy the

radiative transfer equation in free space.

This Work has been supported by the National Science
Foundation and CAICYT.
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Lidar Profiling of Atmospheric Properties
chat Influence Propagation
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During the past 20 years, many lidar techniques have been devised and
demonstrated for quantitative, rer .e measurements of the atmosphere.1'u Such
measurements have been carried out even at ranges exceeding 100 km. Ground-
based, 2irhorne, and balloon h~ne lidar probes measure stratospheric particu-
1ate3,5-:6 ozonv,7’8 and free9 OH. Remarkable observations of atmosphe,ric
structure have been made using the mapping capabilities of lidar. These

include tropospheric folds, 10

11,12

convection and advection in the planetary
boundary layer, and gravity waves in the upper atmosphere.3’13 This

paper describes the lidar technology now available for profiling the atmos-
phere's thermodynamic variables: temperature T, pressure P» density n, and
humidity [HZO]. The latter is included here because the typical H20 latent
heat content is important dynamical’y. and water vapor has strong effects on
optical prnpagation. It will be seer that several accurate lidar methods can
be used to monitor the state oI atmosphere during propagation measurements, or
as operational support for propagation devices such as radars and high

intensity lasers.

Table T lists lidar techniques by the physical effects and molecules
employed. [Ffntries in the table indicate the altitude zones of the atmosphere
in which the methods provide direct measurements of T, p, n, and [Hzo]; in
this order, available accuracies are nominally 1°K, 3 mb, 0.3%, and 3%. Most
of the metncds are bLased on optical transitions involving discrete energy
levels of the atoms or molecules (absorption, fluorescence, Raman scattering);
exceptions are #12 and #13 that employ gas refractivity and Rayleigh scattering.

Differential absorption lidar (DIAL) techniques are available for all
fouar types cf profiling, using near infrared lines of Hy0 (720, 820, 940 nm)
and 0, (690, 770 nm). Two laser pulses are transmitted, one tuned onto an
absorption line, the other tuned into a nearby portion of the spectrum where
there is little or no absorption. Time-resolved analysis of the ratio of the

two lidar returns provides a range-resolved profile of the amount of
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absorber.1'u’1u’15 For certain lines of Hy,0 this yields the concentration

[HZO] (cr its mixing ratio in air) directly.’s—21 For other lines, the

absorber in question consists of excited state molecules whose abundance in
the atmosphere is related to temperature or pressure as well as sheer material
quantity. The 02 molecule has been singled out for this work particular-
1y.3'22'26 The laser requirements for DIAL (and fluorescence lidar) are
stringent, including emission linewidth and frequency stability of order 0.01-
0.03 em™! (300-900 MH,). Groundbased and airborne DIAL observations based on

the near IR spectra of H20 and 02, while still undergoing refinements, are

part of the developed technology for atmospheric profiling.
Raman 1idar-27—37 employs the backscattered lidar returns at different
frequencies corresponding to the Raman spectra of atmospheric constituents

such as Ny, HZO, CHy, etec. With sufficient care in blocking out backscatter

from the primary laser transmission (and, in some caseg, daylight33’35), the
water vapor mixing ratio [H,0]/[N,] and the nitrogen density profile [N,]
can be determined without using the spectrally pure lasers required for DIAL.
The countervailing fact is that Raman scattering coefficients are 3-4 orders
of magnitude smaller than for Rayleigh scattering; so the lidar returns are

faint, and one requires a favorable combination of large telescope, high laser

Relatively recent devel-

power, and diseriminalion against background light.
35

opments include high spatial resolution in vertical [H20] profiles,

measurements to high altitude,36 and temperature profiling to altitudes of

order 2 km using rotational Raman seattering3n’37 by N2.

For higher altitudes, it has been suggested38s39 that stratospheric
temperature and pressure can be measured by means of a variation of the
9 already employed for OH density. The ambient

OH

fluorescence technique
temperature in the altitude range 80-100 km is measured from the ground by

means of sodium D-line fluorescence lidar;uo_uu recently the sodium temper-

ature near 90 km has been measured with 2°K accuracy and 1 km altitude
r'eso).».n;ion.)45 To cover a broader range of altitudes, Rayleigh scattering of
high energy laser pulses (e.7., Nd:YAG) is used to obtain the relative density
and absolute temperature of the atmosphere between 30 and 100 km.3'13'1"6_u8
To summarize, a host of lidar methods is now availavle to support
reasurements of optical and millimeter wave propagation, even to great

distances from the lidar station and to high altitudes above the earth.
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8. Nu Raman trop - — -
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2. Laser altimetry — trop - —
- multi-color
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- Rayleigh strat. strat
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REMOTE SENSING OF METEOROLOGICAL PARAMETERS :
EFFECTS OF ATMOSPHERIC TRANSMISSION AND SCATTERING
PROPERTIES ON DIAL MEASUREMENTS

G. MEGIE
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B.P. 3

91371 Verriéres-le-Buisson
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High vertical resolution measurements of the physical parameters of the
lower atmosphere (temperature, pressure, humidity) will allow significant
progress 1in various areas of atmospheric research (meteorology,
climatology, pollution studies). Such measurements have recently became
feasible due to the development of tunable, narrow bandwith laser sources
in the near infrared (720-760 mm) - i1.e. Nd Yag excited Aye lasers or
solid state Alexandrite 1lasers. The differential absorption laser
technique (DIAL) forms the basis for these high accuracy determinations of
state variables in the atmosphere : it uses two laser pulses, one located
on a resonant absorption line of the species to be measured (vL) and a
second one at a nearby refereuce frequency (vR). The epergy EL/R
backscattered at each frequency by aerosols and molecules in the
atmosphere 18 measured as a function of time using a range gated recelver
which allows the atmospheric absorption K of a particular speclies to be

measured over a known path AR :

_ 1 EL(R) ! ER(R)
K = in (L
2AR EL(R + AR) / ER(R + AR)

The absorption is then used to determine the species concentration as in
the case of water vapor. Furthermore, if the species concentration is
known in the atmosphere as for molecular oxygen, the measuremeant of the
abesorption at the center of a line will lead to the determination of the
temperature (Mégie, 1980 ; Korb and Weng, 1982). Similarly, measurement in
a far line wing can be used for the determination of pressure in order to
obtain a maximum sensitivity of the absorption coefficient (Kordb, 1977 ;
Mégie, 1980).
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Analysis of the various error sources in such measurements shows that,
bestdes stringent requiresent: on laser frequency stability and bandwith
and knowledge of spectroscopic parameters, propagation of the laser beam
through the atmosphere leads to various systematic errors which have to be

accounted for to improve the wmeasurement accuracy.

a) Aunospheric scattering and extinction :

Equation (1) is only an approximation of the general feormula which relates
the atmospheric absorptionﬁ to be the backscattered energy. Effects
related to differential extinction due to molecular and Mie scattering
have to be accounted for, whereas their relative wmagnitude is less than
10~3 in the near infrared due to the sharp structure of the absorption
features which allows a small frequency interval between the absorbed aund
reference frequencies. Spatial and temporal correlations between
successive range cells will also influence the retrieval of K depending on
the time interval between successive laser shots. Experimental results
show that the decorrelation rime for backscatter returns by aerosols
particles is of the order of a few microseconds (Hardesty et al., 1981).
Successive pulses separated by time intervals greater than this will thus
appea. as uncorrelated over the period during which the atmosphere can be
considered as frozen. This period is of the order of 10 msec and
corresponds roughly to the coherence time of atmospheric turbulence. This
means also that, taking into account the non stationary nature of the
atmospheric attenuation, a point might be reached where variations in the

attenuation level over the integrated interval will dominate the averaging

process.

b) Aimospheric absorption :

These effects are related to the spectral ciaracteristics of the laser
emission. A specifal attention should be payed to the contribution of the
amplified spontaneous emission (ASE) which results in a broadband spectrum
superposed to the narrow linewidth laser emission. To 1imit the resulting
systematic error at values below a few perceant, spectral purity of the
laser emission - {.e. catio between omission in the aarrow peak to the
total emitted energy - should be better than 99 7%. Whereas such values are

easlly attainable with solid state laser sources, difficulties {n the
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system design arise when using Nd Yag excited dye lasers.

The problem of the finite linewldth of the laser emission has also to be
addressed. Cahen and Mégie (1981) have shown that the spatial distribution
of absorption coefficleats 1in the atmosphere measured with the DIAL
technique is restored, in the case of a pulsed laser system, only if the
emission 18 wonochromatic. Due to the finite linewidth of the laser line,
a systematic error is introduced which can be as large as 5 X2 if the ratio
of the laser to the absorption linewiths exceeds 0.5. Furthermore, due to
the scattering process in the atmosphere itse’f, the backscattered line
always corresponds to a Doppler broadened line (Rayleigh Scattering)
superposed with a narrower peak due to Mie scattering by aerosol
particles. To account for the residual dependence on the transaission
properties of the atmosphere within the laser propagation path, special
algorithms should be developed, to reduce the residual errors down to
0.05 K for laser bandwiths of 0.04 cm (Korb et al. 1982).

All these effects have been demonstrated or accounted for in various
experiments which have shown that the overall accuracy which can be
expected from DIAL measurements can be better than 5 Z for humidity
retrieval (Cahen et al., 1981 ; s8r: wll et al., 1979), 0.5 to 1 K for
temperature and 2-3 mb for pressure profiling (Korb et al., 1983 b). Both
ground based and airborne systems have been developed which have been used
for the study of local scale convective activity or mesoscale processes
such as cyclogenesis or disturbances associated with the occurence of cold
or warm fronts. Further directions in this fleld will include developments
of automated systems either for ground based monitoring or airborne
experiments and feasibility studies of c¢pace borne active systems for
global measurements.
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The problems connected with atmospheric pollutants are
being more and more widely recognized. Soil- and lake acidifi-
cation have been long discussed while reports on widespread
damage to forests are more recent. Air pollutants constitute a
threat to public health both directly through inhalation and
indirectly through possible long-term influences on the atmos-
pheric environment. The need for powerful actions and interna-
tional cooperation is becoming evident. Clearly, efficient met-
hods for measuring local, regional and global pollution are much
needed. Optical remote sensing techniques provide powerful means
for studying atmospheric pollutants., Most techniques utilize
differential optical absorption of radiation that is transmitted
to probe the air. Regular light sources as well as lasers can be
efficiently applied in pollution monitoring. A good review of
the field is provided by Ref. [11.

In optical remote sensing of atmospheric pollutants wave-
length regions relatively free from major species absorption (eg
by CO> and Hp0) have to be utilized. For obtaining a high snnsi-
tivity to minor constituents, molecular transitions with high
absorption coefficients are selected. Frecuently the accuracy of
an optical absorption measurement is not limited by photon
statistics but rather by noise due to atmospheric turbulence. In
a long-path absorption measurement, the turbulence will cause
the 1light beam to walk over the receiver aperture. If the bean
is first directed towards a remote retro-reflector, the beam
will instead walk over the reflector causing strong variations
in the intensity reflected back. In measurements employing laser
light back scattering (lidar: light detection and ranging) the
wavelength tuning of the laser is frequently changed between
the resonant wavelength and the close-lying off-resonance (re-
ference) wavelength between subsequent pulses. Again, atmosphe-
ric fluctuations in the individual volume elements will cause
the elastically backscattered intensity to vary. The remedy for
these detrimental effects of atmospheric turbulence is to mea-
sure the absorption on the resonance and reference wavelengths
simultaneously, or at least at such shorti time separations that
the atmosphere can be considered tp be "frozen". The time scales
of atmospheric turbulence have been extensively investigated; of
particular interest is an investigation using CO; lasers by
Menyuk and Killinger [2]. The conclusion is that most of the
noise can be eliminated by working on time scales below 10 ms.

Most practical Nd:YAG lasers, that are used for pumping
tunable dye lasers operate with a repetition rate of about 10

93




050111 ki 7-8
vind  \ o'a-u
HYNGP 1iSpymd

Fig.1. Charting of NO; distri- Fig.2. Charting of particles
bution by the dial technique [4]. by the lidar technique [S]

Hz. Although wavelength changes between pulses still does not
fulfil the temporal requirements just stated, quite satisfactory
results can be obtained in range resolved dial (differential
ahsorption lidar) measurements at the price of some extra signal
averaging. Using the mobile system described in Ref. [3] we have
recently studied the MOy dynamics at temperature inversion
situations. In Fig. 1 the NO; distribution over the central part
of the city nf Géteborg during a winter morning is shown [4].
The data are obtained in successive horizontal scans during &
total time of 1 hour. An easier task for such a system is to map
the relative particle distribution in inaustrial areas. An exam—
ple from such measurements is shown in Fig. 2 (5]. A new, larger
and more versatile mobile system for lidar and other optical
atmospheric measurements has recently been completed. A lay-out
of this system is shown in Fig. 3 [6].When fast data taking and a
high precision are needed a laser system generating two sharp
wavelengths simultaneously or at very short time intervals is
desirable. In airborne dial measurements it is mandatory because
of swift changes is the aerosol backscattering. If the pulses
are transmitted at sub-millisecond intervals the signal returns
can be detected through a common detection channel using a
single transient digitizer. Simultaneous transmission from a
two-wavelength 1laser normally requires very sharp wavelength
separation into two individual detection channels. Different
more or less complex schemes for circumventing the problems of
atmospheric fluctuations have been introduced.

We have recently proposed a different approach using a rather
broad-band laser and utilizing the spectral separation obtained
by gas filtering. [(7]. The principle of the gas coirrelation
lidar scheme is shown in Fig. 4. The laser emission covers both
on- an off resonance wavelengths for the species to be studied.
The spectral contents in the backscattered radiation is
unscrambled by comparing the intensity received directly and
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through a cell filled with the gas to be studied in sufficient
concentration to cauce strong or complete abserption on resonant
wavelengths., The spectral and temporal signals occurring in the
detection of a remote gas ¢'oud are illustrated in the figwe.
The technique has been tescer for the case of an artificial Hg
cleud, Since the gas can hancdle many spec.—al features in paral-
lel a very simple laser with little wavelength control might be
used. A normal flashlamp can also L» esployed for path aver age
measurements using a topographic ta-gel or & simple retro-
reflector. This technique is now being tested for S0p [£83. The
gas correlation lidar technique has the potential of allowing
very samplified equipment to be employed 1n certain seasurems=nt
situations. However, it should be pointead out that the sensiti-
vity is lower tham in normal, narrowband disl since the speciral
seperation is incomplete. Calibration of the instrument using
ges cells is aleo necessary. Since the information is cbteained
from reatios of the two channel signzals for the same light pulse
immunity to atmospheric turbulence and other fluctuations is
largely granted.

Continous conventional light sources provide possibilities in
atmospheric iong—-path absorption measuremznts as shown by Platt
end Perner (See Ref. 9 for a review). In their doas (differen—
tial optical absorption spectroscopy) scheme & high-pressure
xenon lamp amounted in front of a reflector is used to transmit a
beam over a distance of up to several kilometers before reeching
the optical telescope receiver. Clearly, atmospheric turbulence
will cause the received intensity to fluctuate strongly. How-
ever, by performing a swift spectral scan covering on- and off-
resonance wavelengths 1n a time interval of "frozen" atmospherac
conditions even very small intensity variations due to specific
absorptions can be monitored. The low photon statistics s
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pathlength (MV: 22 ppb [101].

compensated by adding a large number of scans. We have con-
structed a high-resolution doas system with a new wavelength
scanning principle. Measurements have been performed for 803,
NO> and Hg [10]. The excellent signal to noise ratio obtained in
measurements of this kind is illustrated in Fig. 5. For the
first time it was also possible to measure the local Hg back-
ground concentration in the ppt (1 :1012) range. The system has
also been used for assessing the Hg emissions from refuse dispo-
sal sites and chlorine-alkali industry [11]J. A measurement
example is shown in Fig. 6.

This work was supported by the Swedish Board for Space Activi-
ties (DFR), the Swedish National Environmental Protection Board
(SNV) and the Air and Water Follution Research Institute (IVL).
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Introduction

CO;~laser radars, as understood here, are systems using the
reflection of solid targets for the purpose of ranging, ima-
ging, tracking etc., and are using in general heterodyne detec-
tion to achieve sensitivity or to exploit the optical phase in-
formation. Such systems experience interactions with the at-
mosphere and reflection by diffuse or specular targets. The in-
teractions tend to degrade the signal, but can be used someti-
nes to measure atmospheric quantities. This talk gives a comp-
rehensive overview over more recent theoretical and experimen-
tal results, mainly obtained at our laboratory, both with res-
pect to describe atmospheric and target effects as well as
system approaches.

Atmospheric effects

Apart from atmospheric extinction, /1/, radiation will suffer
predominantly from turbulence which causes intensity, phase,
and angle of arrival fluctuations. For the case of the CO:- la-
ser radar the situation is simplified by the fact that for most
... Practical applications
scintillation is not sa-
turated which leads for
homogeneous  turbulence
to a well understood he-
haviour /2/. One has a
complication by the ref-
lection geometry with
possible path correla-
tion effects.
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Measured phase fluctuations for moderate path lengths and mcde-
rate to strong turbulence in a reflective geometry show good
agreement with theory, see Fig. 1, which indicates that the ma-
ximum aperture for near ground applications is about 100 mm.
Fig. 1 shows as solid line the predicted g*B behaviour.

Rain will affect the phase in quite a different way /3/, see
Fig. 2. In this case, the mutual coherence function, which
describes the phase fluctuations as function of lateral separa-
ticn, drops already at very small s2parations, but remains at a
constant level up to very large separations. The level itself
depends on the rain rate. Further depicted in Fig. 2 is the ef-
fect of turbulence for a pathlength of 1200 m and several le-~
vels of turbulence strength. Also different is the frequency
behaviour: For rain, the spectrum is expected to be flat out to
several hundreds of Hz and drops then with a f£-7-law. Fig. 3
shows a measured example. This frequency behaviour gives the
opportunity to separate phase fluctuations caused by turbulence
and rain and makes it possible to use phase fluctuations to
measure path averaged rain rates, as it was done recently /4/.

Heterodyne efficiency also is affected by turbulent phase fluc~
tuations. Heterodyne efficiency is 1 if a complete phase match
exists between signal and 1local oscillator (L.0O.), both being
focused totally onto the detector. Fig. 4 shows the computed
heterodyne efficiency for a focused signal spot being slightly
smaller (factor of 0.8) than the L.0. as a function of detector
size for various angle of arrival fluctuations g, & =2 corres-
ponding to strong turbulence over a distance of some km.
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Fig. 2: The mutual coherence function Fig.3: Experimentally obtained phase-diffe-
at 10.6 um for a path of 1200 m and va- rence power spectrum measured during driz-
rious rain rates h (solid curves).Dashed  zlelight-rain conditions (upper trace) and a
curves:Clear air turbulence.different va- few minutes after the rain stopped (lower
lues of the index structure onstant Cy,  trace).
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ler than the L.O. (wf, o.), for various For each curve the dashed line is
levels of angle of arrival fluctuations least-squares best fit to a

&€ , & = 2 corresponding to strong tur- cosine /5/.

bulence and a path of several km.

Target effects

For active systems targets are described by their reflectivity,
apart from effects of coherence. Reflectivity should be used in
the definition of the radiance factor which is unity for a Lam-
bertian reflector, i.e. a reflector which reflects all incoming
radiation in such a way that the apparent radiance is constant
for all aspect angles. There is an urgent need for standard
reflectors which enable system assessment and calibration. Fig.
5 shows candidates for standard reflectors /5/.

An additional property of targets, when illuminated by a laser,
is speckle. The signal characteristics of a diffuse reflector
are described by the negative exponential distribution which
leads to a normalized signal variance of 1. The generalized
theory is quite intricate /6/, but many practical objects can
be discribed as diffuse targets whose reflective properties are
described as multiplicative factor with a variance of one cr
near one.
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False alarm and detection probability: Binary imaging

Atmospheric and speckle effects make it impractical to use an
imaging laser radar in the conventional way where the informa-
tion is extracted from the strength of the return signal (grey
scale imaging). More practical system approaches use e.g. a
threshold to determine if a target element is present or not:
Binary imaging. Such systemsdetermine range or range rate, e.q.
in an 3-D-system which analyses relief images.

It is still necessary to optimise binary systems with respect
to signal statistics, e.g. by using multiple channels, where
the signal of several channels is added incoherently, that is
after squaring. This leads to much improved signal statistics
regarding false alarm probability and signal detection compared
to a single channel system. Four channels are adequate to ob~-
tain signal statistics close to incoherent systems /7/.

System aspects

The heterodyne technique in the IR region is well established
and the necessary components are available. With cw CO:-laser
radars the problem of frequency stabilisation of the transmit~-
ter with respect to the L.O. is overcome by the use of a high
efficiency acousto-optical frequency shifter. The high effi-
ciency of the A.0. (up to 80%) allows the use of the diffrac-
ted, frequency shifted beam as transmitter. The unshifted beam
has a cleaner frequency characteristic, suitable for L.O. ope-
ration. For pulsed CO;-laser radars the frequency stabilisation
between transmitter and L.O. can be done with a Stark cell
technique /8/. Advances in thermoelectrically cooled detectors
will frequently eliminate the necessity of liquid nitrogen coo-
ling. An NEP of ~- 2-10"""WHz-' at 60 MHz has been measured /9/.
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Lidar Measurements in the Marine Atmosphere

G.de leeuw, TNO Physics and Electronics Laboratory,
P 0 Box 96864, 2509 JG The Hague,
The Netherlands

1. INTRODUCTION

Propagation losses in the marine atmosphere are hard to determine
directly. Apart from the usual problems associated with transmission
measurements, the difficult accessibility of the oceans makes it almost
impossible to measure transmission reliably. To achieve this, two stable
platforms are required. At coastal transmission sites the results are
often influenced by aerosols produced by breaking waves in the surf
zone. Therefore alternative methods are used to investigate the
transmission of the marine atmosphere. The most common method is
measuring aerosol particle size distributions and calculation of the
extinction coefficients by Mie theory (cf. refs. 1-4). Direct
measurements are required, however, to verify the results. A promising
technique to do this is remote sensing with lidar (LIght Detectior and
Ranging). With a monostatic lidac system, which uses the aerosol as a
diffuse  scatterer, range-resolved  extinction and _ backscatter
coefficients can in principle be meacured.

In this contribution some results are presented of vertical
extinction profiles measured with a 1.06 ym lidar system. In addition to
the lidar measurements, aerosol particle size distributions and
meteorological parameters were recorded., Empirical relations between the
lidar-measured extinction and backscatter coefficients and the
meteorological and aerosol perameters were derived from a statistical
approach, Some preliminary results of this analysis are presented.

The measurements werelyerformed in May/June 1983 in the North
Atlantic at Station Lima (579N, 200W), aboard the Dutch weathership MS

Cumulus

2. EXPERIMENTS

A small calibrated lidar system was used to measure vertical profiles of
extinetion from the sea surface up to a maximum altitude of 1000 m. The
emitter was a Nd Glass laser (wavelength 1.06 um) with an energy of 100
mJ in a 30 ns pulse. The receiver system consisted of a Cassegrain
telescope with a main mirror of 74 mm diameter. The intensity of the
received radiation was detected with a fast photodiode. The whole system
was contained in a box of 20x20x30 cm. Aboard MS Cumulus this instrument
was mounted on an actively stabilized platform to correct the roll and
pitch of the ghip.

Vertical profiles of extinction were measured with this system according
to the method da2scribed by Kunz [5], from signals recorded under
elevations of -0.9, 0, 10, and 30 degrees.




Aerosol particle size distributions were .casured with PMS
optical particle counters in the size range from 0.16 to 32 um, and with
a Rotorod inertial impactor in the size range from 10 to 100 m.
Visibility was reasured with an AEG point visibility meter. Information
on airmass history was .btained from Rn measurements and airmass
trajectory analyses. Meteorological parameters, including radiosonde
soundings, were obtained from the crew of the weathership, MS Cumulus.

3. RESULTS
3.1 Vertical extinction profiles

A total number of 281 extinction profiles were measured in a purely
marine atmosphere. Visuai inspection of the profiles showed that in 63%
of the measurements a vertically homogeneous layer existed near deck
level (12 m). The depth of this homogeneous layer was generally some
hundreds of meters, although in some cases it only amounted to some tens
of meters. Above the homogeneous layer the extinction decreased in 22%
(cf. fig. 1, profiles 1, 3, 6, 7 and 9), and increased in 4B8% due to
clouds (profiles 4 and 5). In thte remaining 30% the homogeneous layer
extended up to the maximum altitude probed by the 1‘3Jar (profile 10).

In those cases where the extinction was not vertically
homogeneous, the extinction was monotonously decreasing in 35% (profile
11), in 37% the extinction decreased until a homogereous layer was
encountered (profile 8), and in 28% the extinction was increasing from
deck level (profile 2).

resght (2}
3

12n rafarence
ieve,

Figure 1. Ex-cmples of extinction profiles (see text).
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The quoted figures include all measured profiles. It is noted
thet during practically all measurements the sky was (partly) clouded.
This may have had influence on the profiles, also in those cases where
they were measured between the clouds. Az described by Blanchard and
Woodcock [6], a sea-salt inversion may exist just below cloud base which
extends beyond the clouds due to wind shear. The difference in particle
size distributions in the sea-salt inversion and in the lower layer will
affect the extinction profile near cloud base heights, also between the
cloud patches., In a small number of cases the influence of the clouds
extended to the sea surface, causing extinction profiles that increased
fast with altitude (cf. fig. 1, profile 2). During the larger part of
the measurements cloud base was so high that cloud effects were not
observed in the range where extinction profiles could be measured
reliably.

3.2 Influence of meteorological and acrosol parameters

The shapes of the extinction profiles wiil be strongly influenced by the
vertical variation of particle size distributions. In cloud-free skies
and when cloud base is so high that they do not affect the surface
layer, particle size distributions are determined by vertical mixing,
relative humidity and mixing layer height. Vertical mixing is induced by
convective forces due to thermal instability, and by mechanical stirring
due to windspeed. Gravitationul forces drag the particles down.
Obviously, vertical mixing velocities sary with particle weight (size).
Furthermore the weight of the hygroscopic sea-salt particles is very
sensitive to changes in relative humidity. Variations in mixing layer
height affect the overall concentrations by its dilution effect. Things
are complicated by the presence of a source (the sea), of which the
intensity varies strongly with windspeed. Another source is the
entrainment of particles from the layer capping the marine inversion,
This discussion shows that a strong interaction exists between the
micro-meteorological climate and aerosol particle size distributions,
which in turn have a strong effect on the extinction and backscatter
coefficients. A statistical approach is applied to analyse these
interactions and t¢ derive empirical relations between extinction and
backscatter coefficients on the une side and meteorovlogical and aerosol
parameters on the other side., fits were applied to e.g. windspeed,
relative humidity, particle concentrations for specific diameters,
integrated particle number, area and volume concentrations, and
combinations of these parameters. In future analyses other parameters
will be included as well,

As an example, the variation of lidar-measured extinction and
backscatter coefficients at 12 m (deck level) with windspeed are shown
in fig. 2. Extinction appears to be only weakly dependent on windspeed
(if at all). The correlation between these two parameters is very low. A
much better correspondence is observed between backscatter and
windspeed. The relation between these two pzrameters depends on relative
humidity. For humidities between 70 and 80% (fig. 2b) we derived:
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B = 1.6 10-3 y0-67 |

where B is the backscatter coefficient (/km) and u is windspeed (m/s).
This behaviour of backscatter can be understood from consideration of
the aerosol properties. It is we)l established [7] that the production
of marine aerosol particles (having a spectral mode near 3 m) increases
strongly with windspeed. Therefore it is not surprising that good
correlations were also found between backscatter and asrosol total area
and volume concentrations.
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Figqure 2. Windspeed dependenc

: of 1 deriyed extinction
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4, CONCLUS.ON

Good rorrespondence was ohbserved between lidar-derived backseatter and
aerosol and meteorological parameters. For extinction this
correspondence is less clear. Hopefully a multiparameter fit, including
more parameters than used sofar; will pr de a tetter description of
extinction properties of the marine atmosphere. This subject is under
continuous study at our institute.
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Target Induced Speckle EBffects in Picosecond
Laser Ranging and Altimetry

by

Chester S. Gardner
Department of Electrical & Computer Engineering
1406 V. Green St.
University of Illinois at Urbana-Champaign
Urbana, IL 61801

{invited)

Mode-locking and Q-switching tecimiques are nowv used roi tinely to generate
laser pulses of a few picoseconds in duri:tion. These short pulses provide
higter accuracies in applications such as remote sensing and ranging. In
practice, many targets, such as the oc.:an surface, the ground and man-made
objects, have range spreads that far exceced the widths of the picosecond laser
pulses. The reflected pulses are broadened to about tvice the range spread of
the target, vhile the pulse shape is related to the target geometry. If the
range sprzad of the target is larger than the transmitted pulse width, the
«+idth of the received pulse will be longer than the correlation length of the
speckle-induced fluctuations. As a consequence, speckle will cause random
small-scale fluctuations within the received pulse that will distort its shape.
This phenomenon is called time-resolved speckle. Similar phenomena can also
occur for extended flat diffuse targets, in which the broadening of the
received pulse is due to the vave-front curvature of the lzser beam, and for
centinuously distributed targets in the atmosphere.

Target surface characteristics significantly influence the statistics of
« ‘o reflected pulses. Speckle induced by diffuse targets is fully developed so
t .t the reflected field follows circular Gaussian statistics. The reflected
si. '11 from a cube corner reflector (CCR) array consists of the coherant
ade-" :ion of the reflected electric-field components from CCR’s at various
ranges within the array. For tavgets such as the LAGEOS satellite, the number
of CCR’s contributing to the re ~jved signal at any given time ¢ill be small
(i.e. < 10). Consequently, the speckle is only rartially developed be:ause the
statistics of the veflected field will not Le Gaussian.

The severit: of speckle is characterized by the speckle signal-to-noise
ratio parameter, ¥, which can be regarded as the numher of speckle correlation
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cells averaged by the receiver aperture. K is equal to or greater than 1 and
typically is much larger than 1 for diffuse targets but usually is less than 10
for CCR arrays. K is defined as

<N>2

K = farmy-<o !

wvhere N is the total photocount in the detected pulse.

The effects of time-resolved speckle are illustrated in Figure 1 where the
received pulse shape is plotted for the case where a 30 ps FWHM laser pulse has
been reflected from a tilted CCR array. The array consisted of 4 CCR’s spaced
4 cm apart and vilted so that the range separation between adjacent CCR’s was
4 mm. The target fapge was 389 m and the detector was a streak-camera with a
2 ps response time™’ The speckle fluctuations within the pulse are clearly
evident. The mean pulse shape was computed by averaging 50 pulses aid is
plotted in Figure 2. The structure in the mean pulse is caused by the range
spread of the target and corresponds to reflections from individual CCR’s
wvithin the array. Similar effects are seen in Figure 3 where a typical ocean
reflected laser pulse is plotted. The two dominant peaks are reflections from
the crest and trough cf a capillary wave on the ocean surface. The laser
altimeter was in ap 3ircraft flying over Chesapeak Bay at an altitude of
appoximately 330 m™'~.

For applications su~h as target identification and remote sensing of sea
states, the waveform of the received pulse is used to characterize the target.
Therefore knowledge of the statistics of the time-resolved speckle is
important. For applications such as laser distance ranging, estimation of the
arrival time of the target-reflected pulse in the presence of time-resolved
speckle is the problem of interest. In this paper, the theoretical
descriptions of target signatures and target-induced speckle are reviewed and
compared with recent picosecond laser ranging and altimeter experiments.
Speckle effects in laser remote sensing and ranging are discussed.
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RELATIVE INTENSITY

Figure 1.

RELATIVE INTENSITY

igure 2.
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Typical waveform of a 30 ps FUHM Nd:YAG laser pulse that was reflected
from a tilted CCR array target. The wavelength was 0.355 um and target
range was 389 m. The target consisted of 4 CCR's spaced 4 cm apart and
tilted so that the range sz2paration between adjacent CCR's was 4 mm.
The structure within the pulse is due to speckle noise.
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Average waveform of 50 pulses reflected from the tilted CCR array target

described in Figure 1.

The structure within the average pulse is due to

the range spread of the targut and corresponds to reflections from
individual CCR's within the array.
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Figure 3. Typical ocean reflected laser pulse. The two dominant peaks are
reflections from the crest and trough of a capillary wave on the
ocean surface. The laser altimeter was in an aircraft flying over
Chesapeake Bay at an altitude of 330 m.
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Transport theory of random plenar waveguide with a fixed
scatterer - Mode theory

K. Furutsu

Naksto 187-6, Musashi-Murayams, Tokyo 190-12, Japan
(invited)

Transport equations have been investigated also for a waveguide with
either random wall (11 or random medium characteristics €21, Lo the
approximation of using the coupled power equation , neglecting the
interference effects at all. In a recent paper [3], a unperturbative
transport theory has been developed typically for a random layer
with two rough boundaries allowing both reflection and transmission
of waves, and the results can naturally be applied also to the
present waveguide, as illustrated in the figure below:

2

dzsd 52
.xl.q B2 2 oA

0 B,
2=dy=0 ,M? Sy

With the space coordinate vector X = (X45%x59X5) = (2,2) in terms of
the horizontal coordinate vector ¢ = (xy,x5) and 2z = x,, the wave
equation for a scalar wave function wx) ay be writteg, as:
A ~ . A 2
LL-gead] yeaxd= jex, L = -(;’-’-2) - {Oz , (1)

with two effective boundary conditions of the form

-Dﬂ\f‘ = 8,-‘!" = q' Bjcg|g’>~rcg',di), j:\.z, {2)

that are transferred from the real boundaries onto reference boundary
planes 3, and S?, chosen at z = d1 = 0 and d2 = d, respectively.

3 [.3 . - . . -
Here, q(x) = g*(x) is the random part of the nondissipative medium
j{x) is a source term, and 9,2 ». /32 ; and B. has been
ottained in an explicit operator form for given bouﬂdary change (43.

Here, the wave eguation and the two houndary conditions can be written

by one coordinate matrix equation, as

[L“%"B.'B;j‘f:j,

»

ot




with the new boundary conditions that 29,.V%¥ be zero in Ehe outsides
of S% and 8S,, z2<0 and z>d. Here Bj is regarded as a x matrix
with the eleménts Ba(il&’): $c1-d;)5,cs|23$<f-dj>,as well as q 1is
with the diagonal elements gcx>8ck-R7), Hence, for the Green
function of Eq. (3), say § , the governing equation is given by

tL=-v1§ =1, v = §+8B,+ 8, , (4)

which has exactly the same form as that in a random medium » ; and
therefore enables the statistical Green functions to be obtained
with a well-established procedure, on treating the medium and the
boundaries on exactly the same footing [ 31.

Thus, the firgt-order Green function, G = (g)> , is the soclution of
(L - M)G 1, with the effective medium-boundary matrix M , defined
by <vg) = MG; and the second-order Green function defined by
I(x1;x2( xa;xé) = <'g*(x1|x%)g(x2|xé)) y Or, in matrix form, by
I{1;2) =¢g*(1)g(2)> 1is the solution of a Bethe-3alpeter equation of
the form

TC(132) = U‘-‘,(l-’z)tl+ K(l;z)l(';z)]. (5)

Here, U<C)(j;2) = G*(1)G(2), and K(13;2) can be divided into two

major parts K(q)(1;2) and K(B)(1;2) of the medium and the bound-
daries, respectively. Specific expressions of KX(1;2) were given

for both a slightly random medium-boundaries and a particulate medium
and/or embossed boundaries [33 , [4). The solution of B-S Egq. (5) can
be given by

T2y = V052 + V0 52)8U52y 0% 2) (6)

in terms of the incoherent scattering matrix S(1;2), defined by (43
§ = K L1+ 08 = L1~ xrku3"k (7)

similar to the Lippmann-Schwinger scattering matrix.

The Fourier transform of G{xix') = G(zlg—ﬁﬂz') with respect to g-gﬂ
say G(zIrlz'), can be expanded in a mode series, as

G =3 0kt e P Ry, (8)

G

Here, the ¢,¢2, 1) 's are a set of eigenfunction, defined by the
eigenvalue equation
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..(_3__)1? o y - Sd 'l;al\)( Y v)*(‘ o af‘“)* O N (9)
)" l"‘ T ‘s‘ ‘.")- b ..,o" >

with the boundary conditions

L-2, - ﬁq)(i)J*‘(ﬁ-])\ =0, d =V, 2, (10)
S;
where acy is the eigenvalue, x ' = %, - a’d) , ImIx, <0,
and M(” and M(Q) gre the Fourier transforms of H(J)(f) and

M(q”zlt t'lz'), respectively; equations of ?‘(a k0 are the trans-
pose of Eqs. (9) and (10). The Fourier inversion of Eq. (8) can be
given in terms of the residue values at the poles A* e x s 8AY

A =%y = ket with the two-dimensional unit vector & » Since

the 1ntegrand has no other singularity as the whole; hence,

Gk = Y Goe-0> ot T, (11)
LS

where ¢&,¢1> designates ¢,«2.1) at the poles. With 4, e v $,0/2,

. - - A A .
a corresponding horizontal power-flux vector at x , say‘y(xli'), is

wetitye § S"‘“ 102 N1 I edtalg- !la)N s, (12)

lbt
Here, %' means the summation only over the propagative mode waves,

Noplz) = 4:‘T’¢»‘I” Ay, = S a1 Netpd ~ ?.5 ; and, from Eq. (6),

(‘)

Tan;ed CRIE~E10') = U0 C2-2") 8, 8,4 Sca-n’)

vhar Yt WDt s aairt ey By, (19)
where, from Eq. (7), Sab;cd is the solution of the integral equation

Sev,cd C21E-27107) & Ky, qCR10°)8Cp-¢)

+ 7 Sd!"S 48" Kapii; ¢ata®) Ui ce-t") SU,“(g"igﬁ-gH a’), (14)

and Kab cd(“ ia') is given in terms of the mode transform of K(x1;x2|
x'° ) = K(r ,z1,z2le flr',z ,zé). The solution of Eq. (14) may be

obtalnnd by various means, 1ncluding the matrix doubling method by
using an sidition formula of scattering matrices (33 and also the
eigenvalue method by constructing a set of eigenfunctions of K_, .
ts:lo &b,Cd
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When a fixed scatterer qx(i), say, 1is embedded in the wavegulde,
the equation for the Green function g™ (XIX'), say, is given in
matrix form, by

td)d

LL-v-13.3 %3 = A4 vz 3+ B+ B, . (15)

»

Hence, the equation of G =<g*’) becomes, by introducing the

effective medlum—boundary metrix M, , defined by (vg) = M, G
and also setting M’ = M + 43, , as

LLe-m-8/26" =2 4, 8 = Zu* 4% > (16)

whose solution is given, in terms of a scattering matrix T of q!, by

CTLd) = cﬂ' + C'I' T(d)&_ , T“’: [ | - %‘IG j-‘%“’ . (17)

Here, to the second order of q , 4%, =< ¢ &G TG 4> and is

generally very small compared with $.» letting g/ ~ 8. . The

same is also for the second-order Green function I4(132) = {g**(1)
g(2)> , which is still the solution of the B-S Eq. (5) with the

replacement of U'C)(1;2) = ¢¥¥X1)6¥(2) = ul® , y(Cly® (0 g
K(132) =+ Ke(132) = K(1352) + AK,(1;2), where v® and AKg are
the changes caused by the scatterer. The solution is given by

I4¢432) = T(i152)> + L 2) V“/K*AK’U,z) I3 2>, (18)

in terms of an effective scattering matrix v/%*4K> of g | given
by

W/K+ 48K CAK/K)
v/ Y2 VRO L s v g8 C1ve®4 13 .(19)

Here, the First term v /%>, [, - yu yeog e 37"y is the leading
term, and Sz g4 - 5%y VW")I 37 g where g¢4% ig
given by the same equatlon as S8(1;2) w1th K —> B8Ky. The mode
transformed version of v/K+aKx is given by the elements
(:/KIAK)LQ ja’y » Which 1s subject to the important optical relation
ab; ¢ ~=
¢’ /Kt aKD ,
>1 §nd2 ng;r_d (‘.‘ ‘% ) = 0 » (20)
. . (/K +48K) .
meaning that the scattering cross section V.., .4 has negative

values in the shadow direction and its neighborhood.

t13 F.G. Bass, V.D. Freulicher, and I.M. Fuks, IEEE Trans. AP-22, 278;
288 (1974).

(23 Por example, L.B. Dozier and F.D. Tappert, J. Acoust. Soc. Am.
6%, 353 (1978).

£33 K. Furutsu, J. Opt. Soc. Am. A2, 91%; 932 (1985).

(4) K. Furutsu, IEE Proc. 130(London), Part F, 601 (198%); J. Math.
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MEASUREMENTS ON MULTIPATH PROPAGATION AT 94 GHZ
OVER SNOW-COVERED TERRAIN
H.Essen, E.P. Baars
FGAN ~ Forschungsinstitut fiir Hochfrequenzphysik
Neuenahrer StraBe 20
D-5307 Wachtberg-Werthhoven
Germany

1. _INTRODUCTION

The adverse weather capabilities of millimeterwave radars for surveillance
and guidance applications especially in comparison with IR systems are
rather well established. One of the more critical environmental conditions
for a millimeterwave radar sensor is snow covered terrain. Not only clutter
from the snow surface may impose problems but also the possibility of
performance degradation due to multipath propagation has to be considered.
In comparison with Tower frequencies, however, the smaller wavelength in
comparison with a given surface roughness should result in a less
pronounced interaction between direct and indirect path. This should lead
to a better low angle tracking and guidance performance if compared with
classical radar frequencies.

2. MEASUREMENT APPROACH
2.1 OBJECTIVE

Some results on multipath propagation in the miilimeterwave region are
published for a bistatic measurement configuration and different type of
terrain or a maritime environment / /. With the intention to study the
multipath effect representative for a millimeterwave radar under snow
congitions monostatic transmission measurements have been performed at
94 GHz.

The influence of multipath propagation on the angle sensing performance of
a millimeterwave monopulse radar should be investigated.

2.2 MEASUREMENT SET-UP AND EQUIPMENT

Geometry

The radar was positioned at a height of 3 m above ground and was operated
over a folded transmission path against a corner refiector of 100 m’
nominal cross section at a range of 700 m. The corner reflector was mounted
at a sliding ladder contraption to allow a variation of the corner
reflector height. It was as well possible to vary the height continuously
as in steps of 12.5 cm.

For the main measurement approach the radar antenna was fixed at different
elevation angles while the reflector height was altered from bottom to the
top of the ladder during the measurement run.

For an additional approach the reflector was fixed in height and the
reflector and its vicinity was scanned by the antenna beam.
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Measurement Radar

The block diagram of the 94 GHz coherent monopulse radar involved in the
measurements is shown in Figure 2.1. The first stage of the transmitter
branch is a CW Gunn oscillator which is phase locked to the master crystal
reference. This Gunn oscillator synchronizes the 2-stage IMPATT amplifier
chain which 1in a short pulse mode drives the output stage tube. In a long
pulse mede the tube is driven by a CW IMPATT oscillator and the pulse
length determined by the modulator pulse., The polarization of the
transmitted signal can be manually switched by feeding one of the two ports
of an orthomode transducer in front of the 2-feet transmitting antenna. The
receiving antenna is a 2-feet dual plane monopulse antenna. The monopulse
comparator feeds the input ports of the mixers for the sum and the
elevation and traverse channels. A1l mixers are pumped by a common Gunn
oscillator which is again phase locked to the master reference.

The performance data are tabulated in Table 2.1. The radar front end is
mounted on a KRUPP 2000 pedestal to allow scanning and tracking modes.

Antennas :

Transmitter Receiver
3 dB Beamwidth 0.4 dB Monopulse Antenna in E1 and traverse
Gain 53 dB 3 dB Beamwidth 0.4 dB
Gain 53 dB

Null Depth (rel. to Sum Peak) -25 dB
Isolation between Sum and

Difference Ports 20 dB
Transmitter : Receiver :
Phase Tocked to Crystal Three identical Channels for Sum,
Reference Elevation Difference and traverse
Frequency 94 GHz Dynamic Range 60 dB

Table 2,1: Performance Data of 94 GHz Coherent Monopulse Radar
3. RESULTS
3.1 ENVIRONMENTAL CONDITIONS

The environmental conditions under consideration here may be described as
typically wintery for west and northwest Germany, The snow cover over the
measurement terrain, which was a plane wheat field, had a depth of about
10 cm. The seedlings were well covered by the snow, the snow surface was
structured by wind erosion with a rms height of the structure of up to 2
cm. The air temperature was around - 5°C over day and considerably lower
during nights. The liquid water content of the snow was 4 7 by vo'lume.

3.2 INTERFERENCE DIAGRAMS

As indicated in paragraph 2.2 patterns due to interference between direct
and indirect ray were gained from the variation of the backscatter
amplitude during variation of the reflector height. Measurement runs have
been performed for different fixed elevation angles of the antenna. Figure
3.1 gives an example for an antenna elevation of -0.3°. The patterns are
not corrected by the antenna characteristic.

This pattern, representative for snow covered terrain can be compared with
that measured with the same geometry over the same terrain without snow
cover. Figure 3.2 shows the respective graph.

From the interference patterns the ratio between maximum and minimum can be
extracted. Under consideration of the antenna diagram this leads directly
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to the specular reflection coefficient R. The reflection coefficient of the
surface is given by the product of R and the reflection coefficient of a
smooth surface ry .

Model calcu]atigns /2/ lead 6 a theoretical dependence of the specular
reflection coefficient R on the effective roughness parameter P which is
given by the equation R = exp —4t* P where P is defined as P =4h¥*sin¥/ X
During the experiments under consideration the effective roughness
parameter P was varied by changing the anienna elevation and thereby the
grazing angle®, The graph of Figure 3.3 shows the good corformity of the
experimental values and the theoretical curve.

3.3 BEAM SCANNING APPROACH

As mentioned in Paragraph 2.2 the radar employed during the measurements
allowed a beam scanning mode. To take advantage of this possibility the
reference reflector was positioned at a height of 2 m above ¢ground and
together with the surrounding terrain scanned in elevation over azimuth by
the antenna beam. In the evaluation process the radar return for each
resolution cell was calibrated in dBm* and colour coded leadir: to a pseudo
colour representation of the antenna diagram. Figure 3.4 sho.. a grey shade
version of this representation. The figure shows a deformation of the
antenna diagram which is obviously due to the muitipath propagation.
Figures 3.5 gives the corresponding response in the elevation monopulse
difference channel. Comparison with the undisturbed diagrams shows that
there is no influence on the position of the center of gravity due to the
multipath effect.

4. CONCLUSIONS

It could be demonstrated, that for very low grazing angles multipath
effects can be observed. The dependence of the specular scattering
coefficient on the effective roughnzes of the underlying ground is well
described by the existing theory /2/. .t shows up that snow covered terrain
under snow conditions which are representative for €0 7 of the snow periods
occurring in northwest Germany do not impose additional problems if
compared with agricultural conditions of the terrain which can be met over
3/4 of the year. Moreover show the results of monopulse investigations that
at least under geometrical preconditions similar to those during our
experiments there will not be a significant amount of disturbance in
tracking performance for 2 monopulse system.
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Resonant Light Scattering from Rough Conducting Surfaces

E R Mendez, K A O'Donnell and A S Harley

Optics Section
Blackett Laboratory
Imperizl College
LONDON SW7 2BZ

The scattering of electromagnetic waves from rough surfaces is a
subject that has been widely studied in the literature. A number of
methods have been used to describe the complex interactions between tne
wave and the surface arni to predict the properties of the scattered
light. These include th» Kirchhoff method [1], the Rayleigh approach
{2], and more recently the extinction theorem [3]. Al these methods
have their well wnown limitations. For example, theories based on the
Kirchhoff approximation break down when the surface has structure
comparable to or smaller than the wavelength A. Also, at least in
their simplest form, these theories do not take into account the
effects of multiple scattering and shadowing. The Rayleigh approach
has limitations in that it does nnt converge for deterministic surfaces
with nomanalytic profiles or large slopes: to our knowledge its range
of validity for random rough surfaces has not been established. In
principle, only the extinction theorem method puts no restriction on
the surface properties and correctly takes account of multiple
scattering. However, the method of solution is perturbative and hence
limited in that %ense. The approximations involved in the various
scattering theories have been recently compared and discussed by Brown
[41.

In the present work we discuss the various solutions that have been
obtained with the extinction theorem for the special case of a
perfectly conducting surface whose height statistics are jointly
Gaussian to all orders. A perturbation solution for the case of scalai
waves has been given by Nietc-Vesperinas and Garcia [5], and also by
Shen and Maradudin [6]. The solution of Shen and Maradudin is
particularly interesting in that it is valid for surfaces of roughness
comparable to the wavelength, and, under some circumstances, it

predicts rather dramatic departures from the Xirchhoff theory. In the
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Figure we show the predictions of this theory for the scattered
specular intensity <I)>g as a functi.n of angle for different values of
the parameter T/A where T is the lateral correlation length of the
height fluctuations. This plot is {or the case of a diffuser with

ko = 1/]5: where k is the wavenumber and ¢ is the standard deviation of
the surface height. It is appareat thet when T < A, the surface may
reflect much more specular light tnan the Beckmann [1] theory f(dotted
curve in the figure) would predict. Under sirilar conditions, the
diffuse component also departs significantly from the Beckmann theory.
Howeve~», in the 1imit T >> A, the Beckmann results are, essentially,
recovered from those of Sher and Maradudin. A vectorial theory based
on the extinetion theorem has al:o been developed [7], although the
analysis is limited to rather sn>oth diffusers.

2 2 j A Y l A | — .

30 60 S0
Angle

In spite of the theory that is availal.e, to our knowledge there has
not yet been an experimental test of these theories with a surface that
was known a priori to have Gaussian statistics. Diffusers that have
been used by other workers include metal coated ground glass, ground
metal surfaces, polycrystalline surfaces,and gold coated sandpaper.
None of these surfaces have well-defined statistics that are necessary
to accurately test the theory. On the other hand, Gray [8] has
developed a method of producing rough surfaces by exposing photoresist
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to a large number of speckle patterns. It may bz shown that such a
surface will ideally have joint Gaussian statistics and a correlation
function that can be contrclled. We have constructed such surfaces
with correlation lengths of the order of a few microns.

Of particular interest for us is the resonance region (i.e. T ~ i)
where significant departures from the Kirchhoff theory should be
observed. To experimentally investigate scattering in this region with
our diffusers, we have used a COy laser (A = 10.6 um) and 2 nitrogen
cooled HgCdTe detector. In our set up, the angles of incidence and
detection are varied umder software control from an LSI 1i/23 computer
which also controls a bznk of attenuators amd the rotation of an
analyser.

Data will be presented for the specular reflection as a function of
angle with s polarised light, which should correspond most closely to
the scalar wave case of the Figure. If possible, preliminary data wili
also be presented {or the diffuse component and for depolarisation.
Finally, conclusions will be drawn as to which theory is most suitable
to explain the experimental results.
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LIGHT SCATTERING BY COMPOSITE ROUGH SURFACES

R. Schiffer and K.0. Thielheim
Institut fur Reine und Angewandte Kernphysik
Olshausenstr. 40, 2300 Kiel, FRG

Calculating the light scattering properties of statistically
rough surfaces is in general a rather difficult task, and only
two limiting cases can be treated in a straight-forward analy-
tical manner and lead to simple results. The first limit, the
case of strong roughness, is the geometrical optics case, where
the surface undulations are assumed to vary slowly on the scale
of the incident wavelength: here the slope distribution P(B)

of the surface structure enters - B is the inclination angle of
a local surface normal vector. In the second limiting case, the
case of slight roughness, the surface height deviations are
assumed to be small compared to the wavelength, and here a per-
turbation approach, the "Rayleigh-Rice-method", can success-
fully be applied; the decisive quantity in this case is the
correlation function @Q(r) of the roughness structure defined as
follows: representing the rough surface by z = C(x,,) we have

<f(¥,3)> = 0
<((x,:) {()(+4x,2+43)> = ,{:9 (:, (ax) + (A«a)t ) (?(0) = l)

where the brackets denote the average over (x,y). Both limiting
cases are discussed extensively e.g. in Chap. 9 of the Radar
Cross Section Handbook [1]

As most natural surfaces do not fall within the scope of one of
these limiting cases, the construction of a surface model with
composite roughness looks promising, a surface described as a
superposition of both roughness types. Surfaces of this kind
have been considered by several authors [2-8) , and our model
follows their general Tines.

As we are especially interested in the spectral reflectance of
rough surfaces, we first concentrate on the wavelength dependence
of light scattered from a surface of the second type, the slight-
ly rough surface. Most authors applying the Rayleigh-Rice-
approach are only interested in the incoherent scattering, be-
cause the coherent cross section - resulting from the second
order perturbation terms - only describes the diminution of the
zero order specularly reflected intensity. The widely accepted
result for this diminution, the factor exp(-4h®k*cosy;) (k:
wavenumber, Y. : angle of incidence), is, however, only correct,
if the tangent plane approximation is valid, i.e. if the corre-
lation length of the roughness structure is much larger than
wavelength. In the general case Valenzuela's "effective reflec-
tion coefficients"” EQ] have to be applied for calculating the
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coherent contribution - the only composite roughness model in-
cluding these modified coefficients appears to be that by Wu and
Fung [4] , who, though, only study the backscattered radiation.

The resulting modified coherent reflectances for linear polari-

zation states perpendicular and parallel to the scattering
plane are

(Mm‘«r)[ | - Hotaa

‘TQ.L (%) = oy, +1agl—A&n?1f{'

2
/Rm(u.) - (£ g /2 - e\ _ (e=tilg ey~ z-m "‘)H (%)
oo £ Cny, +/€ - dmny, (‘w’h”‘ vl

where € is the dielectric constant of the mater1a1 in the hailf
space z<0, and H,,, being proportional to h?k?, is defined in
a recent paper [10 . The resulting curves show that slight
surface roughness in general reduces the reflectance, and the
angle of maximum polarization (Brewster angle) is shifted to a
smaller value.

For discussing the spectral reflectance of the surface the total
incoherent intensity has to be accounted for, too; it results
from integrating the incoherent differential scattering cross
section [1] over all scattering directions. The general result
is, for most angles of incidence, a reddening of the integrated
scattered radiation. So a slight surface roughness of dielectric
material in general leads to a reflection loss and to reddening
effects - this phenom.non has recently been discussed in
connexion with 1ight scattering from interplanetary dust [11]

Now the composite surface can be constructed by superposing

both roughness types; the following results apply in the special
case that the incident and scattered beams lie in a plane per-
pendicular to the surface. For the coherent cross section per
unit area we obtain an expression resulting from the strong
roughness alone but containing the modified reflectances defined
apove:

con / ’7 L +
Qi = Stund DU R (25%)

where S is a shadowing factor [12] and 4, is the scattering
angle defined such that %, =4, for specular reflection. The

incoherent scattering cross section is
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L4 ;
W, (e = St f dﬁ‘Mp‘w[ZLM(l%—lt‘-)”;“(“]

(J‘I!F"' P Oleesw) O(s6.) @ (r0,)

with w(‘()=2?"-!(4-rﬂr9(r’],(‘(~r)
N = c”'.‘tz_z“.lﬁ cosﬁ' + M‘lﬁg—"ﬁm{z'mal

w6, = (oal‘-—l'-cn(f

- 1"&" v ' y . -« y .
€» 6, = ws-—z—lt-m{} -m&‘—;—x’—m{} wmy ,

and
J;r 2 >»0
Owm =

{br x< 0

the ﬂ” are polarization factors [IO] where p and q represent
the indicesd and I, referring to the polarxzatwon states of the
scattered and incident beams.

The numerical results show that our surface model with composite
roughness can in fact reproduce many observed properties of

real surfaces. We not only obtain a reduced and reddened re-
flectance, but also a depolarization of the backscattered in-
tensity and off-specular peaks, which are discussed e.g. by
Gasvik [13] . Some of the plots closely resemble curves obtained
by Sung and Eberhardt [14,15] , who start from the geometrical
optics result and take into account the finite radii of curvature
by a perturbation technique.
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NONLINgAR OPTICS OF ATMOSPHERIC AEROSOL
VeEe Zuev, A AeZemlyanov, Yu.D.Kopytin, V.A.Pogodaev
The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, 634055, US S R
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Introduction

The object of investigation in nonlinear optics of atmosphe-
ric gerosol is the effects gppearing at interaction of high-
power laser radiation with an aerosol component of the at-
mosphere, as well as radiation propagation under the action
of these effects[1]. Among the known effects, the effects of
vaporigation, sublimation, combustion have the lowest ener-
gy thresholds, while those of explosion and breakdown have
the highest ones.

In the present paper the explosion, combustion end bregk-~
down of aerosols have been chosen as the objects for investi-
gation,

I, Laser Beam Propagation tbrough an Explosively Evaporating
Water-Droplet Aerosol

The explosion of droplets heated by radiation causes an es-
gsential nonlinearity in the interaction of high-power laser
radiation with serosols. The explosion of an absorbing drop-
let is caused by the phase transition from a liquid to a
vapor in regions where the electromagnetic wave energy is
dissipated in the form of heat.

The guthors have carried out the experimental study of
explosive droplet vaporization initiated by high-power la-
ger radistion for a wide range of droplets sizes from 1 to
103.pm, covering the range of droplets sizes found in nagtu-
rgl meteorological objects. Both cw and pulsed laser sources
with wavelengths A , A = 10.6, 2.36, 1.06, and 0.69 pm
were used in the experiments. The power density in the re-
gion of the droplets varied from 10° to 10° Wem 2.

Figure 1 presents experimental data describing water
droplet exrlosions caused by 002 lager radiation. The depen-
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dence of the characteristic intensity of radiation (either
the mean or the peak power, according to the situation) on
the particle's radius is presented in this figure and is
characterigtic for a given experiment., Open circles are the
authors' and their collesgues' data, dark circles are the
results of the other suthors. The threshold intensities cal-
culated theoretically for various explosion regimes are also
presented in this figure. These curves have the following
meanings. Curve I corresponds to a stationary regime of par-
ticle heating to its temperature of explosion vaporization,
In the region between the curves II and 1II the transition
from frggmentation regime of droplet explosion to the gas-
dynamic regime takes place. The level 1I1 characterizes the
limit for the supercritical explosion of the super heated
region,

The investigations made concerned the study of the dy-
namics of extinction of radiation in the volume occupied by
smgll optical depth water aerosols (T ~0,1) irradiated by
TEA CO, laser pulses with an intensity of up to 30 Jem™ 2,

Figure 2 shows the dependence of the extinction coeffi-
cient (when A = 0.63 pm) in the irrediated zone on the
high-power radigtion density. The results show that the po-
ssibility of the complete clegring of a small-droplet fog
by TEA CO2 laser radigtion pulses with microsecond duration
exigtg.

II, Laser Radiation Transrer in Combustible Aerosols

Thig paper presents the results of the experimental investi-
gations into the nonlinear distortions of the sounding beam
(A = 0.63.Pm) teking place in the beam of a high-power ND
glass laser () = 1.06‘Pm, W = 1000 J, tp = 1 mg). A suspen-
sion in air of sooty particles (exponential size spectrum
from 2 to SO‘Pm radii) was used in the experiment.
Figure 3 shows the data relating to the dynamics of the

aerosol's optical depth obtained from the oscillogrems of
the Nd-glass laser pulses. (Curve 1 corresponds to the ener-
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gy density per pulse 150 J/cmz, 2 - 100 J/cm®). The decrease
in gerosol trgnsmission occurring during the laser pulse is
due to the joint effect of the scattering of light by ther-
mel end mass aureoles around the burning particles and frag-
mentation of large particles into smaller ones. The partial
"clearing" of the medium occurring just after the cessation
of the high-power pulse can be related to the relaxation of
the thermal and mass aureoles, which makes, as a consequence,
the effect of particles burning the dominating factor.

111, Ionigzation and Optical Breakdown in Aerosol Media

The particles of condensed matter play important roles as
prime centers of ionization and centers of initiation of the
shock wave following the optical breakdown. Optical break-
down causes nonlinear energetic attenuation of light and pro-
vides the principle limitation to the beam power that is
transportable through the atmosphere.

Pigure 4 presents the experimental results on the depen-
dence of the integral (over the pulse duration) transmission
of the beam channel path Ttr = W/Wo on the pulse energy Wo.
Here, W is the pulse energy at ivhe end of the path. The cur-
ves presented in this figure illustrate two meteorological
situations which differ in intensity of atmospheric turbule-
ace Cn? by more then one order of magnitude (Curve 1 - Cn=
= 10_14cm"2/3, Curve 2 — Cn® = 4‘10.15 cm-2/3).

xperiments on initiating optical breakdown in natural
fogs and rains have been realized and proved that in the at-
mosphere aerosol formations such as fog and rain caused weg-
kening of the atmospheric turbulence, thus improving the
conditions for laser beam focusing and, as a consequence,
for laser sparking in the natural aimosphere. The washing-
out of atmospheric aerosols was algo observed in field ex-
periments, but only after a long period of precipitation,
what caused en increase in the bregkdown threshold by one
order of magnitude,

1o VenaZuev, Ash.Zemlyanov et al. digh~Fower Laser nadiation
in Atmospheric Aerosols. D.iteidel Publ.Company, 1384.
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THE TRANSFER EQUATION METHOD IN THE PROBLEM OF WAVE

BEAMS SELF-ACTION

Veki. Zuev, A«A. Zemlyanov, V.V, Kolosov, S.N. Sinev

The Institute of Atmospheric Optics SB USSR Acad.Sci.,
Tomsk, 634055, USSR

The investigations of focusing phenomena, partially-coherent
beam propagation, the methods for improving the beam gquality
in nonlinear media are urgent problems in the theory of wave-
-beams self-action. To solve these problems (1] the transfer
equation method is used in the given paper.

Transparent media are investigated in the paper, and the pro-
blem of the beam self-action in the transfer equation method
is formulated ag follows:

—
.

[£+EV§+%%E(W)VE]I8<,R,I1J):0 ; 1)

I(x=0,§,ﬁ,i‘)=1’o (R,A,t); (2)
W(x,/?,t)=ffd2n I(x,RA,t). (3)

Here I is the brightness, W is the beam intensity; x, ; are
the longitudinal and transverse coordinates, respectively;

t is the time,‘? is the vector of direction in the plane per-
pendicular to the distance of propagation; & = 5 (W) is the di-
electric-constant perturbation in the beam channel depending
on its intensity.

To solve the transfer equation (1) the method of characte-
ristics has been used. This enables one to extract peculiari-
ties of integrated solution which are of great importance for
the problems with sharp intensity gradients in the beam chan-
nel., In the method of characteristics the beam intensity is
associated with initial brightness by an integral formula

W(X,ﬁ,f)iﬁdzn I,Rix=0), R (x0),t), @

where R'(x') . ;ﬁ(x') are the characteristics of Eqe(1).
The following type of beams is considered
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I(x=0,R, A, t)=T,(tyexp{-S (R, R)},

wvhich allows one to use the Laplacian method and its modifica-
tions for calculating the integral (4). In this case a% a sprce
point the direction'i‘(x;ﬁ) is determined where the beam bright-
ness is maximum. The direction of brightness maximum coincides
with the normal to the beam wave front at a point x,’ﬁl The co-
ordinate of maximum is sought from solution of equation

V=5 (@) = 0. - ..

Then, in the vicinity of directions n = n the Taylor-series
expansion of the function S is carried out, and the integral (2)
is calculated. At large nonlinearity parameters P~ L% /Isb,
where Ld is the diffraction length, and L y is the self-action
length, the focal points forming a caustic can appear in the
region of the beam.

The appearance of a caustic implies intersection of infinite-
1y close characteristics and vanishing of determinant of the S-
~form stebility matrix at & point B det [825'/5/2i3/z]=o; 1,5 =Y,z

Under this condition the S-function expansion at a point n'
is determined by appropriate statements of the catastrophes the-
ory [2] .

This method is effective for describing partially-coherent
beams with "1little" coherence time.

Figure 1 presents the results of solution of the problem on
partially-coherent beam self-action in the Kerr defocusing medi-
um. The nonlinearity parameter for a partially coherent beam is
connected with the corresponding parameter of a coherent beam
by the relation ch = Pi/ (1 + ¥ ), where N is the number of
spatial inhomogeneities in the cross section of a partially
coherent beam. ,

The figure indicates a significant difference in solutions
in the vicinity of large and “moderate" nonlinearity parameters.
At large nonlinearity parameters a limiting intensity level i:
formed to which the solution tends with the parameter P increasc.

The transfer equation method allows the investigation of wave-
~bean self-action in randomly inhomogeneous media with large
scale fluctuations of a complex dielectric constant of the me-
dium to be made [1] o It is effective for analyzing the integral
quality of the beams in nonlinear media. The method enables one
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to obtain phase-correction algorithms for nonlinear laser beam
distortions.

The effect of the initial beam profile on the character of
its nonlinear distortions has been investigated in the paper.

Figure 2 presents the results of calculating the ring-hLeam
propagation under the conditions of wind nonlinear refractione.
It follows from the calculations that regulating the initial
intensity distribution in the beam, one can attain significant
growth of peask intensity at the end of the path. In so doing
the shift of intensity maximum to an optical axis of radiation
propagation is provided.
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Nonlinear Optical Interactions in Ligquid Droplets during

High Intensity Laser Radiation

Richard K. Chang
Yale University
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(invited)

when a liquid is irradiated with a high intensity laser beam, the
induced polarization is no longer linearly (L) proportional to the electric
field at the incident frequency w;, i.e., Pl £ x‘l)E(wl), where x(l) is the
linear optical susceptibility. The first nonvanishing nonlinear (NL) polari~
zation in a liquid is pNL = x(3)E E E, where x(3) is the 3rd-order suscepti-
bility of rank four and the E's are the electric field amplitudes at specific
frequencies.1 The PNL can be treated as the "source term” in the standard
Maxwell wave equation within a polarizable medium described by x(l).

For liquid droplets, weak laser beam interactions are generally treated
by the Lorenz-Mie scattering theory, where the droplet is assumed to be a
sphere with an index of refraction n = (1 + 4nx(1)]1/2. The size parameter
(x = 2na/A, where a is the droplet radius and A is the wavelength) and n
determine the elastic scattering at the far field and optical absorption
within the droplet which has a nonzero absorption coefficient [i.e.,
Imx(l) ¥ 0). Several facts based on the Lorenz-Mie calculations involving
only pl are well established and will be important to nonlinear optical

considerations when phL

1s included: (1) at specific x values, morphology-
dependent resonances (MDR's) result, giving rise to large internal fields
confined near the droglet interface and causing increased elastic scatterin

and, for liquids with Imx(l) % 0, increased absorption; (2) when % does not
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correspond to MDR's, the spherical interface focuses the incident plane wave
at one point just within the exit face and, for some ranges of x values, at
another point just within the entrance face (i.e., at one or two spots within
the droplet). A droplet with x > 1T and n > 1 can be envisioned as an optical
cavity for specific x values (xn,l) corresponding to MDR's of mode number n
and mode order &. By solving for the poles of the Lorenz-Mie scattering
coefficxents,2 the effective Q-factor for a droplet cavity is proportional

to Re xnlz/Im Xn, g OF inversely proportional to the linewidth of Xn, 2 when
the scattering coefficients or the internal field coefficients are plotted
as a function of x.

The MDR's occurring within the inelastic emission profile {e.g., fluores-
cence or Raman linewidth) can be envisioned as “trapping" the internally
generated inelastic radiation. Thus, should the amplification of the fluores-
cence or spontaneous Raman emission be greater than the radiation leakage
from the droplet, lasing or stimulated Raman oscillations can occur.

Dyed liquid droplets undergoing lasing and pure liquid droplet under-
going stimulated Raman oscillations have been detected spectrallya'“ and
photographed.5 Spectrally, these oscillations consist of sharp peaks corxres-
ponding to different MDR's which provide feedback at specific wavelengths
within the fluorescence and spontaneous Raman profiles. Photographically,
the lasing and stimulated Raman fields are noted to be confined within the
droplet interface.

Stimulated Raman scattering (SRS) from a single micrometer-size pure
water droplet 1s intense and can be readily detected with one Q-switched
laser pulsc of less than 1 GW/cmz. In fact, the SRS of the O-H stretching
mode at wg = w, = wq_p (where wg_p = 3450 cm”l) is so intense that this Ist

S 1

Stokes SRS can act as the pump for another lst-order SRS process at
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= - = - 3
Wy = Wy 204 _u and possibly Wy = wy = 3wy g Should the water droplets

contain some anions f{(e.g., Nog), the spontaneous Raman emission of the vy
anion mode will be amplified by the incident wave at W i.e., proportional

to [Imx£3)]IE(wi)]2 or amplified by the SRS wave of water at We s i.e., pro-
1

(3)

Vi

Raman profile and cross section of the vy anion mode.6 Our multi-order SRS

portional to [Imy ]'E(ws)lz, where [Imx$3)] is related to the spontaneous
1

experiments indicate that intense fields exist at w; and at Wy within the

droplet. 1In addition to elastic scattering at wi, @ sizable fraction of

the incident radiation is converted to other frequencies at Wy = Wy~ My

(where m = 1, 2, 3) for pure water droplets. Furthermore, Wy is converted

to additional frequencies at Wy = w; - m2mv; and Ng T oWy < W g~ 2nv1 for
water droplets containing large concentrations of anions (e.g., greater than
0.2 M of NOE). Intense inelastic scattering at wgy vic the SRS process can
be a significant fraction of the o.er-1ll electromagnetic scattering from
single droplets.

In the wavelength region where there is no optical absorption by pure
water [i.e., Imx(l) = 0], high intensity laser beams czn still induce droplet
heating via several nonlinear optical mechanisms related to x(3): (1) two-
photon absorption, i.e., proportional to [Imx(3)]|E(miL 2, inducing an elec-
tronic transition to the excited state (reachable by 2u.} which upon non=-
radiative relaxation gives rise to droplet heating, and '2) the SRS process,
i.e., proportional to (Imx(3)]E(wi)E*(ws), can coherentl, excite the vibra-
t:onal modes from v = 0 to v = 1 and upon relaxation to tle vibrational
ground state (v = Q) give rise to droplet heating. The SR: process does not
involve real transitions tc excited electronic state. and hence there is no
requirement for the ccincidence betwzen these states and the photon energies

as i1n _.he case of two-photon absorpticn (Zﬁwi) or linear abscrption (ﬁui)-
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Furthermore, the SRS process does not require the coincidence of the infrared
or near infrared photon energies and the vibrational modes, overtones, or
combinations, as in the case of linear absorption. The SRS induced heating
does require the presence of an intense field at E(ml) to provide gain for
E(ws). Together these two fields can coherently induce vibronic transitions
from v = 0 to v = 1. Such SRS induced heating ultimately limits the irradia-
tion level of the high intensity beam with the droplet before the droplet is
vaporized, starting from the focal spots within the droplet.

Other nonlinear processes also describable by x(3) can limit the irra-
diation level of a high intensity beam with the droplet before the droplet is
shattered. Although not yet demonstrated in the laboratory, stimulated
Brillouin scattering from a droplet should be considered. Through the elec-
trostrictive pressure [proportional to x(3)E(wi)E*(wB), where wg = wy -

1

wacoustic]’ intense pressure (acoustic) waves can be generated within the
liquid. The stimulated Brillouin scattering induced sound waves require the
presence of an intense field at E(wi) to provide gain for E(mB), which is
initially generated from spontaneous Brillouin waves. These two intense
waves, E(wi) and E(wB), can create such an intense pressure wave that they
can shatter a single droplet into many fragments. We have achieved laser-
induced shattering of water droplets which causes the destruction of the
droplet morphology and 1s accompanied by a sound.

In conclusion, nonlinear optical interactions within a single micro-
meter-size droplet must be considered in high intensity laser propagation
in the atmosphere containing water droplets. Several such nonlinear optical
interactions have been observed in the laboratory using lasers in the sub-
GW/cm2 range to irradiate a single droplet flowing in a linear stream. Our

results suggest that the stimulated Raman process (which is known to coherently
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induce vibronic transitions) may 1 to droplet vaporization and that the

stimulated Brillouin process (which is known to coherently induce pressure

waves) may lead to droplet shattering.

This work was done in collaboration with Shi~-Xiong Qian and Johannes

Eickmans. We gratefully acknowledge the partial support of this work by

the Army Research Office (Contract No. DAAG29-85-K-0063).
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PROPAGATION OF INTENSE LIGHT BEAMS IN THE

PRESENCE OF HYDRODYNAMIC AEROSOL-BEAM INTERACTIONS

by
R. L. Armstrong

Physics Department, Applied Laser Optics Group,
New Mexico State University, Las Cruces, NM 88003, USA

(invited)

The propagation of a light beam through the atmosphere is
generally accompanied by interactions with aerosols along the beam
path, For the case 4 weak or moderate beams! (e.g., for
irradiances f 106 W/em2 for 10um water aerosols), diffusive
evaporation and conductive heat transfer are the dominant aerosol-
beam interactions, In this regime, aerosol heating znd enhanced
vaporization2 may result a2 thermal blooming effects,3 and
pronounced spatio-temporal distortion in the propagating beam.u
With increasing beam irradiance, explosive vaporization,5 aerosol
ablation,6 and enhanced aerosol breakdown! are included in the wide
circle of allowed phenomena,

No single theoretical model exists for this high-flux aerosol

behavior. The concept of developed vaporization regime58'9 may be
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exploited to provide insight into high aerosol heating rates, and
steady-state temperature conditions. Internal aerosol heat
transf‘er,10 when combined with a kinetic description of the boundary
condtions at the aerosol surface, lead to a description of explosive
aerosol behavior., Radiation-~induced vaporization provides the basic
mechanism for a model of aerosol-enhanced breakdown, »9 Finally, in
work discussed in this presentation, hydrodynamies in the
surrounding medium leads to a description of explosive vaporization
and shock wave-related phenomena accompanying intense aerosol
irrdiation.'?

In this talk, we present the results of theoretical modeling
calculations of irradiated aerosols in the convective mass transport
regime.1 In this regime, copious aerosol vaporization together with
marked hydrodynamic (shock~-wave) - related effects occur in the
medium surrounding intensely irradiated aerosols. This regime is
bounded at low irradiaances by the diffusive mass flux regime treated

Y and at high irradiances by the emergence of internal

earlier,
aerosol hydrodynamic effects such as ablation and shattering, and by
the occurance of aerosol-enhanced air breakdown.'

In the convective mass flux regime, the multi-component
hydrodynamic equations (for the aerosol vapor and the ambient
atmosphere) must be solved subject to appropriate boundary
conditions at the aerosol interface. Boundary conditions may be
specified using the concept of a Knudsen layer, an interface region
a few mean free path lengths in thickness, across which equilibrium

is established, These boundary conditions take the form of "jump

conditions" expressing the conservation of mass, momentum and energy
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across the Knudsen layer. The jump conditions result in relations
between the aerosol vapor pressure, density and temperature across
this layer,

Numerical solutions to the hydrodynamic equations have been
obtained using an extension of the CONID hydrodynamics code.'2 This
code has been modified by the inclusion of a high irradiance source
term, and by the addition of jump conditions at the aerosol
boundary. The results of these calculations will be presented for
both liquid and solid aerosols irradiated by high-flux laser beanms,
The phenomena to be discussed include aerosol vaporization and
heating, shock and rarefaction wave behavior, interacting shocks,
and beam propagation characteristics. A survey of recent
experimental results related to high~flux atmospheric propagation

will also be given.
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Early-Time Hydrodynamic Response To Pulsed Laser Radiation

Melvin Lax and Boris Yudanin

Physics Department, City College of New York, New York. NY 10031
(invited)

An implicit numerical Galerkin approximation using splines for the case of
spherically symmetric shock and rarefaction waves is compared to an approxi-
mate (scaling) analytic solution.

If an intense beam of high-energy laser radiation propagates through an atmosphere con-
taining absorbing aerosol particles, the aerosols will respond by altering their temperature, den-
sity, pressure, and by evaporation from the surface. As a result, the refraction index will
change markedly. Such an interaction involves the solution of a system of coupled equations
for the electromagnetic waves and for the matter. Solution of this complete time-dependent
coupled problem does not appear feasible at present. Some simplifications can be made based
on the difference in the interaction mechanisms at different time intervals as proposed by
Armstrong.! The first 1wo stages involve absorption of the laser energy. and a hydrodynamic
response to the heated. pressurized fluid. If the pulse length is short compared to the hydro-
dynamic response time (droplet radius divided by the velocity of sound) these two steps occur
separately: first the energy is absorbed with .sse tially no motion. Then there will be a hydro-
dynamic response with no absorption. Moreover, for pulses short compared to thermal relaxa-
tion times the hydrodynamic response will be essentially complete before thermal effects
become important. (The pulse repetition period 1s assumed long compared to all these times.)

This means that there exists a time interval, perhaps 10™° < ¢ <1077 sec. in which we
can assume purely a purely hydrodynamic response of the water droplet to the elevated tem-
perature and pressure induced in the droplet relative to the surrounding air during the first
stage. The solution of this short-time hydrodynamic problem provides an initial condition to
later events which are influenced by thermal processes.

For simplicity we assume a uniform distribution of temperature and pressure in the dro-
plet (which 1s a good approximation when the droplet radius is small compared to the
wavelength). This assumption makes the problem spherically symmetric. The simplified prob-
lem can now be formulated as follows: at time t = 0 a droplet of radius R, starts in the hydro-
dynamic state

T=T.. P=P_, p=p. . v=0. (1a)

and the surrounding air starts in the state

gL Armstrong. "Interaction of absorbing aerosols with intense light beams". J.
Appl. Phys 56.(7). 1984, (2142-2153).
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r=r,, P=P,, p=p,. v=0 (1b)
where7,, > T,; P. > P,;p,. > p,

At time t = O the hydrodynamic interaction between the water and the air begins. If we
neglect the surface tension, then the resulting evolution can be described by the set of equa-
tions:

9p gv dp . 2vp _
ERAE R @
Qv ov 18P _
CAS AN T @
oPp”" . 9P _

5 +v = =0 4)

where 7y, equal 1.4 for the air, 3.0 for the water. In deriving these equations a gas-like equa-
tion of state was assumed (for simplicity) for both water and air, but the method of solution
does not depend on this assumption.

We use as dependent variables P, p, v : pressure, density and velocity. If we neglect the
surface tension on the water-air boundary, then the pressure and the velocity will be continu-
ous across it. This is not the case for the density, which undergoes a discontinuous jump at
that surface. In the spline integration procedure, continuity 1s determined by the specification
of the multiplicity of the mesh points. To treat all equations with the same mesh specification,
over all space, it is convenient to make all functions continuous. For this purpose, we replace
the original density function, pg,,. by

P = Pong + At ) H(r =R, (¢)) (5)
where
Alt) = pong(r =Rb (t)—e) - Po,,g(r =R, (t )+e) (6)

is the negative of the jump in py, and H(x) is a Heaviside function. In this way. the jump is
canceled and p is continuous.

The above equations require a set of boundary and imtial conditions which we are going
to discuss now. If the time we are concerned with is smaller then that which the rarefaction
wave takes to reach the center of the droplet then the hydrodynamical parameters at the center
will remain at their undisturbed values Thus at » =0 we have the boundary condition

P=pP ,.v=0;p=p, .
The analogous boundary condition at infimity 1s
P=P, ;v=0.p=p,
But 1n order to reach this outer boundary the solution experiences a discontinuous transi-

tion across a shock. which propagates through the air from the expanding surface of the droplet
and for a sufficiently large difference of 1mtial pressure starts immechately when the interaction

148




begins

In order to get a numerical solution for such a shock contaming problem without intro-
ducing an artificial viscosity. we consider our spatial region only to the instantaneous position
of the shock, and instead of the b.c. at infinity we use Hugoniot conditions at the shock front:

Y. +1

= —€) = 2 : = = . = = 2___2
V(r—Rx([) G) —y-aTlU,.p(r R;(t )—E) Pa ‘ya—l'P(r R:(t)'-E) Pa U, 7a+‘ (7)

Here R, (z) is the shock position, and U; is the shock velocity. The unknown position of the
shock can be found from:

Rl -

= pv* P 2
Eo=am| {—+ —— {ridr (8)
¢ { 2 71_1

which represents conservation of total energy of the water-gas system within the sphere
bounded by the shock wave.

In deriving Eq. (8) we have neglected the pressure of the undisturbed air which means
that we neglect the original energy of the air in comparison with the energy acquired by the
droplet due to the laser irradiation. As to initial conditions. the obvious ones, Egs. (1a,b) are
difficult to employ, because of the jump at r = R, in pressure and density which at the next
instant of time will result in a nonzero velocity distribution and jumps on the emerged shock.
This suggests that we use as a set of initial con-litinns, the pressure, density and velocity distri-
butions shortly after the surface of the droplet was relcased (e.g. at time 1=0+7).

In order to find the latter conditions we will note, that for sufficiently small time *n". the
shock and the rarefaction waves will propagate the negligible distances UgpoaM and —U souna®
respectively. These distances are much smaller than the radius of the droplet Ry + Uym which
means that the spherical geometry effects will not be of importance at that time. In other
words we can use the exact analytical solution of a one dimensional shock-tube problem to
generate our initial conditions. For the one-dimensional case, the shock and boundary veloci-
ties are time-independent. In the air the 1D solution is:

For: R, =R0+U,102 r2z Ry = Ry + Uty

p _ Pa Yatl
P P Ya—d

(9

In the water the 1D solution 1s°

.+ 1
For:Ro—c.ty &r € R: +(U;~y 57— "G Mo
v. -l 7v_1
RN - , - -
2 1_'1’(1‘) =_2 4 lp(x) T v&x) L 211G g
y. =1 lP.. . —1 lp‘ c. 7 12—-G
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Y. +1

For. Rb + (Ub ‘_Cw)to Sr st

2

Yw
Y =1-¢G L:G’"Il—zc L:cn—c] (11)
Cy Pu [

and nital undisturbed values for r SRy —c.t, and r >R, . Here, the dimensionless
position, time, and G are given by:

1
r c.ly Ve

X = e T =

_ Po Y. (yo+1)
R().‘ RO " -2

5 5 (12)

G =

Finally we have a set of hydrodynamical equations (2) - (4) in an expanding spatial
region 0<r <R, With the set of boundary and initial conditions specified by Eqgs.(7-12).
The problem is solved by the use of a partial differential equation soiver POST (in one spatial
and one ume dimension ) written by N. Schryer.?

We will transform the original equations into Lagrangian form in order to split the prob-
lem into several regions with fixed boundaries. The transtormations are not known, a priori,
but are found by solving a set of ordinary differential equations along with the partial
differential equations (a facility provided by POST). In each of these regions the solution (for
pressure, density. velocity) 1s continuous. The regions are: water (from the origin to the
water-air boundary), air (from the surface of the drop to the position of the shock).
Corresponding equations, which describe the water-air and shock boundaries respectively are:

idkti=v(r=Rb +€) -{;s— =v(r=R,—e)1°_2t.1.. (13)
In order 10 make these boundaries stationary we use the transformation (for water and air
regions respectively):

r —Rb(l )

=_21r <E<T- = <t <
¢ A 0LES1: and € 1+m 1 S£152 (14)

Viewgraphs depicting the solution of this transformed system of hydrodynamical equa-
tions 1n the spatial region [(.2] will be presented at the conference.

2\ .. Schryer. "POST - A Package for Solving Partial Differential Equations in One
Space Variable” A.T.&T Bell l.aboratories report
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PULSED IRRADIANCE PROPAGATION NI RANDOM NONLINEAR
MEDIA

GOCHELASHVILI K.S,, PROKHOROV A,M., STARODUMOV A.N.,
SHISHOV V.I.*
General Physics Institite, Moscow, USSR
*P.N.lebedev Physical Institute, Moscow, USSR
(invited)

The scattering of laser irradiance in turbulent atmos-
phere leads to development of phase-amplitude distortions in
the beam, Under the conditions of self-action the atmosphe-~
rically induced distortions are exhidbited together with the
nonlinear blooming effects.

The dlooming effects may be minimized by the use of
short pulses and large aperture. The development of phase-
amplitude distortions in the process of propagation of irra~-
diance in turbulent atmosphere is determined by two fact.
the acoumulation of fluctue.icns due to linear processes of
scattering, and the growth of perturbations as a result of
development of instablilities. The character of instability
depends upon the nature and sign of the nonlinearity. In the
medium with noninertial nonlinearity the beam is stable in
defocusing media and unstable in foousing media., In the me-~
dium with inertial (heating) nonlinearity the instability
develops for arbitrary sign of nonlinearity for values of
the self-induced phase increament
( k 1is the wave number, < - the distance of propagat-~
ion, Io - irradiance intensity, 'tp - pulse length, &
is proportional to the absorption coefficient). We have in-
vestigated the regimes of instabilities of long pulses
(% <‘fP< %, where (O - is the beam width, Y =~ is the
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gpeed of sound .in the mediunm, ~V"_'L - the transverse component
of the widd speed).

The growth of amplitude fluctuations in turbulent non-
linear medium is analyzed by the method of smooth perturba-
tions. It is shown, that in the region .5 >> 1 amplitude
fluctuations grow up exponentially with small oscillations,

Although the initial stage of growth of pexrturbations
(0‘:«1) is emenable to linearized theory approach, the ana-
lysis of propagation of randomigsed field demands the full
account of nonlinear interaction of spatial harmonics. The
stage of stochastization of the field is characterized by
saturation of amplitude fluctuations O':' ~ 1., The equations
for the mutual coherent fluctuations of the second order in
nonlinear media are derived. The analysis of these equations
is carried out, and the laws of evolution of the scales of
the field in the do 1in of saturated amplitude fluctuations
are obtained. The cases of stationary and moving media are

conaidered,
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INTERFERONETRIC DETECTIOM OF CONVECTIVE INSTABILITIES
IMDUCED IN AIR BY ENERGETIC BEAMS

L. Crescentini and G. Fiocco

Dipartimento di Fisica, Universita' "La Sapienza"”,
00185 Roma, Italy

In this note a laboratory simulation of the effects expected by the passage of
relatively powerful laser beams in the atmosphere is reported. The purpose of
the experiments is, among others, to establish how the coherence of the beam
is degraded by self~induced modifications of the refractive index and in a
more general perspective to study the transition regimes between diffusion and
convection at low Rayleigh numbers.

While a vast amount of literature e:is’.s on the effects of thermal blooming in
a powerful laser beam, the asymmetries induced in the refractive index of air
by self-induced convection appears to have received less attention; the onset
of convection in an absorbing gas and the related effects on the propagation
of the beam have been studied mainly using numerical techniques, e.g. by
Gerasimov et al., 1978; Gerasimov et al., 1979; Petrishchev et al., 1981.

On the other hand, interierometric measurements of the refractive index fields
in fluids have been carried out at least since the early sixties (e.g. J.
Gille and R. Goody, 1964).

Preliminary experiments for the detection of convective instabilities induced
in an initially motionless volume of air by the in-situ deposition of heat
will be described here.

The experiments are carried out with a Michelson interferometer operating at
visible wavelengths; the light source is either an Ar+ or a He-Ne laser. The
arms length of the interferometer is about 50 cm. One of the mirrors can be
moved piezoelectrically for the purpose of scanning.

A horizontal 30-cm long and O.3-mm diameter constantane wire is placed along
the axis of one of the interferometer arms: the wire, and subsequently the
surrounding air can be heated by the flow of an adjustable current.

The interferometer fringe patterns and their changes are observed with a video
detector connected to a microprocessor. Solutions of different complexity, anc
cost, for the detection and further analyses have been utilized. Rather sirmple
is the association of a 256x128 pixel video detector made by ¥icron Technain, ¥
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Low Frequency Region (-“1/1'- <11

Here fy1(K). fsr(K) can be approximated to two whereas fyp(K), fgs1(K)
are negligible. The cospectrum can be neglected provided that the
refractive index structure parameter C3y << C3g. In practice
Cip = 1076C3r. Hence

c2 u/3 ,, -8/3
(o) = W [ 14515 1L k) @y
CnR (3)

where Nx = 0.85C> L 2 ( ) » V is transverse wind velocity.

RV

The spectral density starts departing from the expected scattering shape
(given by WxR) for frequencies ielow a "lower corner frequency" defined
by W (w) = 20 «R’ i.e.

3/8

c2
¢ =074 | N Vo
& | A (4)

The corresponding expressions for phase are

cz / -8/
_ nR k.Y 3 w 8/3
ws(w) = wSR 1+5,15— (-L—) v (5)
CnI
- 2. L2 (ky'/?
Here W p = 0.85CnI v k (k)

Unlike the amnlitude case no lower cut-off frequency will exist since the
frequency 1ndependent term Wgp, associated with C2 nr is very small compared
with the frequency dependent term. Hence

W(o) = 43802, (L) k2 (%)'B/3 (6)

and again, unlike the amplitude case, the lower scintillation frequency
phase fluctuations are due to the real part of the refractive index.

High Frequency Region [-— /-> 13

In this case f o(K) = f - (K) = f_o(K) = f_.(K) = 1. Again neglecting
the cross term XR x1 SR s
- - L 2 ez (wy-8/3
Wx(w) = Ws(w) = 2,19 7 K CnR (V) (7)

i.e. the amplitude and phase scintillation spectral densities are both due
to the real part of the RI and are identical. These results are summarized
in Figure 1,
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AMPLITUDE ANO PHASE SCINTILLATIONS IN THE OXYGEN ABSORPTION REGION

R.S. COLE

Department of Electronic & Electrical Engineering, University College London,
Torrington Place, London, WCIE 7JE. (invited)

Introduction

It has been shown that the theoretical work of Tatarskil on the effect
of atmospheric turbulence at optical frequencies can be applied to millimetre
wavelengths?. To take absorption into accourt a complex refractive index
must be included in Tatarski's analysis. It was Ott and Thompson3 who first
predicted an enhancement at the low frequency end of the amplitude
scintillation spectral density function due to the absorption mechanism,
subsequently observed by Medeiros, et al*. IshimaruS has theoretically
examined the phase scintillations for the lossless case. This paper
summarizes the theoretical predictions for both the amplitude and phase
scintillations in the 60 GHz absorption region and compares them with the
expgrimentally observed results on a 4 Km line of sight path across central
London.

Theoretical Model

Use is made of the two dimensional spatial spectral density of the
log amplitude fluctuations in a plane perpendicular to the propagation path
at a distance L from the transmitter. This function was obtained by Gurvich®
for the plane wave case and is given by

FK) = a2K2L CF, p(K)op(K) = £, (K'app(K) 4 £, (K)o (K)] (1)

where fxr(K), fx1(K) and fxRI(K) are filter functions, K is the spatial
wavenumber and k = 2r/), where ) is the wavelength of the electromagnetic
wave. ¢p(K) and ¢1(K) are the three dimensional Kolmogorov spectral density
functions of the real and imaginary parts of the refractive index
fluctuations and 9pp(K) the cospectral density function between them. The
term fyp(K)or(K) describes signal fluctuations due to variations in the real
part of the RI (scattering), fxI(K)e¢I(K) due to variations in the imaginary

part of the RI (absorption) and fypy(K)ep1(K) due to the interaction
between these mechanisms.

The corresponding spatial spectral density for phase fluctuations is

Fo(K) = v2k2L [fp(K)ep(K) + fop(K)ep (K) + £ (K)s;(K)) (2)
Here fgp(K) = fx(K), fsp(K) = fxp(K), fspi(K) = fyxpi(K).

i.e. the roles of the filter functions between the phase and amplitude
cases has been interchanged.

Temporal rather than spatial characteristics are easier to measure
experimentally. Using Taylor's hypothesis of “frozen turbulence” the
temporal spectral density of th» amplitude and phase scintillations
Wx(=), Wg(w) can be related to F, /K), Fs(K) respectively. Analytic asymptotic
expressions can then be obtained 7or the extremes of the scintillation spectra.
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Low Frequency Region [-‘3/% <113

Here fx1(K). fsp(K) can be approximated to two whereas fypr(K), fs1(K)
are negligible. The cospectrum can be neglected provided that the
refractive index structure parameter C3; << C3r. In practice
C%I = 1076 C%R. Hence

¢ u/3 gy =8/3
Hy(w) = g | 1+5.05 %) ()
CoR (3)

4/3
where W o = o,gsc:R %.kz (%) / » v is transverse wind velocity.

The spectral density starts departing from the expected scattering shape
(given by WxR) for frequencies ielow a "lower corner frequency" defined
by W () = 2H o, i.e.

3/8

c2
fo=074 | LY Yoy,
c1 2, | A (4)

The corresponding expressions for phase are

c2 w/3 . -8/3
W_(w) = W 145,05 R (KyE
_ L., ,L 4/3
Here W o = 0.85Cr21I 7 K (F)

Unlike the amplitude case no lower cut-off frequency will exist since the
frequency independent term Wgp, associated with CSI’ is very small compared
with the frequency dependent term. Hence

L w,~8/3
Ws(w) = 4'38C121R (V) k2 (V) (6)

and again, unlike the amplitude case, the lower scintillation frequency
phase fluctuations are due to the real part of the refractive index.

High Frequency Region [% /% > 1]

In this case f R(K) = f

K) = st(K) = st(K) = 1, Again neglecting
the cross term

xI(

L wy ~8/3
wx(w) = ws(w) = 2.19 v k2 chxR (-\—,-) (7)

i.e. the amplitude and phase scintillation spectral densities are both due
to the real part of the RI and are identical. These results are summarized
in Figure 1.
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Differential Phase Spectra

In order to avoid equipment related phase noise masking the effect of the
turbulence induced phase fluctuations, the spectra of the phase difference
fluctuations between two neighbouring frequencies on the side of the oxygen
absorption peak were measured. These two phase related signals were obtained
by narrow band frequency modulating a Gunn oscilator. In this case, the phase
difference between signals with wave numbers k,,k, can be written as

¢q(t) = °k,(t) - ¢k2(t) (8)
The spectral density function can then be written as
W¢d(m.kl,k2) = Hs(m,k,.kl) - Zus(w,k,,kz) + Hs(m.kz.kz) (9)

Here Ws(w,k ,k ), are the signal frequency spectral density functions (k=k; or k)
corresponding to equations (6) and (7). Again using Taylor's hypothesis an
asymptotic expression for t ‘e cross term Hs(u.kl,kz) can be found and hence

also for H¢d(u,k1.k2).

Low Frequency Region [% /-:-('- <13

/3

-8
Here W (u,k;,kz) = 4.38C2, kiky & () Combining with equation 9

-8/3
Hyglokikz) = 4.38C2 (ky - ko)’ & (&) (10)

High Frequency Region [% /-:-(‘- > 1]

Here, provided Hs(w,kl,kz) can be neglected, substituting equation 7 in

L -8/3
Wygluskisk) = 2.19€2; (k§ + k3) (%) ()

when k; = k,, as in the present experiments, this is a factor of two greater
than the corresponding expression for the phase scintillation spectrum at a
single frequency.

Hence the asymptotes to the low and high frequency ends of the differ-
ential phase spectrum will be expected to show a -8/3 slope with a ratio

between them of (kf + kg)/z(kx - k;)?2 (12)

The assumption that Ws(w.k),k;) is zero in this case does depend on the
relevant filter function, which arises in the differential phase shift case,
being zero in the wavenumber range of interest. In fact when k; and k, are
very close as in the current experiment this is not always the case. For
large wavenumbers (small outer scale of turbulence of Lp) it can be
neglected but for smaller wavenumbers (large Lo) it can no longer be
neglected and the ratio (equation 12) is reduced.

Results

Figure 2 shows an example of an experimental amplitude scintillation
spectrum and clearly exhibits the -8/3 slopes. The lower cut-off frequency
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fcl compares well with equation“. A differential phase spectrum is shown
in Figure 3. The ratio between the asymptotes (equation 12) is 45 dB
comparing well with a predicted value 47 dB [k, = 1160 m"!, k, = 1165 m™!3,
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EXPERIMENTAL INVESTIGATION OF MILLIMETER WAVE PROPAGATION IN THE ATMOSPHERE

Ernst Peter Baars
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D-5307 Wachtberg-Werthhoven
Federal Republic of Germany
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1. INTRODUCTION

The importance of the millimetre wave region for radar remote sensing and
guidance and for communication has grown considerably during the las decade due
to the increasing demands on higher angular resolution, wider bandwidth, im-
proved jamming resistance and covertness of operation. As a consequence an
" intensive investigation of the environmental constraints for system performance
in this frequency band became necessary.

One aspect, the characterisation of the propagation effect for the terrestrial
line-of-sight path will be discussed here.

Starting with short survey on its general characteristics our measurement
approach, instrumentation and examples of results will be given.

2. _CHARACTERISTICS OF THE TERRESTRIAL LINE OF SIGHT PATH

On a terrestrial path the propagated electromagnetic wave interacts with the
atmospheric gases, the terrain (or sea) surface and, if present, with particu-
lates as from precipitation, smoke, dust or sand clouds. This interaction
effects the parameters of the wave mainly by three mechanisms: Absorbtion,
refraction and scattering.

For theclear atmosphere, i.e. in the absence of particulates,
Oxygen and watervapor are the primary gases causing propagation attenuation due
to molecular absorption in the millimetre wave region.

This effect varies with radiated fraquancy, temperature and atmospheric pres-
sure. A plot of the attenuation due to atmospheric gases versus frequency or
wavelength, ran?ing from the centimeter wave region to the visible, is given in
Fig. 1 for the 'normal' atmosphere.

The macro-structure of the atmospheric refractivity influences the millimetre
wave 1in a similar extent as the longer microwaves. However, for short slant
ranges ( 10 km) as envisaged for most applications ray bending and increased
time delay can be neglected for the normal atmosphere,

The fine structure of the refraction index may cause amplitude and phase scin-
tillation by a stochastic refraction process on inhomogenities.

Scattering may occure if the refraction inhomogenities are in the order of the
wavelength. For the usual line-of-sight path the scattered field, however, is
negligible small.

Scattering on the terrain or water surface may constitute indirect paths and an'
interaction of the direct and indirect waves. This phenomenon, known as multi-
path propagation, depends on the geometry of the propagation path and the
reflectivity and roughness of the surface relative to the wavelength.

For the millimetre waves specular multipath is only possible if the antenna
beam i1luminates partly the surface at very low grazing angles.

The primary par ticul ates effecting millimetre waves are rain drops
due to the sianificance of their influence and their frequency of occurance,
Absorption and scattering can be calculated by expressions derived by MIE,
provided size, shape and density of the droplets are known in the statistical
sense,

The influence of other particulates on millimetre waves is either small as for
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fog, hail, dry snow, smoke, dust and sandclouds or occurs less frequently as
sleet and wet snow.

3. MEASUREMENT APPROACH AND INSTRUMENTATION

Our experimental investigations were concentrated on the atmospheric window at
94 GHz. In most propagation measurements parallel observations at 47 GHz have
been performed for comparison reasons.

A typical measurement set-up in a bistatic transmit/receive configuration is
outlined in Fig. 2:

At 94 GHz the transmitted signal can be switched between vertical and horizon-
tal polarization. An orthomode transducer at the output of the receiving anten-
na splits the incoming wave into its co- and crosspolarized components. The two
channel superheterodyne receiver and the associated data recording allows the
parallel registration of both components. Transmitter and receiver are phase
coherent locked to crystal references permitting short term phase measurements.
For long term phase measurements a reference signal has to be transferred.

The 47 GHz system is a one channel amplitude only system. Transmitter and
receiver polarization are linear/circular switchable.

To arrive at comparable path geometries for both frequencies the antenna beam-
widths and positions have to be nearly identical. 2 feet and 1 feet diameter
antennas usually have been selected for the 47 and 94 GHz systems respectively
providing a beam width of about 0.7 degrees and a gain of 47 dB at both wave-
Tength. A solid state IMPATT oscillator as the transmitting source providing a
CW power of 100 mW and a receiver sensitivity of -90 dBm results in a system
dynamic range of greater then 45 dB for a slant range up to 10 km,

To avoid unintentional multipath effects the antenna positions have to be
carefully selected., A good indication for the absence of multipath is a con-
stant receiving level for a variation of either transmitter or receiver height.
For a monostatic measurement configuration transmitter and receiver are col-
located with either two seperate antennas or with a transmit/receive switch and
a common antenna. A folded path is constituted by operating against a cali-
brated reflector at the required range. Unwanted reflections will be minimized
by pulse modulating the transmitter signal and gating the received signal at a
time corresponding to the propagation time to and from the reflector.

This monostatic radar approach allows in a simple way to assess propagation
inhomogenities by using multiple reflectors and multiple range gates.

It is obvious that the experimental investigation of the millimetre wave propa-
gation requires a comprehensive characterization of the respective environment.
As an example the meteorological instrumentation accompanying our long term
rain measurements over a 500 m path is given in lower part of Fig. 2.

4. MEASUREMENT RESULTS

In the passed seven years several measurement campaigns have been performed to
assess the propagation characteristics in both measurement configurations over
land and in the maritime environment.

The main results may be summarized as:

- Multipath propagation could be observed for one-way and folded near hori-
zontal line-of-sight paths over Land /2/ and over sea. An interference dia-
gram resulting from pathlength changes by tidal variations is given in
Fig. 3.

- Clear air scintillations up to about 2 dB occured occasionally on a 500 m
path when solar flux varied due to fast changing cloud cover. A gquantitative
investigation is required.

~ Rain attenuation at 47 and 94 GHz is well described by the MIE theory, if the
calculation 1is based on the actual measured dropsize distribution, larger
deviations have been observed on particular rain events, if the dropsize dis-
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tribution is derived from the rainrate (Marshall-Palmer or Joss et.al.)/3/.

- Rain attenuation is general higher at 94 GHz then at 47 GHz /3/.

- ?a}n /a?tenuation at 94 GHz is comparable to those at the two main IR-windows
4 9 5 L]

- Attenuation due to sleet and wet snow is lower than for rain at a comparable
water equivalent.

- Other particulates (dry snow, hail, haze, fog, smoke, dust) have no
significant 1influence on millimetre wave transmission but cause severe
restrictions on IR transmission /3/, /6/, /1/.
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COUPLED MODE THEORY OF PROPAGATION THROUGH
THE TURBULENT ATMOSPHERE

M.Bertolotti and C.Sibilia - Dipartimento di Energetica

Sezione Fisica- Universitd di Roma "La Sapienza"
ROMA, ITALY (invited)

Coupled mode theory is an alternative way
to usual methods (1) to derive correlation functions
of electromagnetic fields transmitted in the
turbulent atmosphere (2).The measurement of corre-
lation functions has been the object of a numer
of investigations.

In Italy in particular, phase and angle of
arrival fluctuations have been studied (3) together
with intensity fluctuations (4).

Basically the coupled mode method consists
of adapting the formalism of coupled-mode theory'
usually employed for describing electromagnetic
propagation and mode coupling in an imperfect
optical fiber (5% to the case of propagation in an
unbounded random medium,

The description of propagation of a mono-
cromatic field in an unbounded random medium is
achieved by choosing as ideal normal modes the ones
pertaining to a homogeneous medium possessing a

constant refractive index n1,

N -
t:x(z,’?)- 2m e(X)Q*P ( (”x ‘ tliza)l ()
where

Y (2)
= (< X)

4
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with Kzwh e ,T= (x,4), and £(x) is the
unit polarization vector.

For linear polarized (EY=EZ=O) wave one can
then write

- — o Akt
E(Z,Z, ): ft(x LTX(Z/Z)e_ “ C/( Cz)} (3)

where the expansion coefficients cx(z) are derived
solving the set of coupled equations

gLCX(Z)

L f( Yot | ‘})J(ﬁ"?‘g"“)“ﬁb(ﬁ” 2]l

where .= / 2 and

~o

n(%,2): nvda(P2). (5)

The correlation functions

XXX' (z)- <@ e (3)>, (6)
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are then found to obey a diffusione equation in the
)( ~space

DX T e

X, X1 D, 9

"J : 2) X y O/ (7
dz PXa ’)/(3 g

where the diffusion coefficient D assumes a
particularly simple expression for Gaussian refractive-
index fluctuations

D=fr ktesaS/d - (8)

The solutions of eq.(7) permit to evaluate the mutual
coherence function and compare it with results
obtained by the moments of the field.

The coupled mode method can be extended to the
propagation of a nonstationary and non-monochromatic
field, with the hypothesis that the refractive index
fluctuations are not time-dependent during the inverse-
band width or pulse time.

In this sense the coupled equations for the field
amplitudes are 4 little bit more complicated and
now the significant quantity is:

X

' | i
gy (Bm)s <G R G (200>
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For a stationary nonmonochromatic field the equation
or )
£ Ky (2,0,97)

DXy’ —D} W DNy
Dz

H
(W ~W0)J) +
Ry Dw? (10)

- o) T

which is of the same form of the  Fokker-Planck
equation for the field propagatioﬁvé nonlinear

optical material .

A discussion of this case will be also provided.
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RAY PROPAGATION THROUGH SUB-FRACTAL MEDIA
by E Jakeman
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Although a great deal of attention has been devoted over the years to
diffraction and interference effects associated with the propagation of
coherent 1light through the turbulent atmosphere, effects visible to the
naked eye are generally gecmetrical in orizin and associated with the
scattering of incoherent light. Thus the performance of many simple optical
instruments which are used to enhance our natural eyesight is limited by the
refraction of rays. Even in the case of coherent light, strong scattering
regimes exist where geometrical optics effects assume an important if not
dominant role. It is therefore of interest to investigate the statistical
properties of rays propagating through refracting media, both from the point

of view of noise modelling and in the context of renote sensing.

In many calculations of the atmospheric propagation of light it has been
assumed that the refractive index spectrum is an inverse power law based on
the Kolmogorov model for the inertial range velocity spectrum ([1}. For
example, in the case of phese screen scattering, the structure function

corresponding to such an unmodified power law would be

<(8(0) - o(x))2 > r) 3/3 (1)
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Following the work of Mandelbrot [2] this can be identified as a fractal
model with @(x) containing a heirarchy of structure down to arbitarily small
length  scales. Though continuous, the initial wavefront is nmnot
differentiable and on both physical and mathematical grounds it is unreason-
able to expect such a model to generate geometrical optics effects
associated with rays cr wavefront normals. Although models belonging to the
same class as (1) may find applications in scattering problems involving
rigid structures, such as rough surfaces [3], in the case of fluid media
there will generally be some effect such as an inner scale cut-off in the
velocity spectrum, capillarity, or thermal diffusion, which will smooth the
wavefront over distances which are considerably larger than the optical

wavelength (4],

It is well known, however, that the use of single scale smoothly varying
models, which are differentiable to all orders, leads to the prediction of
focussing, caustics and other higher order geometrical singularities in the
propagating wave field [5]. These render the ray density statistics
infinit beyond the point where focussing starts to occur. In practice
these divergencies are smoothed by diffraction in coherent configurations,
and by finite source and detector size in the incoherent case. Moreover
there are many situations of interest where the light is detected at propa-
gation distances which are much less than those where focussing begins to

take place.




When the above considerations are added to the mathematical difficulty of
investigating full diffraction limited geometrical optics, it is evident
that what is required is a multiscale model which will generate ray effects,
but not georetrical singularities. Such are the properties of the class of
sub-fractal or fractal slope models. These can be interpreted as fractal
models subjected to elementary smoothing and exhibit a more rapid power law

spectral cut-off at high frequencies [6). The class of structure functions

corresponding to equation (2) are given by [7].
<(8(0) - B(x))2 > Ar2 - B |r|P 2<P <4 (2)

Wavefronts with this property are only once differentiable and may be
thought of as heirarchical constructions of different sized facets.
Although this remains a crude model for the properties of real turbulent
media it has led to a number of predictions in agreement with experimental
data and is remarkable for the reduction in complexity which it brings to
both analytical work and numerical calculations [8]. Thus earlier work has
shown its close relationship with K- iistributed noise, often observed in
propagation experiments [7], and it also appears to provide a good model for
the intensity statistics observed in phase screen scattering into the far
field [9]. In more recent work numerical ray tracing has been used to
simulate propagation beyond a sub-fractal diffuser {10}, see figure 1.

This investigation is being extended to include the presence of simple
optical components and additional scattering layers. At the same time

laboratory experiments to measure the phase structure functions of turbulent

layers are being undertaken in order to examine the validity of the model.
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In this paper a brief review of the subject will be followed by presentation

of recent results.

S ———

Figure 1. Ray propagation key on a subfractal diffuser
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FUNCTIONAL REPRESENTATIONS OF THE EM FIELD IN TNHOMOGENEOQUS POSSIBLY
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Electromagretic fields and potentials in non-homogeneous
media are nonlinear functionals of the refractive index di -
stribution. Accordingly, several functional representation tools
(alternative, though possibly related) do naturally suggest them-
selves. In this Communication we shall attempt to survey them
briefly, paying special attention to computational accuracy and
ease.

In the weak inhomogeneity assumption, viz.:
alr; = ny+ 3n(r) 3 sn{r) « 1 (1)
r L no
the Volterra functional series [1) :

Erw = B ™ (p )
m=1 ~ =

én(ry)  én(ry)
.E.(m)(_'_') = fdh ...fdﬁm I(m)(.'l’f.h e oP=Tg) nj - n;m

(2)

will be rapidly convergent. The kernels g(m)(-) can be syste-
matically found by letting (2) ,together with:

sn(r)

fo

= A,G(:-_l:,) + AZG(:'EZ) + o 4 Aké(_[-zk) , k=1,2,..,m ()

successively into the wave eqguation:

ved

O2E + VIEV In 102(r)] )= jeoBy d + J5aBo'V [ (4)

b
4

wherein ; and B are the free-space ( n=n,) characteristic
impedance and wavenumber, respectively, and J is the im-
pressed source-term. Differentiating the resulting identity with re-
spect to  A;,A,, .., A, and then setting A;-A,= .. =A, =0 gives
a hierarchy of linear space-invariant wave equations in the unknown
r{ke), k=12, ., m (2

The Volterra series is especially useful when dealing with
random inhomogeneities. A simple but relevant example is that of a
quasi-ergodic zero-mean gaussian-uncorrelated rancom medium, viz.:

175

[ (T T AN TR SR AR R TN T
D R L TR L R TR R e L




<6n(£1)".6n(£2M*})> -0
(5)
n_2M<6n(r) sn{r,.)>=W, B
0 Fylue ONEH) > = Wy ns(.’:i‘.‘:\j)
wherein the sum runs over the (2M-1){f unordered partitions of
{risra, .. ,ry} into pairs. For this case, the EM field ave-
rage and self-coherency matrix (including field intensity and po-
larization) are easily found [2]
<E(r)> = wofdrl _1"_(2)(_[-51,5-51) 4o
(6)
<E(r)E*(r)> = woﬁgllg(')(g-g)lz + wgfdrl/érz .
°{2(2)(3-21,:-5)2*(2)(3:2 rerp) + 2 IL(Z)(L-:n:-rzHZ b

The standard Volterra series, being a singular perturbation
method [3 ] can exhibit secular terms. The latter can be removed
by using renormalization (eigenvalue straining) schemes, where,
e.g., the formal eigenvalues' expansions:

(o) e (m)

0
(kg ) being the unperturbed problem's eigenvalues, and xgm)(')
unknown, m=1,2, .. ,N-1) are telescopically inserted into the
N-order truncated Volterra series solution, and the xi(m)(°).
are thendetermined by comparison with the complete (secular)
solution [1 1. Alternatively, a (prerenormalized) solution
d la Rytov [3] can be sought, whose exponent is expanded into
a Volterra series.

Conceptual extensions of the Volterra functional power
series include the (functional) Lagrange-Biirmann expansion and
Padé approximants.
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The former [4) is nothing but a Volterra series, whose
argument is a zrcperly sicsen furetional of dn(r)/n,, instead
of 8n(r)/ng. A skiliful choice of the argument functional may
result 1n a dramatic convergency improvement, compared to stand-
ard Volterra series,

Rational (Padé [5] ) functional approximants can be
easily obtained from truncated Volterra series solutions [5] .
They have been the key to non-perturbative QED and QCD [ 5 J, and
could reasonably yield accurate solutions of Maxwell equations in
strongly inhomogeneous, possibly stochastic media.

We turn now brieflv te cther functioral representations
based on functicnal 1ntegration [7] .

Path-inteqral representations of the EM propagator in
inhomogeneous media [8,9] can be evaluated in closed form
only in a very few cases D] . Remarkably, the Feynman expan -
sion of the EM path-integral gives back the Volterra series
solution [2] .

Solving Maxwell equations in inhomogeneous media_using
the Cameron Martin orthogonal functional expansion [11] (fun-
ctional analogue of L2 approximants, infinite-dimensional
Fourier-Hermite series) meets t. difficulty of evaluating
Wiener integrals [7] . This task deserves further study, to
be accomplished efficiently.

As a conclusion, we sugcest that functional methods may
provide a general, systematic framework for studying EM wave
propagation in 1nhomogeneous, possibly stochastic media. It is
important to note that the whole machinery of Volterra series
and Padé approximants can be fully implemented, using symbolic
manipulation codes such as, e.g., MACSYMA, SMP, REDUCE, etc.,
to obtain automatically analytical solutions as well as their
numerical evaluation.
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A STATISTICAL MODEL FOR THE INTENSITY AND PHASE
OF RANDOM OPTICAL FIELDS

L. C. Andrews
Department of Mathematics, University of Central Florida
Orlando, Florida 32816

R. L. Phillips
Department of Electrical Engineering and Communication Sciences
University of Central Florida, Orlando, Florida 32816

(invited)

1. INTRODUCTION

To date, the most useful models for the .otensity and phase fluctua-
tions of an optical wave propagating through atmospheric turbulence are
those which have been heuristically derived. Although the approach is not
from first principles, some of these empirically derived models show good
quantitative agreement with experimental data., For example, the class of
K distributions has been found to provir: excellent models for predicting
intensity statistics in a variety of experiments involving radiation scat-
scattered by turbulent media [l -~ 4]. However, the K distribution is not
satisfactory for all such experimental data and is not theoretically
applicable in weak scattering regimes {3,5]. The universal scattering
model (USM) appears applicable under all conditions of atmospheric turbu-
lence, but it is mathematically complicated for certain computations
{6,7]. The I-K distribution for intensity fluctuations was developed as an
attempt to find a more tractable version of the USM distribution [8,9]. Like

the USM, the I-K distribution is theoretically applicable under all conditions
of atmogpheric turbulence.

In this paper we wish to discuss the underlying mathematical basis

that leads to the I-K distribution and develop 8 corresponding model for
phase fluctuations [10].

2. SCATTERING MODEL OF THE OPTICAL FIELD

By assuming a discrete scattering model, the field of the optical beam
at a given detection point and time is of the form

u(t) = eit (Ae18 + Reu) , (1)

where w is the carrier frequency of the optical wave. The term Aeie

is a constant amplitude component while the second term is the resultant
of one or more scatterers with combined amplitude R and phase . We make
the assumption that the scattered portion of the field 1s a zero-mean,
doubly-stochastic, circular complex Gaussian variate where the mean
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intensity b = <R2> is a fluctuating quantity governed by the gamma distri-
bution. This is comparable to making the assumption that the number of
terns contributing to the scattered portion of the field is a random
variable (independent of the amplitudes and phases of the individual
scatters) that is governed by the negative binomial distribution [4,9].

The conditional joint probability density function (PDF) of R and
¢ is given by
R -p2
pyRE|B) = R g R/D, (2)
which is simply the product of a Rayleigh distribution and a uniform

distribution over 27 radians. The gamma distribution for b has the
functional form

aab/b )1
p(b) = ——L—— ¢
2 I‘(a)b°
where b, is the mean value of b and a is a positive parameter related to
the effective number of independent scatterers that contribute to the

average intensity b of the scattered portion of the field. The uncondi-
tional joint PDF of R and ¢ is recovered by calculating

~ab/b, p s, (3)

-1
® e‘(m/bo)m Sw a-2_-ab/bo, -R2
- - - b
py (R) = osz(b)pl(R,ﬂb)db = _—__—r(u)nbo 3 b “e Ope~R"/bap, (4)

By making the change of variable b = b°R2/x , we find that Eq. (4) becomes
1 “1a)® -x/b _20-1 _ -ak%/x
p3(R,&) - W;— § (;) e o R e dx, (5)

which we choose to leave in integral form at this point.
3. THE I-K DISTRIBUTION

The total intensity of the optical field (1) is

1 = jue))? = a2 + &2 + 2ARcos(d - 0O). (6)

Our approach to finding the PDF of I will be to first calculate the
characteristic function of I defined by the expectation

® a1
cw = el = {7 M p e @ e, Q)
[¢] -

Substituting (5) into (7) and performing the integration with respect to
only » and R, we obtain the characteristic function representation
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2
®» a -x/b ~aA”/x 2,2 22
-l 52 e o oA /x ey ATy
x x x

where ,F, denotes the conflueut hypergeometric function [11]}.

The direct inversion of (8) for arbitrary values of a is very
difficult. However, for a = 1 the confluent hypergeometric function is
approximately unity. If we set ,F, =1 in (8), the inversion of the resulting
expression leads to the family o} i-x distributions [8]

1
2w [yI Y a a 2
s;( —‘)A Ka-1<2A\/s;’la-1<2¢r;>- LA

p4(I) o !z)a-l (9)

b A
o

a al 2
Iu_l(ZAf-E-)Ko_l(Z -b—), I>A%

o o
Eq. (9) is exact for a = 1, but represents an approximation to the PDF of
intensity associated with (1) for other values of a. We have found, however,
that a can be restricted to values near unity for almost all conditiouns of
atmospheric turbulence except in the saturstion regime. Moreover, the
normalized moments of (9) appear to fit experimental data very accurately for
all conditions of turbulence, even in the saturation regime.

A particularly advantageous value of « to use fo (9) is the value
1/2, siace in this case the Bessel functions reduce to exponential func-
tions. A comparison of the normali.ed aoments of (9) when a = 1/2 with
experimental data of Parry and Pusey [2] is shown in Fig. 1.

4., THE PHASE DISTRIBUTION

To develop a corresponding expression for the phase distribution of the
optical field (1), we start by introducing the complex phasor

iy - Aeie

Ve

b
+ Re1 ’

(10)

where V and y denote the amplitude and phase, respectively, of the field U(t).
From (10) we obtain the equations of transformation

R2 = a2 + v2 - 2avcosy
(11)

sin $ = % sin v,

where Y = y - © and the Jacobian of transformation is V/R. By substi-
tuting (11) into (2), we get the conditional joint PDP

pg(V,¥]b) = - exp[- AL + v2 - 2408 v)]. (12)
where 0 V< ®and -7 { ¥ { 7. The unconditional phase distribution

is then determined by evaluaging the double integral
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P6(¢) = i g pz(b)ps(V,WIb) dv db, (13)
where p,(b) is given by (3).

Performing the fntegration in (13) with respect to V leads to

(u/b ¥
pe(¥) = EFT?ES“A’" cos Y L + M), (14)
where
" a-3/2 ab A2 2
L S b exp(~ T " sin”y) db (15)
) o
and
® a-1 ab A2 . 2 a2 2
M = S b exp(~ = - & gin"Y) F (-1/2;1/2;- <cos“Y) db.
b b 171 b
o o (16)

The evaluation of (15) is immedfate but (16) requires an application of
Kummer's transformation and then expressing the resulting Fy function by
its series representation [11]. Termwise integration finally leads to the
result (-7 <Y ™)

Vosyo+1/2 _
pG(w) = % cos Y lsin Yla 1/2 u 1/2(2@‘3111 Y‘) (17)

ao) cos Y
r(a)g"n z fas 17D Fanl2))

where p = Azlbois the power ratio of mean intensities of the constant
amplitude component to the random component of the field.
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Fig. 1 Comparison of experimental data with I-K
distribution for the special case a=}/2.
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YET ANOTHER PROBABILITY DISTRIBUTION FOR INTENSITY
FLUCTUATIONS IN STRONG TURBULENCE

James H. Churnside, Reginald J. Hill, and Gerard R. Ochs
NOAA/ERL/Wave Propagation Laboratory
Boulder, Colorado 80303

INTRODUCTION

It is generally accepted that the fluctuations of an optical signal caused
by propagation through weak turbulence will have a lognormal probability density
function. For propagation through strong tarbulence, no such concensus exists.
A number of density functions have been considered, including Rician,1 lognor-
ua1,2’3 and K“’S distributions, and others that cannot be described by simple

6,7 Of these, the K distribution has probably been the most
4,5,8

analytic formulas.
successful at describing data. it also reduces to the generally accepted

limit of a negative exponential density function for extremely high turbulence

levels. Using an argument sfmilar to that leading to the K distribution, we
arrive at a probability density function that consists of a negative exponential

k]

whose mean value i{s a lognormally distributed random variable. This is shown to
agree well with experimental resul:s.

THEORY

It has long been noted by one of us (GRO) that for strong scintillation the
probability distribution of intensity departs significantly from an exponential
distribution because of the slowly varying intensi:y underlying the spikes of
intensity. The spikes of intensity have a small spatial scale of order the wave
coherence length Po? whereas the temporally slowly varying part has the large
spatial scale of order AL/po, where A and L are wavelength and path length. As
asymptotically strong Zurbulence {8 approached the small-scale scintillations
give intensity variance approaching unity whereas the large-scale contribution

to the variance decreases to zero. 12 therefore seems reasonable to assume that
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in the approach to asymptotically strong turbulence the small-scale intensity
fluctuations have an exponential distribution which 1s modulated by the large-
scale intensity fluctuations. It remains to determine the probability distribu-
tion of the large-scale intensity fluctuations.

A method of measuring only the large-scale intensity fluctuations 1is to
aperture average using an aperture size /Kf, which is the geometric mean of the
small-scale P and large scale AL/po. This takes advantage of the gap in the

spatial power spectrum of intensicy between the small-scale (high wavenumber)

and large-scale (low wavenumber) contributions to the intensity variance. This
gap is more pronounced for plane waves than for spherical waves and most pro-
nounced for strongest turbulence, Note that the corresponding gap in the tem-
poral spectrum of intensity is not well defined because strong turbulence
meagsurements in the atmosphere usually imply light and variable winds. We
hypothesize that the large~scale contribution to the scintillation is lognor-
mally distributed, and our measurements of aperture-averaged scintillation tends
to support this hypothesis.

The two-scale model is appealing since intensity covariance in strong tur- §
bulence clearly shows the effects of two scale sizes.3’10 Another two scale :
model applied to speckle hy Newman9 gives the K distribution.

The probability density function of intensity that results from a lognor~
mally modulated exponential distribution is given by

1 " dz p f(tez # % o)’ :
p(1) = / —z-exp[-;-——-‘—z—-——] (1 E
= 0 z 20

/2n o
where 02 is the log-intensity variance of the large-scale process, z is the

0 T G ey,

modulation depth due to that process, and I is the observed intensity normalized
by its mean value.

The moments of Eq. (1) are easily found to be

<1™ = ! exp[%-n(n-l) 02] , (2)

which agrees with the asymptotic approach to exponential statistics given by
Dashen.ll Equatinn (2) can be written f{n terms of the normalized variance of

{rradiance oNz as

186




2

o
Oy oo (N
<1 n: g 2 .
The lognormal-exponential moments are seen to lie between those of the lognormal

+ 1 % n(n-1)
(3

and the K density functions. Previously published experimental moments seem

also to lie between the lognormal and K values."’s"

EXPERIMENT

The experimental source was a He-Ne laser producing about 20 mW of 0.633 ym
radiation with a beam divergence of about 1 mrad. This light was propagated
across 1 ka of flat grassland at a height of about 1.5 m to the receiver. At
the receiver, the light was passed through a | sm aperture, a narrow-band inter-
ference filter, and into a photommltiplier tube. The photomultiplier tube
current was amplified using a high gain trausimpedance smplifier, and the
resulting signal wes digitized using a 12 bit A to D converter. The digitized
signals were stored on magoetic tape for later processing.

The intensity signal was sampled at a rate of 5000 samples/second for 10,833
samples; sampling was then stopped v-iir these values were recorded. Each data
set consisted of 50 of these blocks of data and took sbout 3.5 minutes to
collect. The probsbility density function of a typical dats set is plotted in
Pig. 1. Also plotted in the figure are the K and lognormal-expouential distri-
butfons that have the same normalized varfance (o,” = 4.32). Although the two
distributions are very similar, the data suggest that the lcgnormal-exponential
distribution might be a better approximation to the probability density function
of intensity than either the lognormal or the K distributions.
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Figure 1. Plot of probability density function vs. intensity for
K (dashed line) and lognormal-exponential (solid line) models along
with experimental values (points).

188




TRANSMISSION




Experimental Investigations of Atmospheric IR~Propagation
over Land and Sea
A.Kohnle, R.Neuwirth, W.Steffens, H.Jundt

Forschungsinstitut fir Optik (FGAN-FfO)
SchloA KreBbach
D-7400 Tibingen 1  (invited)

Introduction

The performance of electro-optical (EO) sensors is often se-
verely limited by atmospheric transmission characteristics.
This limitation results from the complex interaction of
electro-magnetic radiation with atmospheric particles and
molecules. For proper EO systems performance assessment tl.
atmospheric process must be quantified and related to easily
measurable meteorological and (for a maritime enviromment)
oceanographic parameters.

Experimental and theoretical investigations of infrared (IR)
atmospheric propagation in the past have permitted to estab-
lish transmission models and codes like LOWTRAN /1/ and
others /2/, which are extended and updated depending on the
availability of new relevant scientific results.

The need for sensors with better "all weather™ capability
raised the interest on mm-wave propagation (35-300 GHz). It
is well established that with increasing wavelength the all
weather capabilty of a sensor s.creases, whereas the geo-
metrical resolution decreases. Therefore, "multisensor
systems® are being envisaged to account for this fact.

As a part of multisensor assessment studies simultaneous at-
mospheric transmission experiments at visible, IR (3.4~
5.0 pm, 8.25-13.0 um) and mm-waves (94 GHz) over ranges of
4.35 km, 6.5 kn and 11.91 ka over sea and 500 m and 5.4 ka
(also at 10.6 pm) over land with relevant meteorological
measurements and measurements of the size distribution of
aerosol- and raindrop particles (0.15 ym - 10 mm diameter)
were performed. The mm-part of these 1nvgftigations has been
performed by scientists of the FGAN-FHP.

These measurements have produced time series of extinction
values for the wavelengths (bands) mentioned above under
different meteorological conditions, extinction correla-
tions, statistics, aerosol extinction, aerosol-gscatte-
ring-functions and rain extinction. As a part of this large

effort basic results concerning IR-propagation are reported
here.

*) FGAN-FHP: Forschungsinstitut far Hochfrequenzphysik
principal investigator: Dr.H.H.Fuchs

1. Kneizys, F.X., et al., Report AFGL-TR-83-0187, 1983

2. Jessen, W., et al,, Report FfO 83/79, 1983
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IR/mmW-Extinction in Rain /3/

As a part of the analysis of the experiments mentioned abo-
ve, correlations of IR- and mmW-extinction in rain over sea
for ranges from 4 to 12 km have been made and compared with
theoretical calculations based upon model rain-drop
size-distributions and Mie's theory. The scatter plots of
experimental values (measurements every 10 sec, integration
time 150 sec) show good correlation with the measured values
for medium ranges. The deviations increase with range. This
is basically caused by the different sensitivities of
IR- and mm-waves against

- change in rain-drop size-distribution,

- change in molecular (continuum) attenuation,

-~ change in background aerosol distributions (IR),

- multipath interference (mmW).
Fig.l presents an example of such a scatter plot for a range
of 6.58 km. It does not only show a rain- but also a fog-si-
tuation. Both cases can be clearly separated because of the
fact that IR is much more affected by fog than wmm-waves.
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Comparisons of calculated pure rain extinction values based
on calculations with different rain-models reported in the
literature /4,5,6/,8.Fig.2 with measurements (corrected for
molecular absorption) show that the Joss et al. "drizzle"-

and "thunderstorm"-models are good upper and lower bounds
for the experimental data at all ranges.

3. Neuwirth,R.,PFuchs,H.H., Rep.Ff0 85/50, FHP4~-85/Lfd.Nr.235
4, Joss, J., Waldvogel, A., J.Atm. Sci., Vol.26, 1969

5., Marshall, I.S., Palmer, W.M.K., J.Met., 5, 1948

6. Van de Vrie, Phys.LlLab.TNO, Rep.No.PHL.,1976-07, 1976
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Algorithm to Convert Broad-Band to Laser-Line Extinction /7/

Another interesting analysis aspect for the above mentioned
experiments (and others) is the question how exactly 10.6 um
(¢o0,)~laser extinction coefficients can be calculated from
meafured broad-band (8~-13 um) transmission values. The theo-
retical results can be compared with simultaneous measure-
ments over a range of 5.4 km over land mentioned above.

The laser extinction coefficient ¢ for a certain laser-line
is given by a sum of scattering(B8) and absorption (x) coef-
ficients (molecular (m) and aerosol (a) part) by

o = B‘ +a+ Ba + aa . (1)

The mean band aerosol transmission 7, over the experimen-
tal range R@ for a transmissometer with blackbody source

temperature T, and relative gensitivity R, can be ex-
pressed as
- T
T 7 e (2)
a r‘

with  To= [ (L ROR (ML, TgdA ; J Ry Tpan
A A

T is the measured transamission, L(T7,T,) the Planck func~
tion at wavelength) . Equation (2) holdl within about 2% ac-
curacy. The band aerosol extinc.ion can then be expressed as

-In ( Ta)

————————— . (3)
Ry

It can be shown that for a wide range of environmental con-

ditions and a variety of aerosol models a unique conversion

factor Q = 0.8 exists to convert 8-13 um aerosol extinction

o to 10.6 pm laser extinction % by

0 =
a

(k) = Gu(ANQ . (4)

To determine the laser extinction coefficient ¢ from a
broad~band measurement, the molecular part o_ in Eq.(1)
has to be calculated using a transmission code, !.g. FASCODE
/8/.

Experimental results (to be shown at the oral presentation)

show yood agreement with calculated values using this algo-
rithm,

7. Tamir,M., et al., Report FfO 1980/124, 1980
8. Smith, H.J.P., et al., Report AFGL-TR-78-0081, 1978
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Aerosol Extinction and Phase-Functions

A third area of investigation is the development of aero-
sol-models based on in situ aerosol size distribution measu-
rements and validation of these models by comparison of cal-
culated and measured transmission values. New dynamic aero-
sol models have been developed recently and were published
{(U.5.Navy Maritime Aerosol Model , FfO Maritime and Rural
Aerosol Model etec.) /1,9,10/. For special applications not
only extinction but also the whole scattering function is
essential. The impact of a size distribution change of the
FfO Maritime Aerosol Model (caused by dAifferent relative hu-
midities) on the corresponding phase-function for 0.6 pm
laser radiation is indicated in Figs.3,4.
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A comparison of a number of phase-functions calculated from
aerosol size distributions measured over sea (North and
Baltic Sea) and over land (Southern Germany) with FfO aero-
sol model calculations show a fairly good agreement for vi-
sibilities V, 2 2 km. Comparisons with other models e.q.
LOWTRAN 6 aergsol models will be shown at the oral presenta-
tion.

Concluding Remarks

There are other analysis aspects of these measurements which
are pursued presently, e.q. absorption fluctuation, range
extrapolation of transmission data.

9. Halavee,U., et al., Reports FfO 82/50, 1982
and FfO 83/49, 1963
10.Héhn, D.H., et al., Infrared Physics, Vol.25, Nol/2, 1985
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THE ROLE OF TROPOSPHERIC PROPAGATION IN EARTH-SPACE TELECOMMUNICATION
SYSTEMS AT MILLIMETER WAVES
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Consiglio Nazionale delle Ricerche (CSTS-CNR)

ABSTRACT

The future telecommunication satellites will operate in the 20, 30,
40 and 50 GHz bands, where propagation is seriously impaired by tropos-
pheric effects.

This paper deals with these effects and their impact on the system
design.

1 - Introduction

In the first half of the 80's the exploitation of the 12/14 GHz
bands for routinary Telecommunication services (second generation sa-
tellites) has become a reality.

The continuous growth in demand for transmission capability however
is bound to bring also these new bands to saturation quite soon; for
this reason the World Administrative Radio Conference (WARC) in 1979 and
1985 has proceeded to the assignement of new frequancy bands in the
millimeter waves range.

With this allocation, c.ns‘derable bandwidths are assigned to
satellite telecommunication and broadcasting services im the 20/30, 40
and 50 GHz bands, even though in sharing with terrestrial services.

The exploitation of these new bands poses extraordinary problems to
the technology world as well as to the bodies responsible of plamning
these advanced systems (third generation satellites), whose operational
phase is envisaged to start in the second half of the next decade.

It must be said however that this challenge is well worth facing,
since problems like the bandwidth shortage, the geostationary orbit
congestion and the electromagnetic interference should be alleviated for
a fairly long time; one must congider in fact that the efficient exploi-
tation of the spectrum, together with the use of very sofisticated
antennae systems (viable only at millimeter waves), will allow the reuse
of the same frequency several times within the same terrestrial area
(with a gain much greather than the mere increment of the allocated
bandwidth), the increase in the number of satellites within the usable
geostationary arc and the decrease of the '"respect digtances" to be
observed between terrestrial transmitting terminals, which will no
longer be installed in remote shielded sites, as presently is, but will
be possibly located at the use premises.

It is obviously very difficult to draw the scenario of satellite
telecoccunicatierns in the next 10-15 years, even by restricting
ourselves to what can be envisaged simply by projecting the actual
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trends; infact, apart from the new applications, even the bare configu-
ration of the future telecommunication systems will be quite different
from the actual one: different integration and role of the satellite
with respect to the terrestrial network, different proportion of the
local business networks with respect to the public ones, new services
such as high capacity data transmission, electronic mail, fac-simile
newspaper transmission, teleconferencing etc.

Finally it is worth mentioning the breakthrough of direct TV or
audio broadcasting, for which the feeder-links will be £frequently
choosen within the millimeter waves frequency range.

2 - From centimeter to millimeter wavelengths

Moving from the 4/6 GHz to the 12/14 GHz bands a lot of problems
appeared due to the fact that the wavelength (inside the water medium)
and the raindrop circumference became comparable thus causing some
resonance-like phenomena which resulted in a remarkable increase of
absorption and scattering.

In order to gather the information needed to evaluate the required
system margins, a number of propagation experiments were set up in the
last decade; common objective of these experiments was the compilation
of statistical Cumulative Distribution Functions (CDFs) giving the frac-
tion of the total time during which given fade levels were exceeded;
some of these experiments were conducted in terrestrial paths, others in
inclined paths; among these latter same utilized satellite links thus
performing direct measurements whereas others estimated attenuation
indirectly by means of radiometers or meteorological radars.

Table 1 gives the satellites employed for thse experiments /1, 2,
3, 4, 5, 6/.

Fig. 1, taken from /5/, gives an example of CDF measured with the
satellite SIRIO in the Italian station of Fucino; the ordinate gives the
percentage of the observation time during which the attenuation value
was exceeded. Assuming this curve as a long term probability distribu-
tion, a hypothetical link should be designed with a margin equal to the
abscissae corresponding to the given (tolerated) outage in ordinate.

Despite the enormous effort which single countries or groups of
countries had to sustain to partecipate in these experiments, it became
soon apparent that a limited number of stations such as the ones
actually eployed was far from enough to allow the complete characteri-
zation of the region in which future plants were planned; moreover
little was known, even after long measuring campaigns, about the possi-
bility cf extending the results to frequencies, polarisations and
elevations different from the ones directly involved. Finally it was
noted that a very large variability existed from one year tc the other
and that, even in short distances, attenuation varied both on an instan-
taneous and statistical basis.

A great effort was then devoted in the assessment of what are
called "prediction methods" or "scaling methods", which, in a sense,
completely overturn the previous phyloscphy according to which measure-~
ments are primarily a means to achieve the information directly needed
by system designers. In the new viewpoint the measurements are rather
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intended as a tool for checking procedures which allow us to comnect
what is "known" ir a certain site (meteorclogical data, measurements in
different conditions etc.,) to what is actuzlly "needed".

For the future applications our cbility to devise significant
propagation experiemnts will be seriously defied as important differen-
ces with respect to the actual conditions, wlll need consideration.

These differences arise from the following peculiarities of the
future systems:

- ver; high attenuations at 20 and 30 GHz (see Fig. 1) due to rain
for time percentages as low as 0,012, which are the omes to the
considered in many CCIR regulations concerning the availability and
quality requirements for telecom. and TV feeder-links. This con-
straint compels us to consider alternative and more cost-effective
svstem philosophies which require more information about propa-
gation and characterization of the transfer chanmnel.

- advanced technologies allowing the satellite and terrestral network
to be considered as a global system, in which many functions
traditionally performed by the network (exchanges, rigeneration,
routing, etc.) will be assigned to the satellite. The full exploi-
tation of this flexibility also requires complex information about
attenuation and depolarisation jointly reached in places at large
distance.

3 - Attenuation

The prediction of the Co-Polar-Attenuation (CPA) still remains the
major problem to be tackled when designing the radiolink margin (i.e.
the excess fading the system .an stand before reaching a specified
signal-to-noise ratio).

The most common input-information for this prediction is the "point
rain intensity" CDF; nowadays it 1is however rather frequently the case
that attenuation CDFs are available but at a different frequency,
elevation or polarisation.

Considering first the case of the rain intensity, two sources of
uncertainty exist: the non perfect knmowledge of the 1local long-term CDF
of rain intensity and the possible errors in making allowance for
factors such as the horizontal and vertical structure of the rain, the
raindrop size distribution of the particles and the nature of the
phenomena encountered along the path (melting snow, ice, temperature
profile, absorption by gaseous tropospheric components, etc.).

Despite these latter difficulties, reasonably accurate methods to
predict CPA statistics from given rain intensity statistics have been
recently estabiished and tested against a very large amount of CPA and
rain data collected concurrently /7/; as a result of this test it was
dercnstrated that accuracies of the order of some 257 (RMS error) can be
reached by means cf simple procedures (amcng which is the one proposed
by CCIR /8/); better values (lower than 202) can be also reached by
sacrificing serplicity or by inserting some auxiliary information
typical of the site (loca! data).

Unfortunately these data are only at 11,14 and 18 Ghz (SIRIO and
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OTS satellites), so that we can not be sure that the same confidence
applies also in the 30,40 and 50 GHz bands.

The future activity in Europe with the satellites CLYMPUS /9/ and
TTALSAT /10/ will be devoted to filling in this gap.

As fot the uncertainty due to the unawareness of the rain statis-
tics, of course the situation varies considerably from site to site; the
CCIR world map of rain intensity exceeded for typical fractions of time
/8/ is probably accurate in areas where many measurements are available
but it can not be elsewhere.

Extensive tests /11/ have been conducted in the recent past on some
prediction methods utilizing as input information the raint CDFs given
by the CCIR climatic maps.

As expected a much greather uncertainty was found (of the order of
50-607%); unfortunately it is impossible to distinguish the contribution
due to the input data from that due to the higher frequencies (30 GHz),
longer paths involved (20 deg. elevations) etc. even if the major source
of uncertainty is certainly the first one.

A more refined rain intensity climatic map stil remains an objec-
tive of many countries or research bodies.

As for the frequency scaling formulae, a good accuracy can be
achieved in the range 11-18 GHz (less than 10%) over and extended
attenuation range (2 to 10 dB @ 11.6 GHz) /12/.

There are however different aspects to be considered when moving
from the centimeter waves (second generation satellites) to the milli-
meter waves (third generation satellites).

A first difference concerns the different time percentages that
probably will be taken as reference. For services other than telephony
and/or in case of private buyiness networks it is perfectly possible
that outage time percentages much greather than 0.01%7 will be tolerated.
Moreover even in the case of ordinary telephonic services outages longer
than some minutes could be considered as equipment failures (even though
caused by propagation) and assigned to the higher time percentages
allowed by the present CCIR Regulations for this cause of outage.

These higher percentages imply a completely different scenario as
regards the physical »henomena which dominate propagation: indeed when
passing to percentages of the order of 0.1%7 or greater, the widespread
stratified rain is to be considered instead of the convective one.

The spatial and temporal structure of such rainfall still remains
to be understood satisfactorily: the melting layer, the distribution and
dynamics of the small drops, the horizontal and vertical profile etc.
are only a few examples of large research areas to be explored in the
near future.

A second important difference is constituted by the topology of the
novel systems which wiil be characterized by a large number of (possi-
bly) small earth terminals with a margin of a few dBs. In order to avoid
the very frequent outages which would be implied thereby, many types of
countarmeasures are now being studied by several administrations; one of
these could consist of a stearable spot beam on board, to be pointed
toward one (or a few) earth terminal(s) undergoing severe wheather
conditions (large scale diversity). In other cases particular beans at
different frequencies or particular forms of redundancy could be reserv-
ed for these "unlucky" earth terminals /13/.
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When few dB margins are considered, many new problems, previously
considered marginal, become of great importance: the scintillations, the
so called "clear air" plateau due to the absorption of water vapour and
oxygen, the contribution to the total CPA due to the above mentioned
melting layer, the interference due to depolarisation (in case of dual
frequency links) or any other type of interference.

Moreover the design of common on-board resourcs as mentioned
before, requires the knowledge of two-dimensional statistics giving the
probability of simultaneous exceedance of CPA in two separate sites,
since this could constitute outage in the event of this resource being
required simultaneocusly by two or more earth statioms.

4 - Depolarisation

The major source of depolarisation (XPD) is the anisotropy of the
medium, which, being constituted by non-spherical particles, presents a
different propagation constant in the various polarigsation planes. Since
the transmitted polarisation can not be always parallel to the symmetry
planes (if existing) of the medium, a depolarisation arise; its entity
depends on the degree of asymmetry of the particles and on the angle
formed by the transmitted polarisation and the symmetry planes.

These factors, in turm, depend on frequency, on the dynamic pheno-
mena governing the drop-air interaction (turbolence, up draft, wind
shear) and on the electrostatic field sustained by the charges carried
by the couds, which tend to align the ice needles.

Fig.2, taken from /14/ gives an example of probability of depola-
risation at 11.6 GHz conditioned to attenuation (median value and
extreme deciles- Sirio data).

Despite the greath effort in measuring the XPD in many earth
stations, up to 30 GHz, our present ability to predict this parameter is
far less than the one concerning the attenuation.

5 - Scintillations and multipath

The phenomenon of scintillations is well known in its physical
background and technical consequences; it is due to the presence of
irregularities in the structure of the refractive index, whose scatter-
ing causes a series of paths (or scattering chains) which interfere to
each other whithin the receiving antemna. The mechanism is not concep-
tually differeut from the one better known in the terrestrail pahts as
multipath; the only difference consist in the different spatial configu-
ration of the tropospheric irregularities (of layered type in terres
trial paths) which produces secondary waves of higher intensity.

Effects of these phenomena are, besides the well known amplitude
scintillations, the phase scintillations and possible spectral distor-
tions.

Out present ability to predict these effects at millimetric waves
is certainly very low.
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PHOBABLL 1Y ABSCISSAE EXCEEDEO (%)

Satellite

ATS-5 (USA)
ATS-6 (USA)
CTS (Canada)
COMSTARs (USA)
ETS-1I (Japan)
SIRIO (Italy)
CS (Japan)
BSE(Japan)

0TS (Europe)

FIGURE CAPTIONS

TABLE 1
launch date

8/69
5/74
1/76
5/76 7/76 6/78
2/71
8/77
12/77
4/78
5/78

Frequencies (GHz)

15.3
20~-30
11.7-12.2
19-28
1.7~11.5~34.5
11.6-17-17.8
17.7-20.3
11.7-12.2
11.6-11.8-14.5

Pig. 1 Cumulative distributious of Attenuation (CPA): ordinmate give
the probatility of the value in abscissae being exceeded-SIRIO
Data € 11,6 and17.8GHz /5/.
Fig. 2 Conditional quantiles (1.e. values exceeded for 10,50,90% of the
time) of depolarisation (XPD) against attenuatiom (CPA) /14/.
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MODELING MILLIMETER~-WAVE PROPAGATION IN MOIST AIR*
Hang J. Liebe

National Telecommunications and Information Administration
Institute for Telecommunication Sciences (ITS)
Boulder, Colorado 80303, U.S.A.

A model that describes accurately atmospheric millimeter-wave properties
in terms of easily available meteorological data has been the goal of ITS's
computer program MPM [1]. There are four atmospheric "windows® W1-W4 in the
molecular absorption by O, and H,0 over the frequency range =30 to 300 GHz.
For the nonprecipitating atmosphere, it is water vapor and its conversion into
suspended droplets (that is, haze, fog, cloud) that degrades the window
transmission. Characteristics of the propagation medium (see (1)) can be
expressed in terms of barometric pressure P in kPa, temperature T in K,
relative humidity RH in %, and suspended droplet concentration w in g/m?, all
assumed known along the path length L in km,

Specific attenuation and dispersive delay rates
a=ag +t oyt ay aB/km, (1a)
B - Bo= Bg * By * By ps/km, (1)

are separated into contributions from dry air (a,8)q, water vapor ( )y and
suspended droplets ( ), while B, is the total refractive delay. A typical
example of (1) is displayed in Figure 1, as obtained with the program MPM.
Sea level conditions were simu)ated by a P~T data pair and RH = 0 to 100% for
eight cases, allowing a maximum absolute humidity of v(100%RH) = 6.80 g/m?
(eg = 0.872 kPa). A 9th case was added to the 100%RH condition in order to
simulate a fog with w = 0.1g/m’, representative of about 0.3km optical
visibility,

Corroborative experimental data of sufficient quality to sericusly test
predictions are scarce. Relia'ility, precision, and limited scope of
supporting meteorological data often compromise the accuracy of results
deduced from field observations. Generally, laboratory experiments provide
more precise tests by simulating controlled electromagnetic and atmospheric
conditions crucial to model validations, In this paper we present and
discuss:

+ two sets of field data (Figure 2 and Table 1) supporting MPM
predictions, and

+ preliminary results from on-going laboratory studies of moist air
absorption.

Attenuation rates a(v) reported at f, = 81.84 and [, = 245,52 GHz together
with data on the associated differential dispersion oN « 58/3.336 =
N({f,)-N(f,) [2] are compared with MPM predictions in Figure 2. A nonlinear
dependence of a{v) and a linear dependence of AN(v), both on absolute humidity
v, can he observed.

¥lork wasz supported in part by ARO 107-86 and by NOSC RW 59-7%1-~B.
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Table 1.

MPM Predictiona of Atmospheric Emission Measurements [3] Taken at

10, 33, and 90 GHz from Two Separate Elevations (hy ») in California

EXPERIMENT* ; MPM PREDICTIONS ¥
Dry Air® Water Vapor® Cloud Droplets®
] o1, Ay | Tg ay by Ay Ty | aytbyV ay | Xy
; (100%RH) i
GHz K V(mm)n= 0 0 0 to 58.2 14 58 W=0to5 mm
ny = 0.25 km: dB K dB K dB/mm dB/mm
<1073 #1073 «1075 -1073
10 2.5 (3) 35.3 2.10 0.47 0.29 | 0.0072 0.46 0.64 0.098 154
33§ 12.4 (3) 112.1 6.63 5.56 3.19 | 0.0841 5,43 7.1 0.990 134
90 | 3u.3 (5) 195.6 | 11.5 22.8 23.10 | 0.365 22.8 36.20 u.830 133
V(mm)}= 0 0 0 to 13.3 4.7 13
hp = 3.80 km:
10 | 1.0 (W) 17.5 1.0% 0.30 0.92 | 0.0016 0.10 0.42 0.098 233
33 ] .48 (18) 56.5 3.36 3.86 8.00 | 0.0199 1.29 4 9p 0.990 202
90 {t1.0 (1) 90.5 5.36 15.50 55,40 | 0.0651  5.50{ 22.70 4,830 213

+)

1)

Clear, dry weather conditions (W = 0), V{np)/V¥(hy) = 1/3
hy : 15 - 249C, 99.5 kPa; h, : 2 - 10SC, 65.3 kPa

San Francizco, CA Mean July height profile

h, . 17°C, 99 kPa Cloud between 4.U and
h, - 6.5°C, 65 «kPa 5.1 km, Xy = ay/[a,+byV(100%RH);

%) A=Ay Ay * A, dB, Ay = a,V +byV2[revised MPM - see (10)], A, = aM
Ty = Tg *+ Ty K, Tq = 260-(1-1070.VAdy, T, = 263.(1-1070.1Av)

A series of 10/33/90 GHz radiometer experiments at two elevations (0.25 and
3.80 km) was reported in [3]. A typical set of zenith brightness results Ty
for clear conditions is given in Table 1. The MPM program was applied to a
mean July climate for the general area specifying P(h), T(h) and v(h) profiles
over the range h = 0 to 30 km. By numerical integration, dry air zenith
attenuation A4, water vapor at.enuation Ay, and cloud attenuation A, have been
caleulated for various vapor (V) and droplet (W) path contents (see Table 1).
By assuming average medium temperatures of 260(dry)/283(vapor)K and vapor
contents of V = 14 and 4,7 mm, it was possible to reproduce in consistent
manner all six reported Ty values. The factor x, indicates the enormous
increase in attenuation should a small amount of V convert into W [7,8].
Predictions by MPM have been tested with a variety of reported cases [1].

Fairly good agreement was found over a wide range of parameter choices;
frequencies varied between 2.5 and 430 GHz and meteorological conditions as
follows: P = 70 to 101 kPa, T = =10 to 35°C, v = 0 to 20 g/m* and V = 0 to
30 mm,

In an effort to improve the MPM program, we conducted quantitative laboratory
studies of pressure and temperature dependencies of water vapor (e) and moist
air (P) attentuation a in the W3 frequency range [4]. Recently, with improved
instrumentation, pressure scans of o (e,P) were repeated at 137.9 GHz and T =
286 to 315 K for e (< 90% RH) and P < 110 kPa. A first fit of the extensive
parametric data set yielded the following preliminary result:
a = {15 e?0®«® + 0.4l ep0) 1072  dB/km,
where e and p = P~e are in kPa and 0 = 300/T(K).

(2)

The local H,0 line base (30x) of MPM employs a VanVleck-Weisskopf shape
function and makes a contribution to (2) that is represented by
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ag = (0.816 e?c® + 0.174 ep2?) 1072 ¢B/«n. (3)
A continuum term a, = 2 - ag Wust be formulated to account for the measured
attenuation a. The MPM continuum reads

ag = (14,2 e28%+° + 0.27 epd'-?) 1072 dB/xm. (4)
All three results (2)-(4) follow the analytical form 4]
arp = ke €* + ke ep  and @ = kg/kef, (5)

as is expected from self-~ and airbroadened contrihutions of the rotaticnal
spectrum of H,0, where © indicates the broadening efficiency of H,J with
respect to AIR, The rotational spectrum extends beyond 15 THz, displaying
many lines whicn are stronger than those falling wi.h their centur frequencies
below t THz (local line base of MPM). Hence (3) is not a full account of H,0
line contributions., From line center studies it is known that m, (H,0/AIR) =
4,80 and m, (H,0/N,) = 4.41, proving nitrogen more effective (m,/m, = 1,088)
than air in broadening H,0 lines. When the experiment leading to (2) was
repeated using nitrogen, it yielded at 6 = 1 (300 K):

ke (N,))/ke(AIR) = 1.09(2). (6)
This surprising result indicates that foreign-gas-broadening is the same in
farwing ranges and at line cores. Now, if a similar behavior for
self-broadening is assumed, one can write

kg = m, kp 6%+% = 2,11 x 1072 @2-%, n
which leaves the substantial amount
kg = 0,15 6% * - 0,021 62-% = 0.13 8°-¢ dB/Kkm(kPa)? (8)

to an unidentified absorber. An Arrhenius plot (&n k¥ ~ vs -~ 1/T)
determines a characteristic energy of 5.90 kcal/mole. Based on (7) and (8),
the observed attenuation a (2) can be separated into three terms

a = (2.11 e262-% + 0,4l epB)10™2 + 0,13 e20°-* dB/Km (9)
Equation (9) confirms findings in the 30 THz window by Loper et al. [5], who
identified the additional absorber to Ye a dimer (H,0),. On the other hand,
there is a line shape theory capable of predicting, with empirically adjusted
parameters, far-wing behavior of the H,0 spectrum, leading to comparable
results 5],

The laboratory result (2) calls for a revision of the Millimeter-wave
’ropagation Program, MPM. An experimental water vapor absorption ter:s is
formulated on the basis cf (U4). It follows with £ in GHz that

H(f) = 0p/0.182f = £(U41 e?6® + 0.78 eps?-?) 107¢ ppm. (10)
Equation (10) replaces the continuum contribution (14a) in [1], predicting
lower water vapor attenuation rates at waram temperatures (nigh absolute
hunidites e or v). The laboratory studies are still in progress and (i0)
should be viewed as an interinm solution. We like to emphasize that (4), (10)
are only valid in conjunction with the locai H,0 line base of MPM descrited
in [1].
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CORRELATED MEASUREMENTS OF ATMOSPHERIC SIGNALS AT 10, 33 AND 90 GHZ

J. Costales, G. D2 Amici*, S. Levin, H, Pascalar**, G. Smo-t, and C. Witebsky
Lawrence Berkeley Laboratory and Space Sciences Laboratory
University of California Berkeley, CA 94720

Coordinated ground-based measurements of atmospheric emission have been made
at several different frequencies {10, 31.4, 33, and 90 GHz) and several different angular scales,
at altitudes of 250 m and 3800 m. These measurements have produced results important
for both ground-based and space-based observations of and through the atmosphere. In
particular, these results provide statistics about atmospheric fluctuations on time scales
ranging from seconds to days.

As part of a larger effort to measurc the cosmic microwave background radiation
spectrum, we have made frequent simultaneous measurements of the microwave therinal
emission from the atmosphere at 10 GHr, 33 GHt, and 90 GHg in Berkeley, CA and at the
Barcroft laboratory of the White 2{ountain Research Station in California. Typical good
weather values of the atmospheric antenna temperature measured in Berkeley (250 m) are
3.1840.29 K, 12.3+0.3 K and 34.430.5 K at 10, 33, and 90 GHs respectively. Correspond-
ing values at White Mountain (2200m) are 1.11+0.04 K, 4.48+0.18 X, and 11.0:+0.1 K.
Correlations among the different frequencies are well explained by a simple model in which
T, = a, + b, W, where a, is the oxygen term, b, is the water coefficient, and W [mm) is
the precipitable water content. Linear correlations were seen among the atmospheric an-
tenna temperatures at the three different irequencies, and the slopes of these relations place
restrictions on models which predict the values of a,, and b,..

Using the three radiometers mentioned above, as well as a parabolic dish system
operated at 31.4 GHz, we have observed atmospheric fluctu.tions from the Berkeley site by
measuring the atmospheric antenna temperature difference between two zenith angles. We
sampled various angular scales. The dish system was used to sample angular scales of a
few degrees, while the other radiometers were employed at larger angular separations. A
typical measurement consisted of a sequence of « 096 consecutive 1-second samples from each
of several radiometers comparing the same two patches of sky. These measur:ments show
strong correlations among the different frequencies, and are consistent with the hypothesis
that water fluctuations dominate other effects.

Taking the fluctuations to be due entirely to atmospheric water, we find the RMS
variation (cm) for atmospheric water to be (5.0 £ 2.5) x 10~3¢:-3%0 3 for times from 1-10°
seconds. The Kolmogorov turbulence theory predicts a power spectrum given by

|P(#,0)| = Cf~le* /2 pels
=Cf-193D%8 for D <5.6km.

Data taken at a variety of different genith angles with the radiometer systems mentioned
above are consistent with the Kolmogorov theory, but do not place stringent limits on the
spatial dependence.

*On leave from Istituto di Radioastronomia/CNR, Enlogna, Italy
** Aerojet ElectroSystems
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Aperturo-Averaecd Statisties of Lasor Intenstty Fluctuations Pl
In Strong Turbhulenceo

5.  Azoulay, 4. Azar: Sorcq MNuclear Research Center, Department of
Atmospherfce Optles, Yavne 10600, Isracl; and M, Tur: School of Engincering,
Tol=Aviv University, Tel-Aviv, lsrael,

The statisties of intensity secintillations of a laser beam, propagating
through atmospheric turbulence, has been extensively studied in recent years
for point receivers. While the log-normal distribution is fairly adequate in
the weak turbulerice regime’-2?, quite a few distributions have been suggested
to describe strong optical scintillations: from the Rayleigh distribution
(or very strong turbulence), through the I'= K~ and the recently introduced
I - K distributions?®~®, Most practical applications, however, use detectors
with finite apertures, rather than point receivers, and the statistics of the
aperture-averaged scintillations is vital for system analysis. Fried et. al.’
measured the cumulative distribution function of Py , as a function of ‘the
aperture dlameter, under weak scattering conditions, and found it to be very
close to log-normal for all aperture sizes. '

‘If I(#) {5 ‘the random (point) spatial intensity distribution over the
aperture, ther. the aperture-averaged power is

n ’ :
Py L 1(Par = 1Z11(if)/;§ (1)

where the aperture was divided into n cells, with dimensions smaller or
equal to, the correlation length, Thus, to evaluate the probability
distribution function of Py one needs to know the multi-dimensional joint
probability distribution of I(#) (up to order n), along with the different
correlations distances, and to have the capability to carry out the required
n-dimensional integration. Bearing in mind that the analytical forms of the
I'- K~ or I - K distributions are fairly complicated, the above mentioned two
requirements render any such attempt virtually impossible.

In this paper we propose an empirical, Monte-Carlo approach to evaluate
the probability distribution function of the aperture-averaged power, Py |
for at least a certain class of point probability distributions,

For simplicity, we shall approximate the intensity normalized spatial
covariance by? -

o 1R s pr
Cov,(r) = by Lo> [rl >0 ()
! o 2] 2L, P

Pp .= 0.36/75/01"'/’ {s the transverse correlation distance, b; is the height

of the correlation tail and L, {s the outer scale, nermally much bigger than
tho aperture size. The point probability distribution function of I(#), is now
decomposed into two random components, satisfying the following conditions:
(1) 1w I, « 1o; (b) I+ is independent of r and Var(l,) = pesVar(l); (@) I, and
12 arc statistically independent.

Consider the ofter used T distribution function®, which {3 the
characteristic distribution of a random walk i{n one dimension and thus
charactarizes the power fluctuations of an incoherent source. It is a fair
approximation toc a2 laser beam propagating over distances much longer than
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its coherence length. Its characteristic function is easily expressed as a
product

-a “~a: Ta2
ou) = [1 - s{;] - [1 - 1{}] [1 - 15] = 1(u)-:(u) @

I; and I will be both Tr~distributed variates with By = By = 8 an

a; = pr/Var(I) and ag, = (1-br)/Var(I). We now divide the apertufe into n
swall squares, each o length pp. We further assign random intensities to
the various cells according to the following rule: we draw, at random, a
number from the I, gistribution and assign it to 211 cells. Then, numbers
are drawn from the I, distributions, and randomly assigned to the different
cells, The intensity at each cell s the sum of I, and I.. Under the above
mentioned conditions and by repeating this drawing procedure many times, it
can be readily shown that the resulting I(*) is r-distributed with the
assumcd correlation function, where a and 8 are deterasined by the mean and
variance »f the distribution.
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Fig. 1: Computed values of the aperture averaged normalized soments
<I">/< 1> for ne3-5 are compared with the values expected from
varfous wmodel distributions, having the same second soments
<I*>/< 15> ., The continuwous lines indicate the moments obtained
from log-normal.y distributed intensity fluctuations, The dashes
lines fndicate moments fros [r-distriduted intensity fluctuations,
Data were computed for o} = 20

Using this scheme we were atle to perform multiple iterations, each
ylelding one realization of I(#) at the receiver's plane and the total power,
collected by the receiver's aperture, Py , was calculated from Bq. (1). The
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first five statistical morents of Py ywere then evaluated as a function cf
the integrated turbulence and the aperture's diameter.

Figure 1 depicts the resuits obtained for aperture diameters in the range
2mm-1(mm. The results show gradual departure from the point receiver
distribution functicr toward the log-normal distribution function, so th-*
for rather small apertures one can use the log-normal function as a gIuc
approximation even in the strong turbulence regime.

10%

0obox

FIG. 2. Measured values of the aperture averaged normalized wvhird,
fourth, and fifth moments are compared with the values predicted by
the various wmodel distributions, having the same normalized second
moments as the experimental data. The continuous lines indicate the
moments expectea from log-normally distributed intensity
fluctuatinas and apply tc all values of normalized second moment,
The dashes lines indicate moments expected from K-distributed
Iluctuations and apply to values of the ncrmalized second moment
Jreater than 2.

Measurcnents of the same mowments of the aperture-averaged intensity
diatribution function were obtained using a se%-up, described elsewhere’. The
measurements were made with 3mrad He-Ne laser beam propagated through
1600m of a fa.rly homcgeneous, 1.8m high, atmospheric layer. Simultaneously
with the probability distributicn measu~ements, we also recorded the index-
og-rofraction 3t-ucture constant C,z,. , by monitorirg the normalized variance
o] of 2 second He-Me laser beam propagating over a short path length®.
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Saring <he experiments, the incex-of-refraction structure constant attained

vzlues ir the range 107¥ - 10°M m-?/?, wnich correspond tc strong
tursulenc: concitions,
after tne subtraction of the ¢z background level the corrected digitized
records of the received signal was used to compute the first five
2

statistical normaiized moments of the beam intensity < If>/< I >N, This
icr process permits us to discern the inherent statistics of the
sczlterirz process independently of the power of the laser beam,

Figure 2 depicts the measured values of the normalized moments
<IT5/¢1>" for n=3-5 as a functions of the normalized second moment
<IT>/¢<I>* , for four aperture sizes (D=1,5,20,40mm). For purposes of
comparison with theoretical models, wWwe also show the log-normal and K-
distrivution curves fcr those normalized moments. Many of the data obtained
w#ith the point receiver (D=1mm) corrzlate well with previously published
resylts®™3, for values of < I2 /¢ 1 »2 < 3.5 the data indeed substantiate the
log~normal model while showing big discrepancies with this model for large
values of the mean-square fluctuations, The K-distribution appears to fit
rmany of the point receiver data for values of < I2>/< I > 2 3,5. The
aperture averaged (D=5,20mm) normalized moments clearly shows early trend
tedard the log-normal modil, i.e. the passing level from log-normal model
to the K-distribution decreases (for D=20mam the passing level is 2.2). The
data obtained with the larger aperture sfize D=40mm remain log-normally
distributed for all values of the mean-square fluctuations that were
obtained in the experiment, 7o that even in the deep—saturation regime the
aperture-averaged intensity distribution function can be adequately described
by the log-normal distribution function. While data scatter increases with
the order of the displayed moment, plotting of the different order
normalize¢d moments of an unknown distribution, as a function of
<12 >/¢1>? 1is often advantageous to the plotting of the cumulative
distribution, since it delineates the subtle differences between statistical
distributions, particulariy in the tails. Anyway, scattering can be reduced
somew#hat by taking more sample points from which the calculation are made.

in summary, the proposed method enabled us to show that under strong
scattering conditions the point receiver power statistics is considerably
different from the aperture averaged power distribution function., Moreover,
the aperturer-averaged intensity distribution function can be adequately
described by the log-normal cistribution function. The descrided method is
empirical in nature., Its mathematical justification and validity, as well as
gereralizations to probability distribution functions other than the
r~cistribution i{s under current investigation.

(£}
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PRELIMINARY RESULTS FROM THE ENEA LIDAR SYSTEM P2
R. Barbini, A. Ghigo+, M. Giorgi, K.N. Iyer , A. Palucci * and S. Ribezzo
ENEA, TIB, Divisione Fisica Applicata, P.0. Box 65, 00044 Frascati (Rome),
Italy

INTRODUCTION

The remote sensing of gaseous species in the atmosphere using Differential
Absorption Lidar (DIAL)(]) is well recognized as a very sensitive and long
range technique (2). Since most of the atmospheric pollutants have specific
absorption bands between 8 and 12)mu this is a very promising spectral
window for atmospheric DIAL. Employing coherent (heterodyne) detection
technique CO2 Lidar is best suited for accurate wind measurements (3).

Hence a CO2 Lidar system is being developed at the ENEA Centre at
Frascati (Rome) with the primary objective of atmospheric pollution
monitoring.

PRINCIPLE AND RELEVANT LIDAR EQUATION

In the DIAL technique the laser transmits at a high and a Tow absorption
frequency of the species under investigation. The two wavelengths are so chosen
as to minimize the interference effects by other gases such as water vapour.

In the range resolved DIAL the return signal is provided by the naturally oc~
curring aerosols in the atmosphere. The average gas concentration in the
range cell &R (4) is given by

Py (R) P, (R + 8 R)
P, (R) Py (R + & R)

1
2 8 0 AR

n(R) = ()
where P] and P2 are the received powers at the high and low absorption fre-
guencies respectively, normalized to the corresponding transmitted powers,
bo 15 the differential absorption cross section, R the range and AR the
range resolution . For sensitive and high range resolution measurements over
long ranges the LIDAR transmitter should have high power output and narrow
pulsewidth,

THE ENEA LIDAR FACILITY

The dual laser DIAL system under development is schematically shown
in Fig. 1 and its characteristics are listed in Table I.

The laser head with the required characteristics has been developed
using a SFUR (Self Filtering Unstable Resonator)(®) TEA €O, laser cavity,
which emits a single transverse mode (TEMOO) radiation with low divergence
employing a limiting intracavity aperture at the confocal point which also
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serves as the output coupler (6)(Fig. 2). Single Longitudinal Mode (SLM)
locking is achieved by injecting a CW CO2 into the laser cavity. The
measured performance of this cavity is included in :able I.

The return signals from either the target or naturally occurring aerosols
are collected by a telescope (Fig. 2) and focussod onto the HgCdTe detector
cooled to 1N2 temperature. The detected signal is preamplified, digitized and
stored pulse by pulse in a PDP 11/24 Computer via the CAMAC interface which
also controls the measurement cycle, the time del.y between the two laser shots,
the movement of the telescope and stores other housekeeping system parameters.

PLANNED CALIBRATION EXPERIMENTS

The value of 5 , the differential absorption cross section, to be used in
eq. (1) is very critical and depends on the laser line shape, the pressure
broadening effect and the interference by other species. Therefore, actual
measurement for the given laser parameters using laboratory absorption

cells of the gas under investigation is necessary rather than employing the
widely varying values quoted in the literature.

The transmission of laser radiation with power Po through an absorption cell
of length L may be expressed as

Pc = Po eap (- oNcL) (2)

where NC is the concentration of absorbing gas molecules in the cell, PC

is the power after transmission through the cell. Using eq.(2) for the high
absorbing line and a similar equation with Pé and <' for corresponding
quantities in the low absorption line, we can write

P
: 1 c
8= n (=) (3)
N;L PC

wnich can be used in eq. (1). We propose to make the measurements of .z for
the different lines of the CO2 laser in the 10 u region and these results
will be reported.

b) Measurements_using_targets
Before undertaking actual DIAL measurements of atmospheric gases, it is
necessary to employ remote calibration targets and the laser return from
these targets should be quantitatively analyzed as a necessary part of
Lidar performance estimate. Uncertainties are introduced by strong signal

fluctuations due to speckle, glint and atmospheric turbulence effects. We
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intend to make measurements of the laser returns at different CO2 wavelengths
using standard calibration tergets such as polyethylene foam, 400 grit Silicon
carbide sandpaper and topographic targets such as treetops. From a study of
the normalized variance of the received intensity the probability density
functions (PDF) can be estimated, which gives a measure cf the uncertainty

of the measurement for different types of targets.

Furthermore the effect of signal averaaing on reducing these uncertainties
will be investigated. A study of the temporal correlation of the normalized
laser returns would give an estimate of the effect of changes of the back-
ground atmospheric absorption which is neglected in eq. (1).
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TABLE 1

COZ LIDAR/CIAL SYSTEM

LASER

CO2 source grating tuned

Pulse energy
Pulsewidth
Pulse repetition rate

Beam divergence (half angle)

RECEIVER
Telescope

Newton with spherical mirror

FOV (adjustable)

Detector: HgCdTe @ 77°K
Area = 1 x 1 m®
NP 1078 - 10712y

TRANSIENT DIGITIZERS
Dynamic range
Sampling rate

cw.

M,
Y

Fig. 2 - The CO

n

94+ 12 um
2.7 J TEMg,
80 ns
1+5H2

=~ (.65 mrad

- — m ~
nowon

(0]

d=33 cm
f#% =3
FOV = 1 mrad

8 bits, 9 bits
100 MHz, 1 GHz

M.

0sC.

2 SFUR resonator: M,, M, , M
i° 2

3

are mirrors; D = pyroelec-

tric detector; P = photon drag detector; C.W. = CO2 injection laser;

PZT = piezo-transducer,
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LASER PROPAGATION THROUGH THE ATMOSPHERRE NEAR GROUND LEVEL P3

Henry G. Booker

Department of Electrical Engineering and Computer Sc¢iences
University of California Sar Diego

La Jolla, CA, 92093, USA

and

Hari Om Vats
Physical Research Laboratory
Ahmedabad-380009, India

I ion. Based on the work of Booker et al (1985), and of
Booker and MajidiAhi (1981), Booker and Vats (1985) (Hereafter
referred as BV) have investigated the laser propagation near
ground level for divergent terminals at equal height (2 meters)
above & curved earth in gn atmosghere possessing rms fluctuations
of temperature from 0,03~ C to 3 C. These rms fluctuations or.7
tempergture correspond to rms refractive index variations of 10~
to 10°7, Four propagation ranges namely 1, 2, 4 & 8 Kmg were
considered. Here we shall summarize the main results of BV,
Reader may refer BV for detasils about the procedure used in the
calculations,

Results and discussions. Intensity speetra and scintillation
index S, were calculated for seveial distances between Transmit-
ter and ‘receiver, The value of Sf, the square of scintillation
index, are shown in Table 1,

Figure 1 shows intensity spectra for range of 1 kilometer.
The scale of the irregularities (wavelength/2T1) is shown along
the upper abscissa, and the values of the outer scale Lo, the
inner scsle Li and the Fresnel Scale F aresmarked.2 Spec%ra are
shown for values of (AQ‘)Q from 10 to 10~ radian®, TFor suffi-

ciently small values of (ESZE)Z , the intensity spectra show a

maxima at approximstely the Fresnel scale, In these circumstan-
ces the important phenomenon is difrsctive scattering by irregu-
larities whose size is of the order of the Fresnel scale and less,
The intensity correlation scale in the reception plsne is then of
the order of F, and scattering is through angles of the order

of (A/2TTF). However, when <?§?b)2 exceeds unity, refractive

scattering by large-scale irregularities comes into plag, involv-
ing deviations through angles of the order of (X /27iLo).
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Iable 1. Values for Sﬁ, the squere of the scintillation index

@}ﬁi‘;’é I BRange in Kilometers ________. ...

0.05 1 2 b

102 0.004  0.007 0.014 0.04

103 0.04  0.07 0.17 0.38

10'* 0.33 0.5% 0.87 1.10

107 1.19 .21 1.17 1.15

10° 1.25  1.19 1.1% 1.09

107 © 1,20 1.1 1.08 1.05

108 1.10 1.08 1.06 1.04

2 PER UNIT
NORMALIZED SPATIAL FREQUENCY kF/(2)

Fig. 1:

FLUCTUATION SCALE IN METERS

Lo ! 10 ©°FL 00 16Y 180
'02 L T L LR 1] k]
AP d=| KILOMETER
(AdY=I0 =h_=
o L hT hR 2 METERS i

1
02 162 0! ! 10 102 103
RATIO OF SPATIAL FREQUENCY TO FRESNEL FREQUENCY

Illustrating the spatial spectrum of intensity
fluctuations for a range of 1 kilometer.

220




Successive unit increase of (A®)2 cause these deviations to add
up on a root-mean-square basis (Booker et al 1985), This leads
to an accumulated rms scettering angle of the order of (N/2 1)
where, for the Kolmogoroff spectral index, the value of 1 is

given by L_c

Diffractive scattering dominates refractive scattering so long
as the accumulated refractive scattering angle is less than the
diffractive scattering. Thus, when ( A¢)2 is large enough the

refractive scattering dominates and character of the intensity
spectrum changes. BV provided a detailed procedure for the
estimation of the key secintillation parameters, these are easily
calculated from the formulae when the following quantities are
specified : (1) the rms fluctuation of temperature which is re-
lated to the rms fluctuation of refractive index at optical fre-
quencies (Crain and Gerhardt 1952), (11) tte height of the ter-
minals which decides the outer scale of the irregularities

(411) the range, and (iv) ghe wavelength. Consider a rms fluct-
uation of temperature of 1° C, terminel heights of 2 meters and
propagation ranges of 1, 2, 4 and 8 kilometers, Table 2 shows
the key scintillation parapeters for & He-Ne laser operating on
a wavelength of 6.33 x 10°/ meter,
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Statistics of Luser Beam Propagation through a P4
Turbulent Atmosphere

by R.H. Clarke, P, Kara and H-Y. E. Ng.
Imperial College of Science and Technology, London

Introduction

The beam propagation method is amenable to both analysis and
simulation. Its application to the analysis of 1laser-beam
propagation through a turbulent atmosphere, using Papoulis’
optical ambiguity function [1], was presented by Clarke [2]. A
computer simulation of essentially the same phenomenon had been
given earlier by Inggs and Clarke [3].

The Beam Propagation Method

When diffraction, whether random or regular, can be described as
"forward scatter" or "narrow angle", then the parabolic equation
approximation applies and the beam propagation method can be
used. This divides the medium into a series of slab-like
sections at right angles to the direction of the bean. Then
each section 1is traversed twice. The first time, on the
assumption that it is uniform, diffraction is alliowed to occur.
Then the accumulated phase, due to rays passing through the
irregularities contained within the section, is calculated and
imposed all at once at the exit plane of the section.

The beam propagation method can be expressed mathematically as
follows, in the two-dimeusional (x-3) space with the laser beam
launched at the plane 3=0 into the region 2 >¢ . If the width
of the first slab section is Zﬁh ; then any one of the
electromagnetic field components can be written,

fox,835) = Fox, 857) exp] j &} (1)

in which f(x,A ,) is the field diffracted in the slab (assumed
momentarily to} be uniform) arising from the field f(x, o)
over the entry plane. The phase $H(x) superimposed at the exit
plane of the section is given in terms of the departure ", (x 3)
of the refractive index from its mean value by ’

.3,
D(x) = -IeJ n,(z.,';)d;, (2)

4
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where h is the mean wavenumber and a time dependence exf:( wt)
is assumed. In this first section the field over the “entry
plane will be the fundamental-mode laser transmitter output

x*
‘F(JC,O) = {o &XP{"EZ} . (3)

Simulation

Fig. 1 shows the results of a simulation [3] based on the beam
propagation method. The simulation was aimed at elucidating the
behaviour of a microwave beam in very strong turbulence. (The
results are however applicable to a laser beam propagating
several kilometres through atmospheric turbulence). The field
distribution of the original microwave beam is Gaussian, as in
eqn. (3), with w,= 3.6 m. The wavelength A = 1 cm and the
field is allowed to diffract over slabs of WidthA}ﬁ=1 km. Fig.
1(a) shows the development of the beam intensity profile over the
planes at 2,4,6,8 and 10 km. from the transmitter in the absence
of turbulence. In Fig. 1(b) profiles are shown over the same
planes when turbulence is present, The turbulence induces a
random phase which is imposed over the exit planes of each 1-km
slab, in accordance with equ.(1}. It is assumed to be a Gaussian
process (by the Central Limit Theorem), to have an r.m.s. value
for each slab of 0.28 rads., and to have a lateral scale size of
50 cm.

Statistics of the Pield

Theory [2] says that the mean (i.e. coherent) field will be
reduced below the field in the absence of turbulence by the
factor exp{-oiﬁéaD where O, is the r.m.s. phase fluctuation,
in each slab. Thus in the simulation of Fig. 1 this factor
accumulated over 10 slabs is 0.676. The evidence of this can be
seen in the final profile of Fig. 1(b), where the signal level,
though random, is at a higher 1level in the region of the
original beam. The phase fluctuation, in traversing the bean,
over the exit plane of the final slab in the same simulation as
in Fig.t, 4is shown in Pig.2. The phase fluctuates much less
within the beam. Detailed examination shows that the field is
Rayleigh - distributed with uniformly distributed phase in (-,
) outside the beam, but has a Nakagami-Rice distribution within
it.

Mean Intensity Profile

The formulas for the mean intensity (and autocorrelation) of the
field [2,4] have been evaluated by numerical integration. They
have been applied to the geometry of B.G. King's experiment [5]
for which the transmitted laser beam had a waist W, of 8 cm.
Pig. 3 shows the dependence of beam waist on distance from the
vransmitter, both in the presence and absence of turbulence. In
the presence of turbulence the inital Gaussian profile becomes
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modified with increasing distance, as Fig. 1(b) shows. But
eventually, when the coherent part has become insignificant, the
beam acquires an average Gaussian shape, as King observed.

The turbulence parawn—ters were adjusted (6] to fit King's
measured beam-waist value of about 3 m at a distance of 37 km.
This implied that J3 =1 rad. after a distance of 1 km, and the
associated turbulence parameters were an r.m.s. refractive-index
fluctuation of 3x/0°" and a scale size of 1 cm.

Conclusion

Simulations of a propagating laser beam and numerical integration
of a formula for mean iuntensity have served to clarify the
picture of the statistical structure of the beam in the presence
of statistically uniform turbulence. Within the original beam,
out to a distance of 1 or 2 km, the field is represented by a
Rayleigh-distributed phasor plus a constant (the coherent part of
the field). Outside this region the field is simply Rayleigh-
distributed. However, if the turbulence is non-stationary, whila
will certainly be true over tens of kilometers, the complex-
Gaussian character of the field will change to being lognormal
(7,81.
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STRONG SCINTILLATION MEASUREMENTS CORRECTED FOR THE APPARATUS SATURATION PS5
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Intensity-fluctuation moments are measured in small and strong atmos-
pheric scintillation. They are corrected for saturation of detecting
system and compared with those of log-normal and Furutsu distributions.

The results of measurements of intensity moments of laser radiation
after a 1800 m path chrough the atmospheric <turbulence over the city
of Florence, are described 7Tne path connects the tops of two buildings
one of which is on a hill, The altitude varies considerably along
the path. A beamfroma 15 mW, 6328 R, He-Ne c.w. laser, with a divergence
of about 1 mrad, propagates in the atmosphere. In order to avoid the
averaging effect of the aperture the intensity at a point in the central
region of the propagated beam is collected by a small-aperture receiver.
In practice a diaphragm, 2:5 mm in diameter, is placed on one side
of a tube ~1 m Tong. A detector is placed on the opposite side of the
tube. The interior of the tube is black and a red giass filtre is placed
in front of the diaphragm. However the background radiation is not
completely removed and has to be taken into account during the elaboration
cf the data. The data are digitized by a 12-bit AD converter and stored
cn the disc of a small computer system, at the rate of ~65 samples/s.
The computer is suitably programmed to speed the storage velocity.

Each measurement consists of five steps. First, a set of 5000 data
of only the background radiation is collected (80 s), then three sets
of 15000 data each are collected (each lasting 4 min) and finally another
set of 5000 background data is collected.

The data are subsequently elaborated by the same computer to obtain
the first five moments ¢IM> (n=1 to 5) of the laser intensity, ().

These measurements are made with a double purpose: the first purpose
is to characterize the real situations which are encountered in practice
when the measurements are not made in special locations such as the
desert or the steppes or the laboratory. The second purpose is to investi-
gate whether the results can be interpreted by means of the existing
theoretical distributions valid for homogeneous turbulence, or if they
require new theoretical efforts.

The measured moments are compared with those expected in the case of
homogeneous turbulence, namely the log-normal and Furutsu distributions.
We recall that the 1log-normal distribution is valid in the case of
small scintillation, while the Furutsu distribution is one recenf]y
proposed for the case of intermediate and strong scintillation, ( 2,3), The
Tog-normal distribution 1is a one-parameter distribution, generally
the second normalized moment Mp. All moments of log-normal distribution
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can be expressed by means of My . The n-th normalized moment M= (IN) /{I)N
is given by

1 Mn:Mzn(n-l)/Z

The Furutsu distribution is a two parameters distribution namely My and A'.
It has a cut-off value I., of the intensity I, above which the probability
density vanishes. The cut-off intensity depends on A' through the relation
Ic=(IMp (1-8')/28" ' ynere /1) denotes the mean intensity.

The n-th normalized moment of Furutsu's distribution is given by

n{n-1)(1-4")

2) M= M22 p+a (n-3)]

When £'=0 the moments of the log-normal distribution are obtained.
In previous works we showed (3:4) that measurements of high order moments
require a system with a very large dynamic range, that is very large
values of the ratio O{pg between saturation intemsity Ipg and mean value
FURUTSU DISTRIBUTION (I>to be measured. Typical
10° 4 Z a5 values are of the order of
: one hundred. Our system
has a value of about fourty
and introduces a non negli-
gible deterioration of the
moments. Such a deteriora-
tion does not spoil the in-
formation and can be consid
ered as a sort of systematic
error. We have developed an
a - posteriori  procedure
which allows one to remove
Lthese errors from the meas-
ured moments. The procedure
was  developed both for
Furutsu's and log-normal
distribution and consists
of two subsequent steps.
The first step is to eval-
uate, theoretically, how
much the intensity moments
are deteriorated by the
system saturation (3.4},
These moments are referred
to as "deteriorated moments"
and denoted by 71-“) Thesec-
ond step consists of acompar-
r . ison between measured and
-] 6 "deteriorated moments”.
Fig. 1 aHkn? Fig. 1 shows a comparison
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between normalized “deteriorated moments" (solid and dashed curves)
corresponding to Xpg =40 and_experimental data (dots and stars). For
this value of «pgone has (I>= '1>. In practice for each measurement
the quantity opg is determined by using the measured mean value of the
intensity and the known value of the apparatus saturation intensity.
Then a fitting is carried out between the measured moments and the
deteriorated moments evaluated by using the above value of Xpg . The
fitting consists of finding the values of the parameters (M, and A’
for Furutsu's or M, for log-normal distribution) which minimize a suitably
defined fitting error. The value of the fitting error represents a
test of the validity of the assumed distribution.
N — In fig. 2 the fitting error is
4 LOGNORMAL AUG 5,1983 represented versus time
| ® FURUTSU ‘ 4 for both Furutsu's and log -
r=2,3,4,5) . 4 normal distribution.
N The fitting was carried
a out by us’ng the normalized
o . | moments of order from 2
to 5. The two figures refer
Lt e st e et ete to two different  days.
hour During the first day and
the first half of the second
— day strong scintillation
SEPT1,1983 conditions  occurred.  From
sta au, 1 the  figures 1't. appears
$4 g that Furutsu's distribution
ol L e e can generally be fitted
nowo W w e %W e with an error much smaller
than that of the log-normal
distribution. Toward the end of the secona day the log-normal error
decreases indicating that the distribution becomes log-normal.
The main results of our investigation can be summarized as follows.
The two distributions considered seem suitable to describe the intensity
fluctuations also in the case of inhomogeneous turbulence. The 1og-normal
distribution is suitable for small values of the normalized second
order moment (not larger than ~1.8). For increasing values of the normal-
jzed second moment (from 1.8 up to ~5) the Furutsu distribution yields
a small fitting error, much smaller than the log-normal one, and therefore
appears to be an appropriate one in this range. The measured moments
range in the region of strong fluctuations but do not reach the region
of very strong fluctuations, the so called supersaturation region,
where the normalized second moment M2 diminishes and tends to the limiting
value of 2. Furutsu's distribution does not include this region. For
meacurements in the region of very strong fluctuations different distribu-
tion need to be considered such a the I-K distribution recently introduced
by Phillips and Andrews (5). This distribution seems to be a suitable
candidate for all ranges of fluctuations.
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BEAM WANDERING DUE TO A THICK TURBULENT LAYER ALONG THE PATH

A. Consortini, M, Mantovani
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G. Conforti
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Wandering and correlation of wandering of two laser beams, after their
crossing of a thick layer of atmospheric turbulence along their paths,
are theoretically investigated. An experimental laboratory test is

reported.

A Tayer is considered to be thick if its thickness is much larger than
the scale of the turbulence. The correlation and structure functions
of the wandering of iwo beams are theor:tically evaluated within the
Timits of ine geometrical optics.For the sake of simplicity the beams
are assumed to be parallel, the layer is assumed to be normal to ihe
path and the path outside the layer is assumed to be free of turbu-
lence.Reference is made to a coordinate system having x and y axes

in the plane of the rays and x axis in the propagation direction ,
Fig.1. The two beam sources lie on the y axis at a distance d apart.
Let P, denote the point where weam 1 crosses the plane x=L at the

end oé the path, in the_absence of the turbulent layer. In presence
of th: layer the point P, of the cross1ng fluctuates around P,. The
fluctuating difierences "1, =y and 5' z, ~ between
the coordinates of P, and P descr1be the wanéerwng In %ha geometri-
cal optics appr0x1mal1on one has (see e.g.ref.1):
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1) ", = )ﬂ(o])ds dx +(L—L)' -9&) dx
“\ : j By] 177 Zj 3yl 1
LU L
17 1
where, (Fig.1), p1Q,) denotes the refractive index fluctuation at a point
Q, along the ray. L. and L, denote the layer boundaries. Derivatives and
inte grals are to be evaluated along the unperturbed ray. Analogous
expressions can be found for the corresponding fluctuation m., of beam 2,
and for ¥, and ¥ . By multipying the two expressions of m. and 9
and averaging one can find the correlation function of the fluctuitions
My and ’QZ as a sum of multipie integrals:

f&?LZ flfz X

N S R YA | Db, dsyds, +pj DB ds, +
Jy J V J
Lt UL L L
Xz .\I
2 c i
+P Ssn ds, + P anjdxz dx,
L
where P = L-L2 and
¥8 (q,,0,)
3) ) B, - }5-9--1--?-
¥,99,

and B (Q,,Q,) denotes the correlation function of the refractive index
fluctuations.

We have chosen the correlation function B_ in the form given by Beckman,
which allows to describe anisotropic turbulence ( ):

Il S e oo Ty Tel o o1 2
4) Bn(Q]’QZ) -QM ) exp 5 5 5

- ox oy 0z
where 2, R and R _ represent the dimensioEs of the inhomogeneities
in the gﬁreeoﬁirections, respectively, and (w ? denotes the mean square
fluctuation of the refractive index.
By introducing Eq.4 into Eq.2 and by evaluating derivatives and integrals
one obtains B in finite terms. In the case of a thick layer (thickness
S>>Rox) one Ybtains the simple expression:
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is independent of the layer thickness and position.

The corresponding structure function D can be immediately obtained from
Eq.s 5 and 6. y

The first term in the brackets of Eq.5 represents the contribution to the
correlation function due to the layer. In the case when the turbulent
medium fills a%l the path, the quantity P is zero and Eq.5 reduces to a
known formula(~).The second term represents a crossed contribution of the
layer and the subsequent empty space. Finally the last term represents
the contribution of the empty space. Note that the rays emerge from the
Tayer at a fluctuating angle with the unperturbed direction,

An experimental test has been made in the laboratory. Two laser beams
propagate along parallel horizontal paths, at a distance 5.4 cm apart,
and cross a layer of turbulence produced by a heater, The layer thickness
is about 30 cm. After propagation each beam impinges on a position
sensor connected to a small computer that allows automatic ~rquisition
and storage of the data.Measurements are made by placing tt eater at
different locations along the path. The measured correlation and
structure functions are obtained by an a-posteriori elaboration of the
data. The correlation function is used to check that the layer thickness
is large with respect to the scale R__ of the turbulence. The comparison
between experimental and theoretical Structure functions, Fig.2, allows
the test of the behaviour versus P,
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LONG PATH ATMOSPHERIC TRANSMITTANCE MEASUREMENTS: 27
TECHNIQUE, INSTRUMENTATION AND RESULTS
A.D. Devir, A. Ben-Shalom, S.G. Lipson, U.P. Oppenheim and E. Ribak

Department of Physics, Technion - Israel Institute of Technology, Haifa, Israel

For several years we have been conducting measurements of atmospheric trans-
mittance, These measurements were carried over long optical paths (up to
44 km) in the 2.8-13.6 micron wavelength region, The aim of these measure-
ments was to compare our experimental results with the predictions of the
late versions of the LOWTRAN computer codes. In this paper we want to pre-
sent our technique, the instrumentation used in the experiments and our re-
sults.

The experimental technique used by us had been modified since we published
our preliminary results (1). It is based upon the radiometric measurement
of the spectral radiant intensity of a collimated and chopped beam of radi-
ation coming from an infrared source. The measurements are performed at
two distances from the source: a short distance of 1-1.5 km and a long di-
stance of 5-44 km. Before ana after each measurement the spectroradio-
meter used is calibrated to check that its sensitivity is constant. The
ratio between these two measurements is not equal to the atmopsheric trans-
mittance over the path difference between the corresponding two di-
stances, as assumed in our preliminary report (1). Instead, the spectral
radiant intensity of the source is calculated from the signal measured at
the short distance. Of course, that calculation is based on the predicted
values of the atmopsheric transmittance, but these calculated values are
assumed to be accurate enough (especially in wavelength intervals where the
transmittance is high) and any residual error can be found later. The
measured relative values of the spectral radiant intensity of the source
(which is measured in the laboratory) are used to complete the calculations
in those wavelengths intervals where the transmittance is too low to be
predicted with very small error. Since the spectral radiant intensity of
the source is kept constant during all the measurements, the measured values
of the atmospheric transmittance can be found from the signal measured at
the long distance from the source (2).

The source of the infrared radiation is a hollow graphite rode hcated by a
controlled current of 400 Ampere to temperature of 2400 K. The rode is held
in a windowless chamber flushed with nitrogen to prevent it from burning.
The reflecting walls of the chamber, which are serving as radiation shield,
are cooled by water. The electrodes which hold the rode and carry the cur-
. rent are also water cooled. The rode is located at the focus of Cassegrain
optics with an aperture of 64 cm which produced a beam collimated to 6 mrad.
Chopping of the beam at 400 cps is obtained by an air turbine.

At the other end of the optical path, we place our dual-channel spectro-

radiometer. The spectral resolution of this instrument is 1-2% and is ob-
tained by the use of circular-variable-filters (CVF). The field of view of
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the spectroradiometer is 2 mrad. The signal detected is amplified by lock-
in amplifiers which are phase locked to the chopping frequency. The re-
ference signal is transmitted by VHF channel. The amplified signals are
averaged by a computer which controls the position of the CVF, or the
wavelength at which the measurement is taking place. As a result a good
S/N ratio is obtained even at optical paths of 44 km.

Our experiments have been carried out in different geographical regions and
at various seasons of the year so as to obtain as wide range of parameters
as possible. Consequently, air temperatures between 7 and 38 C were in-
vestigated, and the use of different altitudes allowed the air pressure to
be varied between 0.89 and 1.05 atm, Particular attention was given to
attaining conditions with very low and very high water vapour partial pres-
sures (5 to 17 torr).

In this paper we present our results of the contribution of the water vapour
continuum to the total atmospheric transmittance. The water continuum in
the 4.3-5.5 micron spectral region was not included in the LOWTRAN 5 com-
puter code and its contribution in the 8-14 micron spectral region was in-
correctly included in the LOWTRAN 6 (3). Errors in the determination of

its contribution will affect the prediction of the atmospheric transmission
under high humid conditions or along long horizontal paths.

The transmittance contribution T, due to water-vapour at wavenumber v can
be expressed as:(3,4)

-Int_ = R-D-C_(V):[P, + Y- (P, - P )] (1

where R is the distance between source and observer, D the water-vapour con-
tent in the air, F,, the water-vapour partial pressure and P the total
atmospheric pressure.

In the wavelength region 4.3-5.5 um (2220-1820 cm™!) we find that

Y = 0.016 * 0.005, independent of v, and C_(v) is given in Fig. 1. The
curve interpolates data recently published”by Burch (7) for other wavelengths.
However, we should point out that the structure observed in the data seems
not to be a reflexion of the structure predicted by the LOWTRAN calculations,
the contribution of which is divided out of the measured total transmittance
T. These results represent data from 22 independent experiments., These
values of Cg are close to those included in LOWTRAN 6.

In the wavelength region 8-14 um (710-1250 cm—l) we found the expression in
LOWTRAN 4 and 5 describing the water vapour continuum to be too high by ap-
proximately 20%. Therefore, we replaced that expression (5)

2

C{A,T) = [1.25 + 1670-exp(~7.87/0) 1107 molec™ en? atn™d (2)

t
which is shown as dots in Fig, 2, by an empirical term C_ (A,T) the value of
which was'edetermined from the experimental results, Th& frequency-depend-
ence of C;(A,T), measured at approximately T = 296°K, is shown as a solid
line in Fig; 2 and is similar to that measured by Burch (6) at 392°K. These
values of C, (A,T) are close to those reported lately by Burch et al. (7)
only above 9.5 m but lower than the values used in LOWTRAN 6. The tempera-
ture-dependence of Cs canbe derived from the expression (5)
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C AT = C LA T") exp(T, (7 - 7)) (3)

for T, = 1610°K, by the use of the two results: our at 296°K and Burch's
at 392°K.
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Fig, 1: The experimental results of CS at 296 K.
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Fig. 2: Our results (solid line) of C_ at 296 K in comparison
with the known values (dots) and those measured by
Burch (1982) at 392 K (dash-dot). The updated results
of Burch et al. (1984) at 296 K are shown by circles.
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Analyticsl Error Estimates for the Time-Dependent P8
Radiative Transfer Inverse Method for Estimating
Single~Scattering Parameters
T. Duzacz and N.J. McCormick
Department of Nuclear Engineering

Univesrsity of Washington
Scattle, Washington 98195 USA

Analytical error estimates are developed for an approzimate inversion
method [J, Opt. Soc. Am. 72, 756 (1982)] to infer the albedo of single
scattering and Legendre moments of the angular scatterimg function from the
asymptotic dieaway of the backscattered radiance following a pulse on an
optically thick slab target, The errors analyzed are the sffocts of sssum-
ing that a finite slab is infinitely thick, the pulse width is infinitesi-
mally short, and the detector is perfectly oriented,

1. THE INVERSION ALGORITHM

A method has been proposed for estimating the slbedo of single scat-
tering and the Legendsre angular moments of the monochromatic amgular scat-
tering function in an optically thick slad target from measuroments of the
backscattered radiance at long times after the initial pulse.l:2 This
spproximate inverse radiative transfer method uses separate Fourier moments
sbout the azimuthal direction to estimate the unknowns, The method has been
nuperically tested under conditions with simulated random errors snd bas
shown promise of ensbling the albedo of single scattering, and perhaps the
asyamotry factor and s third factor, to be estimated.d A preliminary
experimental test of the method also has been completcd.‘

The inversion method is based on an inverse solution of the radiative

transfer equation for radiance B(#;t), the radiant energy bsckscsttered at
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time t and azimuthsl angle # from the illuminated surface of the slab target
at o fixed polar angle taken with respect to the inward surface mormal, The
incideat illumination is assumed to be & pulse non-normally incident om the

target, The objective of the inversion method is to estimate the set of

coefficients (f;) ia the single scattering function. The two coefficients

of most interest sre fo, the albedo of single scattering, and fy/fg = 8, the

asymmotsy factor.

Fougiexr moments of the radisnce,

2x
Ba(t) = [n(1 + 6.0)]"1/ B(#:t) cosmb dé, 18}
0

are seedod for the inversioa algorithm

By(t) = GG (¢) sxpl-r,t), = =0,1,2..., ¢t 3> 0, (2)
where C. deponds on the polar sngle but is irdependent of time and y, is
a function of the unknowas to be estimated, i.c.,

Ta = vl - £), 3)
whegs v is the speed of light in the targst; for a target of fimite thick-
aess X, G (t) depends slso on X, but for s semi-infinite target,

6y(t) = t73/2, (4
Fzom Eq, (2) the unknown y values can be estimeted in terms of an ordimary
time derivative as

Ta = d¢1nlCGg(t) /By(u,t)] . (3)

2. THE SEMI-INFINITE THICENESS APPROXIMATION

In an sctusl experincnt, the slab thickoess may not be accurately
known, or one may wish to avoid using the complicated form of G(t) for a
slab; then if one obtains sn estimste, ¥, by using Eqs. (4) snd (5),
the difforonce of the correct y and the estimcted value, A;. = ¥y ~ s 28

be shown to be
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] 2
Ay, = ~6t1 Zexp(—nlﬂ(z- + Dy - 1) /t1{ + 0(t2) . (6)

n=]
For » typical forward scatteresr the factor (7m+l ~ Ym) will be positive and
tend to zero as m becomes large, and then Avy is 0(t~1) for long times. For
this reason the target can be assumed semi-infinitely thick,

3. THE INFINITESINALLY~SBORT PULSE APPROXIMATION
Inversion algorithm (2) was dexived for a Dirac delta function incident

pulse. If the incideat pulso has s magnitude of A(t), ~t, ¢ t ¢ ty. then a
moment of the backscattersd radiance is ziven as

to

B(t) = C / ds (t-3)73/2 o~ v(t=8) AGe), 2t (D
—-to
(Here the subscript m has been suppressed).

The ertror Ay, in the estimsted coefficient y is then found to be

Brg=q-y
; :%%% 2 % ;gt; ISP (pFy(y) - 3FF(MIE3 + L. (8)
where
‘0
Faty) = / ds snevs A(s). (9)
“to

Thus it follows that the precise shape of the incident pulse affects
the dstesrmination of y only in s term of 0(t~2),
4. THE PERFECTLY-ORIENTED DETECTOR APPROXIMATION
It was assumed in the derivation of inversion sjgorithm (2) that the

detector was perfectly oriented with respect to the target normal and the
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incident pulse., In the event this is not true, then the uncoupling of the
Fourier moments implied in Eq. (5) is no longer true, snd the estimate 7,
depends on all the Y, values., In the limit of t * =,

fa > min 74, =0 to N, (10)
The practical implications of this resnlt for experiments may vary for
different expsrimental situstiomss, however, becsuse sffects from random
errors will tend to make it difficmlit to estimate y,, m } 3, for very long
times.

§. CONCLUSIONS

For purposes of estimating the albedo of simgle scattering and other
Legendre moments of the sngular scattering fanction, it can be assumed that
the backscattered radiance long after the illumination of am optically-thick
howogeneoss slab target by a brief pulse at t = 0 comes from & semi-infinite
target illuminated by an instastemeous pulse. The erxors in the coeffi-
cients made by assoming the slab is imfinitely thick are O(t'l). while those
nado by assuming the pulse is iafimitesimally drief are o(t™2). Also, it is
important that the detector be cazefully orieated.
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Preliminary Experimental test of the Time-Dependent P9
Radiative Transfer Inverse Method for
Estimating Single~Scattering Parameters

R.A. Elliott
Oregon Graduate Center
19600 N.W. Van Neumann Drive
Beaverton, Oregon 97006-1999 U.S.A.

and

N.J. McCormick and T. Duracz
Department of Nuclear Engineering
University of Washington
Seattle, Washington 98195 U.S.A.

Time resolved backscattered radiance measurements ar¢ used to estimate
the albedo of single~scattering of an optically thick sysiem of scatterers
using an approximate inversion method [J. Opt. Soc. Am. 72, 756 {1982)] that
is based on the long-time dieaway of the radiance following a short pulse.
The oestimated albedo agreed with the correct value to within (2%,

1. THE INVERSION ALGORITHM

A method has been proposed for estimating the albedo of single scat-
tering and the Legendre angular moments of the monochromstic angular scat-
tering function in an optically thick slad target from measureuents of the
backscattered radiance at long times after the initial 1:mlse.1"2 This
approximate inverse radiative transfer method uses separate Fourier moments
sbout the azimuthal direction to estimate the unknowns, The method has been
numerically tested under conditions with simulated random errors and has
shown promise of enabling the albedo of single scattering, and pcrhaps the
asymmetry factor and a third factor, to be estimuted.3 An experiaent to
validate the method and some preliminary experimenta] radiance m isurements
have been described elsewhere‘. and anulgtical error estimates fu.: the
inversion method also have been derived.

The inverse method is based on an inverse solution of the ra:iative
transfer equation for radiance B(é;t), the radiant energy backsca:tered from
the planar surface at time t and azimuthal angle ¢ measured with :spect to
the radiant beam, and at a fixed polar angle taken with respect ;. the
inward surface normal, The long-time dieaway of the radiance fo: l.wing a
non-normally incident pulse at time t = 0 is needed for the inv-.ciion
algorithm,

Here we shall be interested in estimating only the albedo of siagle
scattering of a system of scatterers, f, using the algogithm

v(1 - fg) = d(1alt-3/2/B(¢)}/dt, (1

where B(t) is the azimuthal averuge of B(g;t),

N
f~
A




2n

I
B(t) = (21:)-1/3(6;:) dé =~ (2m-1 Zv(di)nui;t) (2)

] i=1

where the weights w(é,) are calcnlated with the scheme of Ref. 6. Because
the long-time dicavay of the radiance asymptotically becomes azimuthally

symmetric, it is also possible to estimate fo using any one of the set of
radiances st specific szimuthal directions, i.e,,

B(t) 3 B(;:t) , 1=1tol. (3
2. THE EXPERIMENT

The experimental set up to measure the backscattered radiance required
for the inversion slgorithm used a frequency doubled, passively mode—locked
Nd:YAG laser and a Pockels cell single pulse selector that prodnced 50 pJ,
25 psec durstion pulses of 532 nm light., Two beam expanding telescopes
enlarge the laser besm to 5 om diameter and collimate and direct it through
s Cornu depolarizer and into a scattering cell that is a 15 cm diameter by
15 ¢m silvered glass cylinder with an AR coated window on the front fsce snd
s black saodized aluminum rear face to simulate a semi-infinite medium,

A pellicle beam splitter was used to divert a portion of the laser
pulse throwgh a delay line to provide a reference event for precise timing
and normalization, The detector used was a Hamamatsu model C979 streak
camers capable of resolving events separated in time by {10 psec. The
streak camera provided a digital readowt of radiation intensity versus time
for subsequent namerical smalysis.

The time resolved backscattered radiance was measured at sevean sziws-—
thal angles (45%, 90°, 135°, 180°, 225°, 270%, and 315°) for two polar
angles (20°% and 28*) from s dispersion of 91 nm diameter latex spheres in
water for which fg is essentially unity corresponding to mo absorption; the
concentration of spheres was 0.54 vol% which gave an optical mean free path
betwveen scatterings of ~1.2 mm., An example of the measured radiance is
shown im Fig. 1.

3. TEST OF THE ALGORITHM

The data from Fig. 1 scd the other six azimuthal angles was combined
with Eq. (2) to obtain B(t) for use in inversion algorithm (1) to estimate
fn sad the percent errors are illustrated in Pig. 2. In the interval 70 to
1%0 psec after the pulse the estimated fo was within <2 % of the correct
value., The early-time errors (t < 70 psec) arise because the asymptotic
dicaway required for the algorithm had not yet begun, while the lomg-time
errors (t ) 160 psec) arise because of the small signal to noise rstio.

The data from ooly Fig. 1 was also used with Eg. (3) to estimate f,
and the percent errors are shown inm Fig. 3, The results indicate that it
was possible to get nearly as good as estimate of fo as before without
messuring the backscattered radiance in more than one direction,
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Fig. 1. Normalized backscattered radiance versus time in psec at out-
going polar and szimuthal angles of 20°* and 180° and ingoing angles
of 52° and 0°, respectively.
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Fig. 3 Estimated percent errors in f, versus time for B(t) calculated from
single szimuthal single azimnthal angle of 180%, shown in Fig. 1.
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Variations in Atmospheric Refractive Index Associated P10
with Ground Turbulence et the Mauna Kea Observatory

D. Andre Erasmus
Institute for Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822

1. Introduction

Mauna Kea is recognized internationally as one of the world's best locations for
astronomical observations. A number of scientific institutions have constructed
or are planning construction of telc¢scope facilities in the summit area. The
quality of astronamical "seeing" at these facilities is determined by the magni-
tude and distribution of refractive inhomogeneities caused by turbulence in the
atmosphere, There are three main types of turbulent motion that affect seeing
quality.

i) Turbulence in the atmospheric boundary layer.
ii) Turbulence in the free atmosphere.
iii) Turbulence in and around the telescope dome.

Within the boundary layer, the effects of turbulence occurring directly above
the ground are of particular importance. Temporal and spatial variations in
atmospheric refractive inde within this layer (the surface boundary layer),
determine preferred locations and ground-heights for telescope facilities. In
the surface boundary layer, wind speed increases exponentially with height.
wind shear and turbulence intensity will, consequently, decrease with height.
Since the ground is a heat source during the day and a heat sink at night, the
magnitude of microthermal activity is usually a maximum near the surface.
Differencec in surface roughness, thermal forcing and topography determine the
temporal and spatial variations of microthermal activity.

2. Theoretical Background

Roddier (1981) and Coulman (1985) have written reviews of the theory of wave
propagation through a turbulent medium. When a plane wave of light with uniform
amplitude propagates through a refractively nonuniform medium, such as the
atmosphere, it will exhibit amplitude and phase fluctuations. When such a wave
front is focused, the resulting image will vary in intensity, sharpness, and
position., These variations are cammonly referred to as scintillation, image
blurring, and image movement, respectively. The cambined effect of these
vanat:.ons are directly relat~d to the refractive-index-structure parameter
(Cn ) which is a measure of the average vanablhty of the refractive index of
light in the atmsphere. Image degradation increases as Cn?- increases. For
optical wavelengths, C,2 is related to the temperature structure parameter (Cp?)
as follows (Wyngaard et al. 1971):

= [(8 x 10~5P)/T2)2 p2 (1)
where P is the pressure in mb and T is the tarperature in °K., At separations of

the order of inertial subrange scales, CT2 in a locally isotropic field has the
form:

Cr? = TT(x) - T(x + £)12/r2/3 )
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where x and r are the position vectors and the overbar indicates a time average.
variations in atmsopheric refractive index can therefore be determined by
measuring the high frequency temperature fluctuations associated with atmo—
spheric turbulence.

3. Instrumentation and Data Collection

Pairs of high frequency response temperature sensors (microthermal sensors),
with separators of about l-m, were used to monitor microthermal activity within
the surface boundary layer. These sensors were mounted at three levels (6.6-m,
11.6-m, 27.5-m) on meteorological towers. Two of the towers are located in the
cinder cone camplex, one on the sumnit ridge and one on Poliahu, an isolated
hill (Fig. 1). The third tower is located on the lava rock shield to the north
of the sumit (13 North).

.
g

NOATH LATITUDE

Fig. 1 - Topography and site locations
in the summit area of Mauna Kea, Hawaii.
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Data were ocollected over a six-month period fram June through November 1985,

The signal fram the microthermal sensors was filtered to include frequencies
between 1 and 25 Hz. The root mean square of the filtered signal was then taken
using an averaging time of 6 seconds. This quantity was sampled every minute
and the hourly means, maxima and minima were logged. An independent measurement
of the temperature fluctuations spectrum was made to determine whether the
filtered data were biased because of lack of spectral coverage.

4. Results

The mean daily cycles of Cp? for the different sites are shown in Pig. 2.

Notice the similarity of the three profiles for the 6.6-m level (Fig. 2a). At
the 11.6~m and 27.5-m levels, however, the values for Cp? are quite different at
the three sites, especially during the day. The vertical jprofiles of Cp2 also
exhibit these differenrces (Fig. 3). During the day (10h00 - 16h00 LST), the
standard profile of Cp2 with height is reversed at 13 North. At night (22h00 -
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04h00 LST) the values of 01-2 are about two orders of magnitude smaller than the
daytime values. At the summit ridge and Poliahu the daytime and nightime profi-~
les are similar but at 13 North they are very different.

0% T T Y
Toulm
a
Fig. 2. Mean daily cycles of microthermal ’9
activity at (a) 6.6-m, (b) 11.6-m, and (c) w-
27.5-m above the ground. "
*
iy
10! J
i
|°0 1 1 1

| 6 12 18 24
Time of day (hours)

C2 (k2. m?310°%)

Time of day (hours) Time of day (hours)

The microthermal structure of the turbulence in the suface boundary layer on
Mauna Kea can be explained in terms of the thermal effects of the surface and
the nature of the flow at each of the sites. At poliahu and the summit ridge,
thermal effects are similar but the wind speed gradient is larger on the sumit
ridge. This indicates that the air is forced to flow over the summit ridge,
deepening the mixed layer, but at Poliahu the air tends to flow around the iso-
lated hill. At 13 North there is no local topographic forcing. The lava rock
surface heats strongly during the day, encouraging convective mixing and deeping
of the mixed layer. At night, rapid cooling of the surface stabilizes the sur-
face boundary layer and suppresses turbulence.

The spectral density functions of (AT)2 were obtained for the filtered and
unfiltered data at each of the three towers. It was found that Cp2 is, at
worst, a factor of 3 too small dus to lack of spectral coverage. Correcting for
this bias, the relative contributions of ground turbulence tot he degredation of
image quality under different seeing conditions were determined. At night, when
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Fig. 3. Mean vertical profile of Cp? (a) during the day and (b) at night.

the profiles of Op? at the three sites are similar, this contribution is 0.15%.
At night, therefore, effects of ground turbulence are insignificant. During the
day the profiles of Cr? are very different. At 13 North the mixed layer extends
above the top of the tower so that an exact measurement of the ground effects is
not possible. At the sumnit and Poliahu the contribution of the ground tur-
bulence is between 2% and 3% at 1.0 arcsecond seeing. Because of the rapid
drop-off of Cp? with height, even during the day, at Poliahu, the ground tur-
bulence would constribute about 0.3% tot he total seeing if the telescope were
placed above 1l.6-m.

5. Conclusion

Within the surface boundary layer at the summit of Mauna RKea, Cp2 exhibits
strong spatial variability during the day and weak spatial variability at night.
At night the ground effects at all three sites surveyed are not significantly
different. During the day the ground effects are very strong at 13 North, weak
at the sumit and nearly negligible at Poliahu.
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Effect of a Phase Screen on Imaging with Light of P
Arbitrary Spatial Coherence
Ronald L. Fante

Avco Systems Division
Wilmington, MA 01887 USA

In this paper we have considered the imaging of an object lecated an
arbitrary distance behind a random phase screen for the cases when the object
has an arbitrary state of surface roughness and the incident radiation has an
arbitrary degree of spatial coherence.

Multiple applications of the Huygens-Fresnel principle have been applied
to the geometry in Figure 1 and solutions obtained under the following assump-
tions: 1) all wavelengths in the 1ncident radiation are very small in compar-
ison with the physically meaningful spatial scales such as the object size,
object surface-correlation length, phase-screen spatial coherence length, etc.,
2) the wavelength is sufficiently small that cross polarization can be ignored,
3) the scattering of radiation by the object can be characterized by a spa-
tially-dependent reflection coefficient defined i1n a plane just above the object,
4) the backscatter by the random phase screen 1s negligible and the principal
effect of the phase screen is ot simply add a random phase shift 4) to any
incident wave, 5) the characteristic response time of the imager 1s long In
comparison with the temporal coherence time of the source that produces the
incident radiation; thus the 1mager does not follow random temporal fluctuations
of the source, 6) for the limt of a diffuse object, its reflection coefticient
is a complex Gaussian random variable, and 7) 1in the 1imit of a strong phase

screen the transmission function exp( )»¢: ) of the screen 1s a Complex Guassian

random variable.
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Figure 1: Imaging of an Object Behind a Phase Screen

Results have been obtained for Loth the image plane irradiance distribution
and speckle contrast. Some approximate forms of these results for the speckle
contrast are shown in Table 1. From Table 1 we see that imaging with coherent
light is virtually impossible. For example, when imaging a diffuse object behind
a strong phase screen, one can get values of ot as large as seven even if the
illuminating (incident) radiation passes through different phase screen inhomoge-
neities than the image (reflected) radiation,and even nigher values of O‘L if
the incident and reflected rays pass through the same 1nhomogeneities.

Thus, 1maging 1s possible only with incoherent radiation (spatial coherence
length of incident radiation small in comparison with both the object and phase
scren coherence lengths). In that case, it is easily shown that the spatial

frequency spectrum of the ensemble averaged image plane irradiance 1s
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CTUH> = K REM$) FimE) = Ixg™Mey

~N
where < > denotes an ensemble average, K is a constant, R

ks
Fourier transtorm of {\Ri >, R

Is the spatial
N
Is the object reflection coefficient, H s
. Fal
the spatial Fourier transform of ('—lr [3 ¢“f)‘ ') ¢(f*§)]>, F1s the optical

transfer function of the imager, 'f' is the spatial frequency, M = wavelength,

and M js the magnification. An analysis of Eq.(1) shows that a spatial fre-

guency ¥° 1n the object can be imaged if )’5‘4‘0 < QP where QP is the

spatial correlation length of the phase screen fluctuations. This result is

the “"shower curtain" effect which states that any spatial frequency f; can be

1maged (to within the diffraction limit of the optics) as long as the distance

')Z between the object and the phase screen 1s made sufficiently small.
[}

253




y1bual UOTIR[3JU02 33e4uns 103(qo

y3bua] UOTIB[BUU0D UBBUDS aseyd

sueld uasuds aseyd 3o yibual uorIN(osSaY

auerd 129(qo 10 yibuaf uDIINTOSIY

¥
wv.:ll—

SV

od\ << uud.d pue

J <3y
F<< 1 usum | <0 YIm

A11un ueyy «91eaub A1rensn o
L

| € .0 1Ing xapdwod uorssaudx3 NG xaldwod AudA uorssaudx3y U3L3Y0)
k 4
OH
onc J + -
T + L
¥
| va v z + 1

o - b | T - ...MD

X wg
AAS.:.L + -0 e | hs uauayoou]

123[qo 8snyiiq

( -© 15e43U0) 21%29dS JO auenbS) SIUBTJRA PIZT[eWJON

102{q0 yioous

3dA] uorjeipey uUaPIdU]

( “R >> 'R uoy)

u3dU4d§ dseyqd Buouls e putrysg 208fqo +04

Tl 91qel

254




National New Technology Telescope Site Survey Instrumentation
F. I'. Forbes
Advanced Development Program
National Optical Astronomy Observatories
P. 0. Box 26732, Tucson, Arizona 85726-6732

The characterization of atmospheric turbulence at and above
the two candidate sites for the NNTT 15-Meter Telescope has
resulted in the development of specialized techniques. The
equipment used to measure astronomical seeing, microthermals,
water vapor and temperature is discussed aiong with the sample
data and calibration results. By wusing instruments whose
altitude coverage overlap, it has been possible to "bookkeep”
quantitatively the sources of image degradation due to all
causes, especially near the ground.

Introduction

The goals and initial conception for the 15-Meter National
New Technology Telescope (NNTT) Site Evaluation Program have
been discussed and only an instrumentation elaboration is within
the scope of this paper. By exact duplication of instruments
at the two sites under investigation, it was intended that
the sites could be readily compared and where possible, absolute
site parameters could be obtained to afford ranking with other
sites presently being studied. The degrec of site development
dictated, to some extent, the choice of survey instrumentation
principally because the Arizona site is a wilderness area,
allowing only temporary facilities. Figures 1-10 show the
instrumentation and samples of data obtained. The following
table summarizes the program instrumentation.

Facility Instrument Data Type
Micrometeorological Anemometer Windspeed and
Tower dire~tion

Temp>rature probes Temperature at S5-
tower heights to
30m.

Microthermal probes Microthermal
activity, C¢2

Seeing Monitor Tower ICID Seeing Monitor Differential image
motion
Microthermal probes Dome microthermal
activity
IR sky monitor IR sky emissivity
and water vapor
Acoustic Sounder Echosonde? Cp? vs. altitude,
20~150m.
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MILLIMETER-WAVE SCINTILLATION DUE TO ATMOSPHERIC ?13
SURFACE-LAYER TURBULENCE

R. J. Hill, S. F. Clifford, and J. T. Priestley
Wave Propagation Laboratory

National Oceanic and Atmospheric Administration
Boulder, Colorado 80303 USA

R. A. Bohlander and R. W, McMillan
Georgia Institute of Technology
Atlanta, Georgia 30332 USA

The fluctuations of intensity and phase difference of a diverged millimeter-
wave beam were measured. The beam was propagated 1.4 km at a height of 4 m
above exceptionally flat farmland. Figure 1 shows the layout of the experiment.
The intensity was measured at each of four horizontally spaced antennas. The
phase difference was measured between antenna pairs. The minimum spacing bet-
ween antennas was l.43 m, between antennas 1 and 2, and the maximum spacing was
10 m, between antennas 1 and 4. Antenna 5 was not used for the measurements
reported here. There were five experiment sessions encompassing summer, fall,
winter, and spring ~onditions. DNata were collected during conditions of clear-
air turbulence, rain, fog, snow, and ground blizzards. Only the clear-air tur-
bulence data taken during the summer of 1983 are reported here. These data were
taken using a millimeter wave frequency of 173 GHz.

A variety of meteorological measurements were obtained simultareously with
the millimeter-wave data. Figure 1 shows the optical propagation paths that
give optical refractive-index structure parameter as well as the cross-path com—
ponent of the wind. Figure 1 also shows the optical rain gauge, optical drop
size disdrometers, and the weighing bucket rain gauges. The two micrometeorolo-
gical stations shuwn are 4-m-high fanstrumented towers. At these stations the
mean temperature and humidity were recorded, a prop-vane gave wind speed and
direction, a three-axis sonic anemometer gave the fluctuating components of the
wind vector, platinum resistance~wire thermometers gave the fluctuating tem-—
perature, and Lyman-a hygrometers recorded the humidity fluctuations. The
millimeter-wave signals, resistance-wire temperature, and Lyman—~a humidity were
digitized at 100 Hz. The sonic anemometers were digitized at 25 Hz. The other
instrument’'s signals were digitized at 0.39 Hz. The table shows the great

variety of clear—air micrometeorological statistics available from our instru-
mentation.

Figure 2 shows a probability density function (PDF) of the neasured inten-
sity; it is compared with lognormal and Gaussian PDFs. At such small intensity
variances (0.02) chere {s little diffecrence between lognormal and Gaussian PDFs,
but the data definitely favor the lognormal PDF. Figure 3 shows the PDF of
phase difference obtained from antennas 2 and 3 which have a separation of 2.9
m. This PDF is clearly Gaussian. 1In addition, we find that intensity and phase
difference are uncorrelated.

Figure 4 shows the structure functinn of phase for each of our antenna pairs
(separatfons). The structure function is definitely less steep than the slope
of 5/3 that would be expected based on the inertial range prediction, This is
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cauged by the outer scale. A very simple prediction that includes the outer
scale 18 shown as a solid curve for a horizontal outer scale of 14 m. The
mutual coherence function (second moment of the field) is shown in Fig. 5.
Since the log-intensity and phase difference are both Gausslan and uncorrelated,
it follows that the mutual coherence function should be equal to exp[-.5(D +

D.)] where D and D  are the log-ar 'itude and phase structure functions; we
ftu& that this formula predicts the vaiues in Fig. 5 to within 0.5%.

In Pig. 6 we show the nnrmalized variance of 1ntensit§ versus the inertial
range prediction for a spherical wave. Here the radio C ° is obtained from the
nicrometeorological data. We see that the intensity varfance is somewhat
underestimated by the inertial-range prediction. This is likely caused by dif-
ficulties in calibrating the Lyman-a hygrometer.

Table .—Summary of micrometeorological data from tape 24,
taken st 11:30 +.m., July 1983

Average Values

Homidity 19 g/a’
Temperature 32°c

Wind speed 5.3 u/s

Wind angle 10°

Pressure 993 ab

Solar flux 942 of full sun
Wind stress ~0.14 ( s)z
Bumidity flux 0.1 (g/n")s
Temperature flux 0.03°C w/s
Stability ~0,03

Square Roots of Variances

Huntdicy 0.72 g/m®

Tenperature 0.35°C

Wind speed 1,2 /s

Wind _.ngle 11°

Streamwise wvind component 1.1 w/s

Cross-strean wind component 1.0 w/s

Vertical wind component 0.54 u/s
Structure Paraneters

an from optical scintilloweters 2 x 10713 a=¥/3

crz from optical cn2 0.03°c2 n~%/?

C,f2 from resistance wires 0.03°¢? o”¥/?3

qu from Lynan-a hygrometers 0.2 (g/a)? w3

C, from resistance wires and 0.075%C (g/-s) -'2/3
Lyman-a hygrometers

cnz for radio frequencies* 5.9 x 10712 g~2/3

*Obtained from Eq. (79), using c.rz. [ 2, and C, from the resistance-wire
thermometer snd Lyman-a hygrometetr \dtﬂ “‘r and Xq obtained from the rsdio
refractive~index equatt.a. 1

Acknowledgment: Support was provided by ARO MIPR 122-85.
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MEASUREMENTS OF LASER SCINTILLATION IN STRONG P14
TURBULENCE RELEVANT TO LASER EYE SAFETY

R. J. Hill and J. H. Churnside
Wave Propagation Laboratory

National Oceanic and Atmospheric Administration
Boulder, Colorado 80303 USA

The ANSI exposure standard for laser light in the wavelength range 0.4 to
0.7 um is

11/4 I1<1.8 sl/a mW/cm2 .

where 1 is the irradiance in milliwatts per square centimetegsand 7 is the dura-
tion of exposure in seconds. This limit applies for 2 x 10 " s < t < 10 s.

The dark-adapted human pupil diameter of 7 mm is the standard for these exposure
limits. However, eye damage is insensitive to the pupil diameter, so the
daylight-adapted pupil diameter of 3 mm is also of interest,

The irradiance of a laser beam that has passed through the turbulent
atmosphere consists of bright scintillation patches that move as the cross-path
wind moves the refractive fluctuations. Do these spilkes of irradiance exceed
the exposure limits, and what are the appropriate irradiance statistics to be
measured to define the exposure limits for scintillating laser light? We pre-
sent measurements and novel statistics directed toward these questions.

We recorded the time series of scintillating irradiance of diverged He-Ne
laser radiation (0.633 ym wavelength) propagated a distance of 1 km at a height
of 2 m above flat, uniform grassland. Recelver apertures of 7 mm and 3 mm were
used. Simultaneous meagurements of propagation path-averaged refractive-index
structure parameter, Cn , and cross~path windzcgmponent were carried out using
the method of large-aperture scintillometers.”’” The following table gives
basic information for the experiment runs:

Run Sampling Aperture Recorded Cross an Coherence
rate size duration wind -12 -2/3 length
s mm s n/s 10 m mm

A 2500 7 650 1.3 1.1 1.8

B 2500 7 650 2.2 1.0 1.7

C 2500 7 650 2.0 1.1 1.6

D 5000 3 650 3.6 1.2 1.4

E 2500 3 650 3.5 1.2 1.5

F 5000 3 325 1.6 0.70 3.3

G 5000 7 325 2.4 0.60 2.2

We calculated the irradiance probability density function (PDF) for each
run. For all runs the irradiance PDFs were lognormal as shosn in Fig. 1; the
lognormal distribution having the same irradiance variance as the data is shown
as clrcles surrounding dots. Our measurements are within the saturation regime
such that the runs of lesser Cn have greater irradiance variance. The greatest
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observed intensities were "clipped” by the amplifier at 85 times the mean inten-
sity.

By recording the irradiance time series we can obtain the joint statistics
of irradiance and duration. We set thresholds of irradiance I_ at a variety of
multiples of the mean irradiance <I> and determined the durations 1 for which
I > I_ in each spike of irradiance. This was used to determine the conditional
probagility density p(TlI > I.) of duration t conditional on I > I_. We then
integrated this from given threshold duration 1, to » to obtain thé conditional
probability distribution P(t > t JI > I.). We integrated the irradiance PDF to
obtain the probability P(I > I_). From Bayes theorem we obtained the joint pro-
bability distribution P(1 > Tes I> It) of duration 1 > T, and I > It from the
product

P(t> 1, I> 1) =PF(t> 1t|1 >I) « B(I> 1) .

A contour plq;uof this joint probability is presented in Fig. 2. The dashed
line i8 a 1 exposure limit. Vertical displacement of the dashed line first
crosgses the probability contours at v = 8 x 10 ~ 8, indicating that spikes of
this duration are most hazardous; longer duration spikes are less hazardous
because of their lower probability of large 1rradian§7& Given a vi}ge of <%> a
line parallel to the dashed line exists such that T, It = ]l.8 8 oW/ cm .
Events above this line exceed the safety limit.

We find that Taylor's hypothesis does not hold; that is, the spikes of irra-
diance formed and vanished in a time much shorter than the time for them to have
been swept across the receiver aperture. The spikes must move only about 1 mm
in the duration they appear in our measured irradiance. Taylor's hypothesis
would hold if the wind were as a solid body rotation about the transmitter. Of
courgse it 1s not so, nor is the cross-wind component uniform along the propaga-
tion path.

We define a danger function at time t as follows
-1/4 ft
t-T

D(t) = Z%T$ T (1) (c-r)"3/4 dr

’

where T is the temporal extent of the_filter. We used T = 5.2 s and 2.6 s for
sampling rates of 2500 s ~ and 5000 s , respectively. The average of the
danger function is unity, and it weights a spike in the irradiance with the 1/4
power of the spike duration. Thus a value D(t) = 2 implies an eye hazard twice
that of a nonscintillating irradiance equal to <{I>. 1In Fig. 3 we present the
probability distribution that D(t) exceeds a given value Dt’ Danger function
values as great as 12 were encountered in our experiment.
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On the use of a CO, laser scintillometer for the investigatjon of heat P15
transfer between a sea surface and the atmosphere

W. Kohsiek

Royal Netherlands Meteorological Institute (KNMI),
De Bilt, The Netherlands

Introduction

The behaviour of the atmospheric boundary layer is largely influenced by
the inputs of heat and water vapour at the surface. A potentially viable
method for measuring these inputs is offered by optical scintillation
observations. A beam of light (light is to be taken in a broad sense and
the wavelength can range from visible to millimeter radiation) is directed
horizontally over the surface and detected at some distance from the
emitter. The observed radiation will show intensity fluctuations originated
by temperature and humidity irregularities in the atmosphere, with relative
contributions that depend on the wavelength of the radiation. Temperature
and humidity fluctuations are coupled to the vertical surface fluxes of
heat (sensible heat flux) and water vapour (latent heat flux) by semi-
empirical relations to be discussed below. This paper focusses on the use
of a CO, laser scintillometer for determining the latent heat flux from
sea. In this application the advantage of the scintillation method is not
so much its spatial averaged measuring, but its relative insensitivity to
flow distortion and sea salt spray as compared to in-situ sensors mounted
to a heavy platform some meters above the sea surface.

The CO, laser scintillometer was part of the HEXOS (Humidity Exchange Over
Sea) pilot experiment in November 1984, HEXOS is an international research
program with the ultimate goal to extend parameterization schemes for
evaluating vertical water vapour flux over sea, emphasizing conditoms with
high wind speed. The HEX0OS measurements are concentrated on a Dutch
measuring platform in the North Sea, with significant contributions from
research airplanes, ships, buoys, etc. In the fall of 1986 the main
experiment will take place.

The scintillometer

The optical path of the scintillometer was between a lighthouse on the
coast, where the CO, laser was installed, and the measuring platform. It
covered a distance of 9.7 km at an average height of 15 m above the sea
surface. The 2W laser beam was chopped mechanically at a rate of 1.6 kHz.
On the platform, the radiation was focussed by a 2 cm diameter Germanium
lense onto the surface of a liquid nitrogen cooled HgCdTe detector. The
detector's output voltage was amplified, demodulated and bandpass filtered
between 1.5 and 400 Hz; the resulting signal, that reflects the logarithm
of the intensity fluctuations, was measured by a root-mean-square
voltmeter. In this way the variance of the logarithm of the received

intensity, o2 _, was observed.
Inl

* This paper is published as !IEX0OS paper No. 1.
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Other observations

On the platform several meteorological instruments were mounted, partly
routine instruments for measuring quantities like the wind speed, air
temperature and humidity, partly special instruments for observing the fast
fluctuations of these quantities. In the context of this paper the routine
observations are of interest including the measurement of the sea water
temperature.

Theory

For a point source and point receiver and if (L)
the inertial range (Tatarski, 1961),

2 _ 6 11/6 2
oy,p = 0.50 k c.

where L is the path length and k = 2n/A the wavenumber of the radiation,
C2 is the refractive-index structure parameter, and can be decomposed like

%

is a length scale within

(H

2 AZ AA
i 2, 5 2rh
c2 ﬂ%+ﬁ%+zmcm (2)
Ap and are dimensioniess parameters that are given by Hill et al.

(1980). T is the temperature in Kelvin and Q the absolute humidity in,
e.g., kg m~ ~3. The first term of the right—hand side of Eq.(2) reflects the
contribution of temperature fluctuations to C2, the second that of humidity
fluctuations and the third term gives the confribution of correlated
temperature-humidity fluctuations. CZ. €2 and C__ are tho structure
parameters of temperature, humidity, andQcheir ggrrelated fluctuations,
respectively. The relation between C2 and the temperature flux is from
Wyngaard et al. (1971): T

CZ 22/3
= - -2/3
7 4.9[1 - 7(z/1y)] , (3)
where
Ly = ulT/kg(Q_ + 0.61 TE /o). (4)

In these equations, Q. is tBe v?tttcal flux of temperature (K m s 1) E,
that of water vapour ?kg 0.4 the von Kirmin constant, g the
acceleration of gravity, p the air density, u, the friction velocity, z the
height of observation above the surface and T, the temperature scaling
parameter defined by T, = ~ Q /u*. We assume that an equation similar to
(3) holds for the humidity st%ucture parameter, viz,.

c?z
T 08 % 49 1 2723, (5)
where Q: = - EO/u*. The factor 0.8 has been found experimentally by Fairall
et al., 1980; however, it should be noted that Eq.(5) has not been
thoroughly tested so far. From Eqs.(3) and (5) it follows that

EP.QQ, 0 if.n CZ* 6
g - 0.9} 2 (cprept (6)

which expresses that the Bowen ratio, that is the ratio of the sensible
heat flux, pc Q (c. i8 the specific heat of air at constant pressure), to

the latent heBt%flux, L vEo (Ly is the latent heat of vaporization of water)
is directly proportional to (C2/C2) . Relation (6) will be used beneath. We
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conclude from (3), (4) and (5) that the sensible and latent heat flux can
be calculated from C c?, u, and L .
In order to infer the stgucture parameters €2 and C2 from observations
of C2 we have to put in two more relatioms in additgon to Eq.(2). The first
relation is

.1l T D)

By eg Qs —Q°
where Ts is the sea surface temperature, T, the air temperature at some
height, Q the saturated humidity at temperature Ts’ and Q_ the humidity at
the same height as T,; cp and cg are the bulk iransfer coeff1cients for
temperature and humidity, respectively. It is assumed that Cp = (Lar%e
and Pond, 1982). Combining Eqs.(6) and (7), a relation between C2 and C< is
obtained with parameters Tg, T, and Q,. The second relation is Q

- 2 o2y}

CTQ = 0.8(CT CQ) .
It is equivalent to stating that the correlation coefficient between
temperature fluctuations and humidity fluctuations with spatial scales
within the inertial range is 0.8. There is evidence in the literature that
the correlation is as high as this if the fluxes of temperature and
humidity have equal directions (Antonia et al., 1978; Fairall et al., 1980;
Friehe et al., 1975; Wyngaard et al., 1978) . For one of the runs to be
discussed in the next section, the Bowen ratio was negative and a
correlation coefficient of -0.5 was assumed instead of 0.8. The set of
equations (2), (6), (7) and (8) allows one to calculate C% and C2 from the
observations of C2, T a’ Q and TS. Then Q. and E, can be calculated from
Eqs.(3) and (5) i? Ui and Ly are kown. The final step is

(8)

u
w(z) = = [1n &= -y E], 9
0 M

the well-known flux-profile relationship. For a discussion of this relation
in relevance to a marine environment we refer to Large and Pond (1982);
according to these authors, z_ = 4.9 x 1072 m is assumed. Given the wind
speed u(z) at level z, u, and can be calculated from Equation (9) if Q
and E_ are known, because Ly is a function of Q and E (Eq.(4)). Equation
(9) has thus to be solved by iteration. In case of the examples to be shown
below, the iteration proved to be very fast because of the small absolute
values of the stability parameter z/LM.

Results and Discussion

Data were obtained on 3 days in November 1984 under favourable conditions,
i.e. westerly winds (on-shore). Eight runs of approximately 45 min duration
each were analysed. Humidity fluxes were calculated from the scintillation
observations by means of the procedure outlined in the foregoing section,
and also from the observations of air temperature, humidity, sea water
temperature and wind speed by using bulk transfer coefficients published by
Large and Pond (1982). The results are shown in the Table. It follows that
the humidity fluxes derived from the scintillation observations are about
20% lower than the ones calculated with the bulk method, which means a
reasonable good agreement.
It should be mentioned again that the scintillation observations alone were
not sufficient to calculate E_. Additional information was needed, viz. the
o . s s
Bowen ratio, the temperature-humidity correlation coefficient and the
friction velocity. One may therefore wonder how sensitive these water
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vapour fluxes are to the additional quantities. As to the first six runs of
the Table, it was found that an Increasz of the Bowen ratio by 10% gives a
~-7% change of E,, and a 10% increase of the correlation coefficient a -2X%
change of E . The last run but ome is insensitive to such variations
because the Bowen ratio is zero, whereas for the last rumn the changes are
5% and -5%, respectively. The sensitivity of E, to the friction velocity
depends on the stability parameter z/LM for small positive values of
--z/LH is nearly directly proportional to u,, whereas for large positive
values og -z/Ly, E, tends to be insensitive to u,. It should also be
mentioned that E gepends on the empiricially determined stability function
in Eq.(5).

Table Comparison between humidity fluxes calculated with the scintillo—
meter, and calculated with the bulk aerodynamic method. B = Bowen
ratio, u_ = wind speed. Also shown are the contributions to C2 of
the €2 term and the Cyq term of Eq.(2) relative to that of c2?

Q T

Date  Start ua B Ly c2 rel. rel. LE, LGE
time contr. contr. scin bulk
(GMT) (m s~ (m) (10’15 -2/3, cQ Crq 5) (Wa~2)

Nov. 6 13:56 7.3 0.23 -129 0.42 0.11 0.53 k31 38
15:31 6.8 0.21 -~124 0.34 0.13 0.57 28 38
16:48 5.1 0.15 -80 0.23 0.24 0.79 24 30

Nov. 20 14:00 9.5 0.18 -152 0.89 0.18 0.68 69 86
15:24 8.5 0.17 =135 0.71 0.20 0.72 59 74
16:46 9.7 0.15 -174 0.76 0.24 0.79 71 82

Nov. 21 10:18 13.0 O -1179 0.076 w - 75 81
16:00 12.1 -0.07 © 0.066 1.06 -1.03 63 67
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LIDAR DETERMINATION OF THE HORIZONTAL AIR MOTION P16
VEIOCITY IN THE ATMOSPHERIC BOUNDARY IAYER

Kolev I.N., O.P.Parvanov, Re.P.Avramova, V.N.Naboko, B.K.Kaprielov
Institute of Electronics - Bulgarian Academie of Sciences

Lidar techmique for wind velocity determination has
been widely adopted lately in the atmospheric boundary layer in-
vestigations. Derr and Little (1970) [1], Eloranta et alls.(1975)
[2], Ammstrong et all. (1976) [3], Zuev ot all. (1977) (4], Sa~
sano et all. (1982) [5], Kolev et all. (198:) [6] etc., have
remotly measured the wind velocity by means of currelation ana~
lysis of aerosol backscattering profiles obtained from lidar.

The results of sounding presented in this paper are ob-
tained employing the scheme shown on Fig.1. Sounding in vertical
direction using a three-beam lidar is energeticly the optimal

condition for obtaining the elevation profile of the investigated
parsmeters.
The method used in this paper for the determination of

the wind velocity is based on the correlation of optical signals
backscattered from aerosol inhomogenities passing through the
observed space volumes. The method essentially requires the es-

timation of the bias time Tm of the ross—-correlation functions

neximum Rey (T) = ezm_g,. XIt)Y(t-2) ot

T> e )
where X(t) and Y(t) denote the time sequences of the aerosol back-

scatterring coefficient values recieved from each pair of the
three observed space volumes, T is the bias when determining the
correlation function and T is the time of measurement.

Proceeding from the assumption (valid in most cases) that the
aerosol inhomogenities are entirely carried along by the wind
their drift velocity (i.e. wind velocity) is determined using the
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classic relation 7 =V,
where ? is the dimension of the measuring base and V is the

wind speed.
The remote measurements of the wind velocity were con-

ducted during clear nights, early and late hours of the day.using
the lidar designed at the Institute of Electronics~Bulgarian
Academie of sciences. The lidar uses a Q-switched YAGsN3> laser
emitting second harmonic light pulses of 35 mJ with variable re-
petition rate from 3 to 12,5 Hz as the transmitter and 0,15 m
dia. telescope as the recliever. 64 Kbytes RAM computer controls
the operation of the lidar electroric part and stores the data on
a floppy disc.

To determine the wind velocity time sequences with dif-
ferent lengths providing the time dependence of the aerosol back-
scattering coefficient value from the three selected directions
vere used. The typical measurements were carried out with time
averaging from 2 to 10 minntes and for inhomogenities with 30 to
300 meters dimension. Fig.2 shows a typical three cross-correl
relation funstions usually computed for every sounded height.
When slight trends in the time sequences existed they were f£il-
tered, shen it was required the correlation functions were fil-
tered too. Curves shown on Fig.2 have not undergone filtering.

fddar experimets accompanied by conventional measure~
ments of 4he wind védecity - theodolite and radar. Theodolite
~ Aegsuressnts vere cémducted almost simultaneously (within S to
30 minutes) at a distance of several meters from the lidar. In
the radar case the data were taken from regular sounding provided
by meteorology service 100 to 200 meters from the lidar within 2
hours of the lidar measurements. The results are summarized on
Pig.3. In any case the determined directions of the wind velocity
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coincided within 10 to 15 degrees.

However, the comparison of the obtained wind velocity
values 1s quolitative sinece in the case of theodolite and radar
measurements the pilot balloons f£1ly through the measured height
in 10 to 20 secondrs while the lidar observes the signature
volumes for several minutea. The results of the comparison con-
siderably depend on time and spatial coincidence of measurements
since in the atmospheric boundary layer the wind velocity ubruptly

changes.
Experimentsl results and thelr comparison with conven-

tional methods demonstrate the ability of vertical sounding to
determine the mean wind veloclity in the boundary layer using
aerosol inhomogenities as natural tracers. The renge of the inho-
mogenities dimension from 30 to 300 m was found to contain the
nost useful wind information.

In conclusion, it should be noted that the obtained
1lidar data contained algo information about: the inhomogenities
spatial dhansiona, existence of the temperature inversions, the
height of the lower boundary of the clouds, the presence of the
wave processes in the atmosphere and their parameters as well,
etc. which all are dependent on the sinoptic situation.
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ANGULAR RESOLUTION OF AN OPTICAL RECEIVER IN A TURBULENT ATMOSFHERE FOR A
WIDE RANGE OF THE APERTURE DIAMETERS
1, Last ard Y, helssnmar

Soreq Nuclear Research Center, Yavne 70600, lsrael P17

An optical wave propigating through a turbulent atmosphere has a
distorted wavefront due to different phase shifts along different
propagation patrs., This distortion randomly changes the angle of zrrival,
both i1n space and in time, and increases the effective spot size of the
focused beam. The theory of the ligh* wave distortion by a turbulent
atmosphere was presented by Tatarski [1]. This theory was used for the
study of the arigle of arrival fluctuations in numerous studies, mainly for
limited intervals of the aperture diameter [2-6], The aim of the present
work was to obtain the expression for the angle of arrival variance for a
wide range of aperture diameters, The consideration was restricted to the
case of a plane wave propagating perpendicular to the objective plane,

The correlation function of the angle of arrival was determined by

Tatarski as BZD
1 s —_—
2 2 l y J =
2k 3p
B,(p) = < a,(B)a,(F +p) > = 0
J h) h| 1 aDs ,
] 8 ,j=
2k2p 9p

where <,..> stands for averaging over the time or tre statistical
assembly, the indices j=1,2 stand for the angle of arrival deviations from
the normal to the objective plane, along and perpendicular to the veetor
py, respectively, k is the wave number, and Ds(p’ is the structure
furction ¢f the phase. The structure function Ds 15 known for three
itntervals of p: P <L 9«0, By CCP KL PR, P <K PRK Ly» where % and L,
are correspondingly the 1nner and the outer scalesg of the turbulence and
pp is the radius of the first Fresnel zone [5]. Substituting the
fursticns D 1in {1), one ohtalns thr ~xpressions for Bj (j=1,7) valid for

the intervals quoted above. These exprassions are as follows:

2 2~1/3

Bj(é) =B, =ACx 7T,

g =<1 (2)

275




e — =

e e e e .

[

_ -1/3 . 2
Bj(e) = bjBog s 1 << f << g0 91 < 0.6 (3)
By(E) = 1.5 bjnos‘m, 1 << & << g, af > 25 (3"
- -1/3
Bj(e) =2 bjBOE » Ep << << LO/JLo (4)
where
£ = o/llo » B = °F/£o (5)

gy is a propagation parameter, Ci is a turbulence structure constant, x is
the propagation distance, A = 1.225, b, = 0,661, b; = 0.996.

The expressions (2)-(4) were fitted by an interpolation function

Ly g®e2 )2

£
B.(p) =B + (6)
3 La+eh’® @2+ He
+) _ 2 2
gy = bj[l 1 0y/Q10 + 201)] (7

For a long exposure, the angle of arrival average is zero, so the
varlance 13 <a> = Bo-The short exposure varlance is <(a)2>.wrere the

upper line stands for the aperture overaging

-2 1 2 . 2
< {a)” > = ;5;; fd?l Jd?z[Bl(p)cos y + 32(3)51n vl (8)

where 3= ?2-52, R i{s the aperture radius, and ¥ {s an angle between

; and a fixed direction (x axis, for example)., The integration zan be
performed numerically, The results of calculations for 20 = 6§ mm are
presented in Fig, 1, together with the Fried's angle of arrival
variance 2] and the diffraction angle, The difference between the long
and short exposurs z-.1es of arrival is significant «hen the aperture
dizweter 18 srzller tran ~ICQC. Hewaver, for vsery srzll diarmeters
(D <1 ¢em) the ¢iff»z2 .2~ %rozding becomes more 1mportant thon the
turbulence fluctuations,
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The Propagation of QOptical Pulses through Dense Scattering Media P18

H.leelavathi and J.P.Pichamuthu
National Aeronautical Laboratory
Bangalore 560017, India.

We develop a simple diffusion model to explain and predict pulse
shapes both in scale model and actual cloud propagation experiments.
The source-free diffusion equation for a scattering medium of one-dimen-
sional geometry 1s{1]:

D3%/0x? = 31/0t
where I is the net intensity and D is the diffusion coefficient.
However we consider the photons to propagate simultaneously both
by one-dimensional and three-dimensional diffusion with diffusion coeffi-

cients D.(=b'c) and D,(=b'c/3) respectively; b' is the diffusion length,
t ¢ 1s the velocity of light.

The transmitted pulse is the superposition of the two solutions
of the above eguation obtained separately using the diffusion coefficients
D, and D._.

1 3

A lumped RC electrical transmission line model (Fig.1 inset) of
the above equation using RC=b'/c, and RC=3b'/c for one-dimensional and
three-dimensional diffusion respectively, simplifies the treatment of
the problem. Each T-section (shown boxed in Fig.1 inset) represents
one diffusion length b' of the medium. The current 1i(t) through the
{ short circuit in the final section is the analogue of the intensity emer-

ging into free space. The 1impulse response of the network for various
) numbers of sections is also shown in Fig.l. The response of a cloud
of diffusion thickness T (EL/b' where L=geometric thickness) is the

superposition of the response of two networks each containing T, sections
but with RC values b'/c and 3b'/c. For non-integral values of T_, the
solutions are obtained by interpolation. The response i(t) of the medium
to any arbitrary input is easily obtained by convolving the given impulse
response h(t) with the input source function S(t), ie. i(t) = h(t)*s(t).
The 1mpulse response may directly be used when S(t) is impulse-like.

Pulse shapes obtained experimentally[2-4] are compared with our
predictions an Figs.2-5. Curves A and B represent solutions to the diffu-
sion equation using D, and D, as the diffusion coefficients. E is the
experimental pulse. fhe amplitudes of A and B are chosen so that the
curve (A+B) fits the experimental curve. For scale model clouds (Figs.2-4),
S.t) has a FWHM of ~ 25 psec, and the values of T_ are calculated from
the expression T _=gT, using tabulated[2] values of § and T (g = 1-cos®,
and T is the opglcal thickness). For the real c¢loud, (Fig.5){4]}, the
value T _=4 fits the experimental curve. The one-dimensional component
can be isolated using a small field of view.

The model gives a satisfactory fit to the experimental pulse shapes

observed for both real and simulated clouds of Tp 2 4. The agreement
with experiment indicates that the inclusion of one-dimensional (in addition

N 279




L e

I

to three-dimensional) diffusion is necessary to describe pulse propagation
through dense media. -For media of 7 _< 4 (Fig.3), in addition to the
response predicted by our model, a temporally compact source-like part
(SF’ appears in the output pulse. This is the predicted{5] multiple
forward scatter component.

Given an impulse like source function and narrow field of view one-
dimensional diffusion dominates in the received pulse. Then, 91' a§°r
the medium can be directly estimated (for T_> 4) from b'= 8.2 t T e,
where t_is then approximately the instaxR: of peaking 108155 thep received
waveforf, If a wide field of view is used, b' = 2.7 tp T; *% .

The present lumped model can also be extended to describe pulse
propagation through inhomogeneous (layered) media by adding sections
with values of RC appropriate to each layer.
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IN CLOUD TEMPERATURE MEASUREMENT BY MICROWAVE RADIOMETRY P19

I. MAIGNIALT - J.L. BRENGUIERZ - P.F. COMBES> - C. POUIT4

INTRODUCTION

A radiometric system 1s being studied to measure the temperature of the
air, locally, in clouds, from an aircraft, Probes currently used: contact
sensors or I.R. radiometers generally fail in clouds. Water drops impacts
on sensor sensitive element can be avoided by using protective housings,
but this substancially increases the response time, excluding small scale
measurements along the flight trajectory. In I.R. radiometry, the
dimensions of water droplets are not negligible compared with the
wavelength A (Mie region: 2Wr/A¥ 1, where r 1s the droplet radius);the
droplet signature 1s then a complex expression due to diffraction. These
remarks lead us to a non-contact measurement in the Rayleigh region
(2wr/A&1) where droplets dimensions are very small with regard to \.

I. DEVICE ANALYSIS

The device (fig.1) uses a 60 GHz radiometer coupled with a cavaty
resonator, The resonator 1s a two spherical mirrors open cavity tuned on
the molecular resonance of oxygen at 60 GHz. Power radiated by air and the
mirrors, filtered by the cavity bandwidth and measured by the microwave
radiometer is expressed by :
PR = kTgB (1)

where TR 1s defined as the radiometric temperature of the cavity, k 1s the
Boltzmann's constant, and B 1s the system bandwidth.

Thesis student -Unaversité Paul Sabatier-ONERA/CERT 31055 Toulouse.
Engineer at the C.Nat.Rech.Met. 31057 Toulouse

Professor at the Université P, Sabatier Toulouse
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Tp can be calculated , by taking into account noise spectral densities of
different elements of the cavity: the oxygen (Tg,Qg), the marrors or any
kind of radiation source inside the cavity, like the cloud particles
(TmsQm) 2 /5 i Ts' T

+ A } (2)

Az A rf?a]£2~“ M A-f%é%?

where /5 = coupling factor,
Tg= gas temperature
Tm= mirror or cloud particles temperature
qu Q factor relative to gas losses
Qp= Q factor relative to mirrors or cloud particles losses.
Then, the temperature of the air (Tg) expresses as a function of the
cavity temperature measured by the radiometer as:

_ o+ Q. [Pa
Ty = 7»'11-"*'55;(/5 1;‘“7:»»‘) (3)

e e e g smeme e e ammeae  mmm — w—n w— — ——— ot —

Air flow 1

i

(3 () (7)

- . e e e At aman e —m— e e mme e w— o S

Radiometer
Figure 1 : Experimental set-up
(1) Switch (5) If amplification
(2) Reference load (6) Square law detector
(3) Mixer (7) Low pass filter

(4) Local oscillator

II. RADIOMETER RESOLUTION

Vsys 1s defined as the system input noise temperature, including Tgp and
the receiver equivalent input noise temperature Trec : Tgyg = TR + Trec (4)
The radiometer parameter of merit, given by the product of the resolution

ATp by the time response square root J;; , 18 for a Dicke radiometer :

AT T - 1 e (5)
/e
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J - - = T el e =

where B 1s related to the cavity resonance frequency f, :
4 (At/=) (%)
pe

A/C?3 + A/C:Lm/

B

\

where 4/C?rr

Re)ations (3,5 and 6) express that the cavity must be largely overcoupled
with the radiometer (/SInaxlmum) so that

-most of the power radiated by the oxygen 1s transmitted to the
radiometer ( ﬁagl minimum =~ 1) and

-the cavity bandwidth 1s large for a better parameter of merit.

III. EXPERIMENTAL SET-UP

The dimensions of this device have been choiced i1n order to permat its

mounting on aircraft wings; the corresponding specifications follow:
Cavity resonator

Distance between mirrors d=0,3 m
mirrors conductavity & =5.107 .-1n-?
60 GHz 07 loss angle tg gaz 2,7&.10"6

factors @ Q= —2 = 364 964
Q 9 H}$
Q.= 194 - 424 264

V>

il
Qon
Qpr= ‘%’:a‘:w— = 196 193

Coupling factor =2000

Radiometer

Transmission losses before mixer : L= 1,6 dB
Mixer 10/1000 MHz - guein GM= 30 dB

noise figure Fy=2,5dB (for 20K)
If amplification : gain Gyp= 40 dB

nuise figure Fir = 2dB
= Trecz160K ; Tgys=TReTec=460K

ATRIT =0.06 (7)

285




Iv. SENSOR PROJECTED ACCURACY

The experimental objective of the meteorologists 1s to measure the cloud
air temperature with a spatial resolution better than 50 m. Because of the
aircraft velocity (80 m/s) this resolution 1s obtained for a sampling
frequency around 2 Hz. The radiometer resolution is then from (7):

Tpr=0.06 K

To mmprove the existing sensor performances, the accuracy must be better
than 0.5 K. Relation (3) shows th>t, 1f the mirrors or the other radiation
sources and the air are at the same temperature, the system presented here
allows an accuracy better than 0.1 K. In fact the mirrors and the cloud
particles temperatures can differ from the air temperature by more than 1 K
and a differential measure outside of the oxygen resonance frequency 1s
necessary. The radiometer resolution then falls to 0.08 K and the accuracy
estimated from (3) becomes: Tg=3 Tr=0.23K.

In the preceeding section, @y has been supposed to be constant. If droplet
deposits on the mirrors can not be avoided, the coefficient Qg/ﬂm can
change by more than 10%, lowering the accuracy of the system by a factor :

(TR"Tm) Qm/Qm-
V. CONCLUSION

To avoad perturbations by droplets in temperature measurements in clouds, a
new device, based on microwave radiometry, has been proposed. Two polnts
make this method more valuable than IR radiometric measurements:

- the measure 1s local, since the sampling volume 1is limited to the
resonator volume

- the choice of millimeter waves, corresponding to the Rayleigh reglon,
allows us to correct for the droplets contribution by differencisal
measurements.
Laboratory tests are now performed to avoid droplet deposits on the mirrors
1n order to satisfy the objectives of the meteorologists with an accuracy
better than 0.5 K and a sampling frequency higher than 2 Hz.
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An Approach to the Optical Measurement of Humidity Flix P20
R.J. Millington and M.J. Goodspeed

CSIRO Division of Water and Land Resources
GPO Box 1666, Canberra ACT 2601, Australia

INTRODUCTION

Evaporative loss is an important component in the water balance of
hydrologic watersheds (Eagleson, 1970) and the assessment of the magnitude of
this loss from regions with areas in the range 25 km2 to 1000 km2 is a
long-standing problem in hydrology.

Several techniques exist for measuring evaporation at a point
(Brutsaert, 1982), but estimation of losses over am area involves uncertain
assumptions and extrapolations.

Development of a technique for measuring net upward humidity flux
as a function of distance along a profile would permit much more accurate
assessment of evaporative loss on a regional scale.

Approaches to this problem have employed models of boundary layer
turbulence, using optizal techniques to measure parameters of the turbulence
field and inferring humidity flux from the magnitude of these parameters
(Wyngaard and Clifford, 1978; Hill, 1982). Subsequently these measurements
have been extendc? to the millimetre-~wave band.

In this paper we propose a method based on measurement of water
vapor content, firstly by long-path absorption (Svanberg, 1978) and then by
differential absorption Lidar (DIAL) techniques (Hardesty, 1984; Collis and
Russell,1976), which appears to offer a more direct approach to the
measurement of humidity flux.

LONG~PATH ABSORPTION
This is an active technique in which light is propagated over a
distance of the order of kilometres and returns to the vicinity of the source

after reflection from a retro-reflector. Absorption by water vapor (or other
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molecules) is neasured, yielding an estimate of the average concentration

over the path covered, Following Svanberg (1978, p.59), we have

{ = IN.+
ln(IO\v)/It(v)) 2R(Zoi(v,Ni Kext)
where the symbols have their usual interpretation. When non-water absorbers
are present in significant amounts, measuremerts must be made at a number of
wavelengths to separate their effects. This method can also be applied using
a non-coherent light scurce (Ochs, pers. comm.) in a band where water vapor

is the dominant abnorbder.

DIFFERENTIAL ABSORPTION LIDAR

This well-established technique differs from that previously
described in that back-scattered light is detected from atmospheric aerosol
particles along the propagation path and, by comparison of returned energy
levels on and off absorption lines, a range-resolved water content profile

can be obtained. Following Collis and Russell (1976) we have

R
P.(R) = Po(cr/z)s(a)ArR"'exp[-zJa(r)dr]
o}

where, again, the symbols have their usual interpretation.

PROPOSED METHOD FOR HUMIDITY FLUX MEASUREMENT

The basis of the method (see Fig. 1) is:
The propagation of a horizontal laser beam to measure average
humidity along a profile by long-path absorption

. The movement of this beam vertically, parallel to itself, at a
constan* speed of the same order as the vertical mass flux,
recording the pattern of average humidity observed
Comparison of the patterns recorded from two stch beams, one
scarning upward and one downward.
The rationale is that average humidity along the profile will

exhibit f'uctuations due to turbulence and any particular fluctuatiuvn feature
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Fig. 1. Schematic diagram of proposed transmitter/receiver geometry.

will be present in the beam for a longer time when the scan moves upwacd,
following the mean motion, than when it moves downward against it.

Let Vi be the mean vertical velocity component of the humidity
field, Vs the speed at which the vertical beam-scan is driven. If we assume,
simplistically, that a turbulence cell of length 1 in the vertical direction
moves upward with the mean velocity Vi then it will be present in the "
upward-moving beam for time t, = 1/(vs~wh) and in the downward-moving beam
for time Ld = 1/(vs+wh). Eliminating 1, we obtain W = (tu—td)/(tu+td).

In practice, the pattern is evolving in the same time scale as it
is moving upwards and it is necessary to consider the complete patterns
recorded and adjust the time scales to optimise the fit between them.
Contracting the upward-moving time scale and exnpanding the downward-moving
scale both by the factor a, we expect the cross-correlation between the two

records to be 2 maximum for




al = tu/td = (vswh)/(vs-wh).

giving W, o= v (a2-1)/(a2+1). (1)
If both humidity and the vertical velocity component can be assumed
to be approximately uniform along the profile then long path absorption is an
adequate technique and mean humidity flux is simply obtained as their
product. Otherwise we require range-resolved DIAL measurements of humiclity
and must evaluate the vertical velocity component separately for a number of

segments of the profile before computing the flux.

SIMULATION OF THE METHOD

Clearly a number of simplifying assumptions about turbulent
humidity flux are implied in the arguments leading to equation 1. Complete
analysis is forbiddingly complex and we have adopted the approach of
incorporating these assumptions explicitly in a stochastic model of
atmogpheric turbulence, on which the measurements outlined have been
simulated. Currently the atmospheric model is quite simple, involving only
uniform vertical movement and dispersion of humidity concentrations along
with this movement. More realistic elaboration of this model, to incorporate
vorticity for example, is being studied.

PHYSICAL IMPLEMENTATION

As presently envisaged the system will employ an off-axis
paraboloid mirror for transmission, mounted coaxially with a spherical mirror
for collection (Fig. 1). The rotating plane mirror M sweeps the narrow laser
beam stepwise across the paraboloid causing the outward beam to be shifted
vertically over a total distance of about ! m. Returning energy is collected
and detected conventionally. Sufficient data registers will be required to
store approxirately 20 complete profiles for analysis during the interval
between sweeps. A pulse repetition frequency around 20 Hz from a sealed CO2

laser 1s envisaged, permitting a complete sweep sequence in 1-2 seconds.
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Some Observations of Spherical-Wave Covariance in Strong P21
Refractive-Index Turbulence

Gerard R. Ochs

NOAA/ERL/Wave Propagation Laboratory
325 Broadway
Boulder, Colorado 80303

Introduction

The phenomenon of the saturation of the scintillation of a light wave pro-
pagated through strong turbulence in the atmosphere has been observed and
studied experimentally and theoretically for over 20 years. During this time, a
reasonably complete understanding of the phenomenon has evolved. Recent work in
this field is exemplified by references 1,2, and 3. A few questions remain,
however, and one of these involves the nature of the very small details in the
scintillation pattern, that is, those around the inner scale and smaller.

Figure 1 is an example of such a pattern. Some additional observations of this
region, with concurren% measurements of inner scale ¢ and the refractive-index
structure parameter C_“, have been made that may contribute to a better
understanding of this region of the scintillation pattern.

Figure 1., Intensity-scintillation pattern of a 0.63-um
spherical wave 1012 m from its source. The pattern is
50 mm in diameter, the exposure 1515/2000 s with winds
less than 1 m/s, and C > =3 x 107",

Experimental Procedure

The measurements were made on an east-west optical path 1012 m long and 2 m
ahove the grass~covered surface of Table Mountaln, a flat mesa approximately 12
km north of Boulder, Colorado. For most of the tests, a continuous-wave He-Ne
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laser having a 4-mW single-mode output at 0.6328-um wavelength was used. A
negative cylindrical lens expanded the beam slightly in the vertical direction
so that the detectors were illuminated regardless of day-to-night changes in
regular refraction. In some of the tests of shorter duration, a He-Ne laser
having approximately 20 mW of single-mode continuous output was employed.

Photomultiplier tube detectors were used to measure the irradiance of two
1-mm diameter apertures. Interference filters of l-nm bandwidth were used and
the signal fluctuations were observed over a 1) kHz bandwidth. By means of a
moving beamsplitter, the spacing of the two apertures could be changed from 0 to
30 mm. The signals were preprocessed by passing them through logarithmic ampli-
fiers and then digitized at the rate of 10 per second. A 1-bit correlator tech-
nique was used to measure the normalized log-~intensity covariance, and this
output was also digitized at a 10 per second rate. A signal-amplitude distribu-
tion must be assumed to calibrate the 1-bit correlator. 1In this case, however,
log-normal signal distribution was assumed, which of course was not quite the
case. Both experimental and analytical analyses indicate that the grror is
slight, especially at the close spacings that are of interest here.

An independent measurement of an, nd inner scale 2 , was obtained from
several incgherent-light scintillometers™ and an optical Paner scale
instrument,  all having light paths parallel to the laser path.

Two modes of operation were employed. In one, the space covariance func-
tion was obtained by continuously cycling the aperture separation from 30 mm to
zero spacing and back out to approximately 8 mm, in 125 seconds, digitally
sampling JO times per second. In the other mode, a 2.2-mm spacing was main-
tained, and the covariance at this spacing was continuously measured over
perlods of several days.

Results

Examples of two covariance functions, measured in low and high integrated
turbulence, are shown in Figure 2. The strong~turbulence case (right) shows
the characteristic increase in irregularity scales smaller and larger than
Fresnel zone size.

Perhaps a hetter way to assess the relative contribution of an, and {inner
scale, to the shape of the covariance function, especially the width at small
spacings, is to maintain a fixed detector spacing and observe the change in
covariance over time. 1In the following teit’ a 2.2-mm spacling was used and con-
secutive 10~min averages of covariance, C_“, and inner scale were taken for 41
hours, The quantity 1/(1-C), where C is covariance, was compared rather than
covariance, since this quantity is approximately equal to the width of the
covariance function, for small changes f{n covariance. The correlation coef-
ficients for the total of the 10-min averages is as follows:
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oy

1/(1-C) 3 c?

o] n
1/(1-¢) 1 41 -.61
£ W4l 1 -.06
[}

c ? -61 -.06 1

Most of the data was taken when the coherence length P was less than the
inner scale. There is some change in the statistics if the data for which
P, < zo i8 removed, as shown in the following table.

2
1/(1-C) 20 Cn
1/(1-¢) 1 «66 -.53
lo 066 1 "‘22
2
Cn —o53 "022 l

Thus it appears that under saturated conditions, £ and C 2 (or p_) have
approximately equal effects upon the width of the covar?ance function at 2.2 mm.
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SCATTERING FROM RANDOMLY ORIENTED FIBERS IN THE P22
RAYLEIGH-DEBYE-GANS APPROXIMATION. A.J. PATITSAS,
Departmant of Physics, Laurentian University,
Sudbury, Ontario, Canada P3E 2C6

In Fig. 1, the direction of the axis of the fiber (a right circular
cylinder of finite length) is characterized by the polar and azimuthal angles
B, Y respectively, the direction of the incident beam is denoted by ﬁ which
1s along the z axis and the direction of the scattered wave is denoted by
t which has polar and azimuthal angles G, ¢ respectively. The fiber is
assumed to have uniform refractive index m relative to the surrounding
medium, The expression for the amplitude of the form factor F(8, ¢) 1s
(Van de Hulst (1), Saito and Ikeda (2))

Ji(uy) sinu;

F(8,¢)=4a%L (1]

Uy u;

where a is the radius of the fiber, L is the length, J; is the Bessel function

of order one.
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Fig. 1. Typical scattering ¥ig. 2. The natural loga-
. rithm of th rm f ver-
diagram. h the fo factor aver
aged over all orientations

of a fiber is plotted versus
the scatlering angle for fixed
fiber diameter D and ‘or
various fiber lengths L.
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The parameters u,, u, are given as follows,
0
u,=2ka sin 5 sin ) up=kL sin-g cos § [2]

§ being the angle between the axis of the fiber and the vector g;f—ﬁ.

It can be shown easily that

cosb=(2-2 cose)-%(sinecos¢sin8cosY + [3]
sinfsindsinBsiny-(1-cosf)cosB).
It is also obvious that

C055=%(cosa—c053)
sinU2

A

where a is the angle between T and the fiber axis. The function L

uz
behaves like a §-function as %L btecomes large. It follows that for

a very long fiber the function F(0,¢} and thus the scattered intensity
are different from zero only on a cone whose axis coincides witn the fiber
axis and whose apical angle equals 28, This behaviour of the scattered
intensity is the same for the case of the infinite circular cylinder using
the exact boundary value method to obtain the scattered intensity (Kerker (3)).
It is clear that when f lies on the s-attering cone, then f-k is normal to
the fiber axis and since the relative phase change is 2% (£-k).r', where r'
is the vector position of a scattering volume inside the fiber, one can
argue that the validity of the Rayleigh-Debye-Gans theory depends strongly
on the diameter and weakly on the length of a long fiber. The explanation
to this effect by Koch(4) for the case of randomly oriented elongated
particles failed to take into account the scattering cone and is rather
vague, The same kind of argument can be used in the case of the disk whose
diameter is large compared to the wavelength. In this case it is the
J&:u‘ which behaves like a §-function as % becomes very large.
This implies that the angle § in eq. [2] equals zero i.e. the vector g;?—ﬁ

function ;

is now along the normal to the disk as in the case of specular reflection.
Thus, the effective relative phase 2%(?—&).£fdepends strongly on the width
and weakly on the diameter of the disk. In order to calculate the average

intensity from a system of randomly oriented fibers, the function {F(8,$)}2
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has to be averaged over all 8,y. Since u; and u, depend on the angle &,
it is normal to introduce a polar axis along the vector E;f—ﬁ. It is

easy to show that

|F(9 d>)|2 —16a"L2 c_(u__;(si"u 51n5d6 [4]
2

where the bar at the top ano the superscript O indicate average over all
orientations, Essentially the same result was obtained by Koch(4) by taking
the polar axis along the bisectrix of  and k. In Fig. 2. the natural
legarithm of T?Ti(o)is plotted versus O for A=1.0, D=1.8)\ for various values
of the fiber length. The interval d§ was set equal to 2.0° in the numerical
evaluation of the integral in eq. [4] using Simpson's rule. The error was
less then one in 10* in the cases tested. The interesting feature of these
plots is that the angular positions of the first two minima, close to 38°

and 78°, and to a lesser extent that of the first maximum, in the vicinity

of 50°, are quite independent of the aspect iatio R down to R=1.0, Similar
results were obtained by Koch(5) for randomly oriented ellipsoids of revolution
and Malmon (6). The sphere with radius equal to 1.03\ has the same volume

as the fiber with length equal to 1.8\. The plots for these two cases are
very close for the angles 8 shown in the figure except for 6 near the

minima where the form factor for the sphere becomes zero. A quick calculation

shows that with 8=90° and D=1.8A in the expression for u,, the fi.st zero

of lJ1(U1)|2 is at 68=40°, the second 1s at 6=77° and the first maximum is
at 6=56°. Thus, in the case of identical fibers randomly suspended and
randomly oriented, the diameter can be determined quite accurately from
measurement of the angular positions of the minima, for aspect ratios as
low as unity. If the fibers are oriented along the y axis, broadside

L sinu, | -
incidence, then — —Z in eq. [1] equals one and the positions of the
uz2

extrema can be utilized to determine the fiber diameter even more accurately
than for random orientations. It can be further noted that the ratio of
the intensities for the plots with L=1.8A, L=9.0) is close to 3.7 for 6
in the range 20° to 30° and for € in the vicinity of the first maximum.

The corresponding ratios for the plots with L=9.0A, L=18.0A, and with
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1=18.0A, L=36.0A are close to 2.0. As expected the ratio 1s equal to R?

for 6=0.0°., It may be concluded that apart for © near zero where there

is total constructive interference and for 6 near the angular positions of
the minima of the scattered intensity where there is a high degree of
destructive interference, the intensities from the various normal slices

of the randomly oriented fiber tend to add. Thus the phases of the wavelets
originating at the various normal slices are very well randomized even for

R close to one, excepting the angular intervals stated above. Thus, the
plots in Fig. 2. suggest that the validity of the Rayleigh-Debye-Gans

theory is quite independent of the fiber length even for values of R near one.
Can one assume that the dependance of the validity of the theory on the
fiber diameter is close to that for a very long fiber™ Since the effect

of the fiber ends on the scattered intensity occurs at large 6 where the
Rayleigh-Debye~Gans theory is most likely not applicable, the answer

to this question is most likely in the affirmative. Computations based

on the derivation of the scattering amplitude for long cylinders

(Van de Hulst (1)), are underway in order to arrive at a quantitative

answer to this question.

REFERENCES
1. Van de Hulst, H.C., "Light Scattering by Small Particles."
Wiley, New York, 1957.
2. Saito, N., and Ikeda, Y., J. Phys. Soc. Japan, 6, N°5, 305, (1951).
3. Kerker, M., "The Scattering of Light and Other Electromagnetic
Radiation." Academic Press, New York, 1969.
4. Koch, A.L., J. Theoret, Biol, 18, 133 (1968).
5. Koch, A.L., Biochimica et Biophysica Acta, 51, 429 (1961).
6. Malmon, A.G., Acta Cryst. 10, 639 (1957).

300




Stochastic model for turbidimetric parameters evaluation

against observed values.

I. Porceddu, V. Quesada

Cagliari Astronomical Observatory P23

The knowledge of the real incidence of solar radiation
incoming over a given area 1s indispensable for the
correct use of the daifferent energy systems and
constitutes a basic element for the evaluation of the
energy budget on a local scale (on microscale) and
also on a larger scale.

The various models used for the determination of solar
radiation can be grouped into two large categories:
the 80 called analogical or parametric models based on
indirect processes and those based on direct numerical
procedures. However, direct methods appears best for
the calculsation of incident solar radiation on a given
curface. Using our direct method, it is8 necessary to
know how the phenomena of diffusion and absorption
(atmospheric attenuation) interact with the cloudiness
(shape, kind and coverage) for the solar radiation
extinction. The aim of our paper is to present a
feasibility study, a work-design which use a software
tool for radiative processes emulation.

This tool simulate the atmospheric radiative processes
which are made by aerosols particles; in other words,

we select the aeros. density (gr/cm**¥3) and dimensions
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(particles, radius) parsmeters, the radiation parameters

and the atmospheric components.

The software tool use a Monte - Carlo procedure for
radiative processes emulstion, with a plane - parallel
atmospheric geometry. A NIP (Near Infrared Photometer)
is used to determine the surface incoming radiation on
three spectral zones.

By means of NIP (and Volz) photometer, we compare the
observed values with the stochastic results.

Preliminary results will be issue in a short time.
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Atmospheric Turbulence Measurements With P24
a liorowave Refractometer

Radio Solence Division. Napional Physiess Taboretory,
New Peln} 110 012, maia.
1, INTRODUCTION

The soattered power in a tropo-scatter system depends upon
the spatial spectral distribution of refractive index fluctuat-
ions. The gpectral distribution ( power spectral, in general)
is characterised by two parameters : spectral intensity and
slope to the high frequenocy region. The spectral intensity is
given in terms of the well-lmown Tatarskii's structure constant,
an, which is a measure of the severity of refractive index
fluctuations. The spectral slope determines the (scale) size
of the Inhomogeneities in the turbulent medium. In the absence
of In-situ measurements, Kolmogorov's, speotral slope of =11/3
(three dimensional, =5/3 one dimensional) 1is assumed to hold
good. A typloal estimate of Cn"a in a helght Interval of 1 to
2 km lies In the renge of 10735 to 10°4 3 [ 1 ] .

The atmospherio turbulence parameters may be determined
by in-situ measurements of refractive index with an air-borne
miorowave refractometers In order to colleot acourate refract-
ive index Information over the Indian subcontinent, an air-
borne golid-state digital microvave refractometer has been
designed, fabricated, and flight-tested suocessfully. The
variance of the refractive index <An2 > values were conmputed
at different heishts. In an initial exercise, six such sorties
were carried out during day time in Jwme, 1983, and another

303

R - - - —— L




six in January, 1985. The mean height mrofiles of Cy2 for the
sunper and the winter oconditions are computed from the <A n2 ?
values. JFower spectrel analysis of the refrective index fluct-
uations gives the spectrel slope at different height levels in
the turbulent atmosphere,
2. HRIGHT PROFILES OF 02
The refraotive index structwre oonstant C42 is given by
2 = KE<cARS> 1o ~¥3, (1)

< A 82 > being the varianoce of the refractive index at a given
helght, To the sise of the largest - _ @
inhomogene ity (oalled the outer “0 e s oo,
soale of turbulence) snd K & nor- | e oan:
maligation constante The theore- .
t1cal value of K eqwl to 2 is 3"y
fownd satisfactory for line-of- - ' %

sight optioal wave propegation =\
through the turbulence atmosphere | ,
[210 The outer soale of turbul-~ et
Pig.l Height profiles of
enoe Iy may be taken as V2 m. a variange ( <An2 > of
refractive index flu-
The troposcatter experiments, in otuations measured
with the refractometer
the $~-band and at higher frequen- for summer and winter
oonditions (solid
cles, are characterized dy an ocurves). The correspon-
ding profiles from
outer soale of turbulence such gagéogonde are merked
ovieds

that Ty >» (NI)Y2, Here, ) 18
the observing wavelength and 1 the redio path length; for L w
100 Em, Lo may be taken as 1 Xm [3]. The height profiles of
<An2 > , obtained by miorowave refrectometer, and labeled as
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'sunmer' and 'winter' are givem in Fis.l. A typical value of
Cp2 as 5 x 10735 n~8/3 at 1,5 km for summer conditions was adop-
ted to fix the normalization constant X in expression (1). Puit-
ing in <AnZ > as 5.0 z 1011 1°%/3 a4 1,5 Im and the remaining
parameters in (1), the constant K is obtained as A 1072, This
value of the normelization constant Xrv 1072 is -ery much lowex
compared to the theoretically implied value ~v 2+ At present,
no explanation 1s offered for such a difference In the value
of K. The factor K.Lb'2/3 ~ 1074 gives a constant scaling
faotor to convert <An® > values into cn2 values as shown In
Figel. The sumer C,2 values are consistently higher than the
winter period. A similar result was reported by Gossard L1 ].
3+ SPECYURAL ANALYSIS

Power spectral analysis of the temporal variations in
refractive index fluctuations are performed to compute the
slope of the high frecuenoy fall-off, and the (scale) size of
the turbulent structures involveds The spectral slope values,
in general, iie between «9/3 to =i3/3 for samples iIn the
height range of 700 m to 2 km. A value of spectral slope -15/3
is consistently obtained at 500 me. With the limited.data
available, no clear variation of the spectral slope with height
or season iz evident. Representative power spectra plot at
1,5 ¥m obtained from one of the sorties in Januwary 1985 is
presented in Fig.2.

A famseian desoription of turbulence sives the scale
size vy as

= & v
ro-rra.-, (2)
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V being the mean wind speed and £, a break-point frequency
marked in Pige.2. The simultaneous 1
radiosonde flights in winter give L
mean wind speed as 4 ms™L in the :
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region from 500 m to 2 km. A typi- fa
cal value of f, from Pig.2 may be §
taken as 5 x 10"2 Hz, The aver- g;
age scale sisze r, from (2) is de- %

duced to be .25 m.
4, CONCLUSIONS :
i3

_L miocrowave refractometer

8y

[ '
SPECTRAL FREQUENCY (M)

gives an accurate deuqript:l.on of —

the refraoctive index distridbution Pig.2 Pow r speotre of re-~
freotive index finoctu-

in the turdbulent atmosphere. & ations at 1.5 km, The
speotrel slopey to the
limited number of refreactometer high frequenoy region,
. marked dotted, is
measurements were made in the summer ~11,5/3.

and the winter perjods in India., VWith the hypothesis of frozem-
in turbulenoce, the temporal variations in refractive index have
been analysed to oompute struoture constant and spectral slope
(thus scale size) of atmospheric turbulence.
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Atmospheric Optics P25
John B. myth
Smyth Research Associates
San Diego, California 92123

A wide variety of optical phenomena are associated with light transmission
through the earth's atmosphere. These range from exotic rainbows, mirages, and
pilot's halos to all aspects of twinkling starlight which have been amalgamated
into a single concept entitled scintillation. A good eye observing starlight
decerns variations in intensity, in directions of arrival, in color and in size
of the image. The magnitude of these scintillations decrease with the
elevaticn above sea level, presumedly disappearing altogether outside the
earth's atmosphere.

In 1893, Lord Rayleigh' published a paper entitled "On Tae Theory Of
Stellar Scintillation* in which he summarized the important investigations by
Respighil. Rayleigh's paper dealt mainly with Respighi’s astounding
obgervation tnat the spectcra of stars near the horizon in the east exhibit dark
and light bands moving progressively through the spectrum from violet t¢ red.
For stars in the west, the wmovement of the bands is just the opposite: That
is, from the red end of the spectrum to the violet. Rayleigh demonstrated that
atmo.pheric dispersion would require viclet light to propagate along a path at
a higher elevation than the red 1light, with the intermediate frequencies
arriving along appropriate ray paths. It is clear that for rising stars the
transmission path for the wviolet 1light will encounter atmospheric
irreqularities first, with ray paths of the longer wavelengths following in
proper sequence. For stars setting in the west the ray path associated with
red light will encounter a given index of refraction perturbation first, with
the electromagnetic effect observed passing through the gamut of higher
frequencies. The objective of this paper is to present an approach to a
guantitative description of this phenomenon, which at the same time describes
other scintillation phenomena.

Rayleigh! states, "In the preceling discussion the refracting obstacles
have for the sake of brevity been spoken of as throwing sharp shadows. This of
course cannot happen, if only in conszequence of diffraction; =—we=-- " In an
investigation of the transmission an: reflection of plane acoustic waves from a
plane interface between two homogenec.s media, Rayleigh3 extended this study to

l.e caze of a non-plane corrugated interface. As a particular case he
considered a sinugodial corrugation with space frequency 27/A along the x-
axis and space frequency equal to zero along the y-axis, where A is the
cpatial wavelength of the corrugation along the x-axis. Although general
boundary conditions may not be represented by the superposition of sinusoidals
as implied, the special case considered depicts how spatial phase modulation of
a single space frequency generates sidebands and redistributes the energy of
the carrier among these diffraction orders. Since the egquations representing
the acoustic field are linear, superposition of sinusodials to represent the
periodic function describing the field is acceptable. For the case being
considered, the sinusoidal surface representing the interface is replaced by
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the original plane interface and the acoustic field is assumed to be of
constant amplitude with a sinusoidal variation of the phase with the same
spatial period as the perturbed interface surface. It can be shown~ that the
first order effect of a field pern~trating an inhomogenous region is a change of
phase. A well known example of this is the 1light field in the plane
immediately behind a lens of an optical system. Another example is light
passing through an acoustic beam where the periodic variations in the
dielectric constant of the medium associated with the density fluctuations
produced by the sound wave acts like phase grating. Raman and Nath5 were able
to describe the main obgervables of this phenomenon by assuming that the first
order effect on the light trunsmitting the acoustic beam was a perturbation of
the phase in the plane jerpendicular to the direction of propagation.
Accepting this premise, the diffraction orders and the distribution of energy
among the spectra may be computed by the method developed by Rayleigh3. The
major features of the diffraction phenomenon such as the diffraction angles,
the dcyrpler shifts of the various orders, and the fact that the diffraction
pattern is not symmetric ahout the zeroth order when the electromagnetic wave
is not incident normally on the acoustic beam, are rather easily found.
Although the quantitative evaluation of the intensity in the diffraction orders
is not gso easily made and, in fact, has bsen done for only a fairly limited
number of cases, thesa include most of the cases for which quantitative
measurements have been made. ‘This phenomenon has been studied mainly for
liquids and solids vhere it is <casily observed. 1In the case of gases the
effect is extremely small due to the small acoustic impedance of gagses: Fer
exampie, the rxatio of the impedance of water to that of air is 360C.

Even so, the distance traveled through the earth's atmosphere is quite
large and the integrated phase along adjacent ray paths may be different.
There are studies which indicate that the "dancing” stellar images is a
discontinuous change in direction of arrival of 1light’: a phznomenon which
might be explained in terms of Permst's principle where one stationacy path
becomes extinct while another quite difterent one comes into being. This is
seen quite readily ir the case of light Aiffracted by an acoustic beam in
water: changing the intensity of the sound field diffracts energy from one
order irto another without light passing through any of the diffraction nulls.
This spatial phase modulation redistributes energy among the space frequencies
in just the same way energy is redigstributed among the time frequencies when a
time signal is phase modulated. This 23sumed spat’al modvlation of the phase
in the wavefront will produca the major observal..s of astronomical seeing:
glinting of stellar direction; flucuation of intensity of iight arriving from a
given direction; dilaticn of image size; and color banding.

Electromagnetic properties of the atmusphere are mapped on the sgtarlight
arriving at the earth's surface. And, perhaps, it is possible to use the
observed time and space scintillation of stazlight to say something about the
earth's atmospherec. “on Neumann's statement made many years ag» that "The
hydrodynamics of meteorology presesnts without doubt the most complicatea series
of interrelated problems not only that we know of, but that we can imagine.® is
just as true today.

Por example: the fact that the eye never sees a sta: resolvz into two or
more distinct images places a bound on the minimum scale size of the spatial
phase modulation. Likewise, the cessation of twinkling of an extercestrial
source such as a planet, when its angular size rsachaes 10°% radians
corroborates this information. When an aperture of a telescope located at sea
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level is open to a size greater than four inches, the scintillation of the
intensity of the image vanishes. Astronomers fregquently evaluate the qualaty
of "seeing" by counting the number of diffraction rings that may be seen for a
given aperture opening. On nights of excellent astronomical seeing an aperture
opening of four inches at the Lowell Observatoty5, (2200 meters) will exhibat
many well defined rings; whereas, the Naval Observatory (89 meters) will at
best yield one diffraction ring. The spatial distance over which starlight
twinkling is correlated is a function of elevation. Many years ago the author
used two 3mall mirrors mounted on two parallel tracks, four feet 1long,
geparated by the distance between his eyes. The two mirrors were on blocks at
45° with the track which could be moved independently along each track. This
double track was mounted on a camera tripod and made perpendicular to the
direction to some star. With the two mirrors placed side by side in the middle
of the track, light from the star could be observed by both eyes simultaneously
via the two mirvrrors. By separating the two mirrors, along the two tracks
spatial correlation of the scintillation could be observed. The intensity
variations became uncorrelated at about four inches at sea level, fifteen
inches at three thousand feet and twenty-six inches at the mile high Palomar
Observatory.

Ronchi? in a delightful book entitled "Optics -The Scizsnce of Vision",
points to enlightment through the return of philosophy as the basic benchmark
for all science. At best, physical reality is described, not explained.
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MINIMUI* JARIANCE ESTIMATOR OF FOURIER INTENSITIES F26
DEGRADED BY ATMOSPHERIC TURBULENCE

C.C. Wackerman #nd J.R. Fienup

Environmental Research Institute of Michigan
P.U, Box 8618
Ann Arber, Michigan 48107 USA

1. Introduction

when imaging with large earth--bound optical telescopes atmospheric turbu-
lence degrades the resolution to approximately one second of arc, whichk is
many times worse than *he diffraction limit set by the telescope aperture.
The situation can be improvec by gathering Fourier intensity data. Labeyrie
showed [1,2] that if one takes a number of short-exposure images, one can
combine their Fourier intensities to form an estimate of the object's Fourier
intensity that has energy out to the diffraction limit of the telescope. How
to combine the information from these short-exposure images to get the best
estimate of the object's Fourier intensity {(what we mean by best will be
defined in Section 3) is the topic of this paper. In Labeyrie's traditional
stellar speckle interferometry the Fourier intensitirs are averaged, It will
be shown that although this technique works well for higher spatial fre-
quencies of the Fourier plane, it works poorly for low spati-1 frequen.ies.
A new method which is more accurate at low spatial frequencies will be
des¢ribed in Section 3.

in order o have : general model for these discussions, let o{a,8) be the
object we wish to image and hg(a,B) be the kth point spread function which
includes both atmospheric and telescope efftects. Then [3, p. 259]

9y (as8) = 0(a,8) * by (a,8) (1)

where gy(s,8) is the kth of N images of the object we record and * is the
convolution operator. If we et upper case letters represent Fourier trans-
forms of lower case letters, from (1) we have

éck(u,v)‘z = !O(U,v)lz IHk(u,v)lz, k=1, ... N (2)

where (u,v) re e3znts the Fourier (spatial frequency) plane. For a given
Fourior plane ..cation, (u,v), the N real values that we have measured,
IGk(u,v)l2 are the data values we need tc combine to produce an estimate
for |0(u,v)|2. In this paper we are consi«.ring the efferts of the fluct. -
ations due to atmospheric turhulence but not the effect: o, noise.

'n Seclion 2 we derive the joint prcouability density function for our N
dat.: values. In Section 3 1 derive estimators for 0(u,v)[2 based on this
density function. Section 4 will state conclusions.
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2. Derivation of Joint-Density Function

Assuming that the atmosphere produces negligible amplitude fluctuations,
the optical transfer function, H(u,v), described above can be written as [4,
p. 404]:

*
H(u,v) = /;’(x.y)P {x=Afu,y-rfv)exp(i[#(x,y)-g(x-rfu,y-2fv)]) dxdy
./‘./‘IP()(',y')l2 dx' dy'

(3)

where A is the wavelength of the propagating field, f is the focal length of
the optical system, P(x,y) is the complex pupil function of the optical sys-
tem which includes telescope aberrations and $(x,y) represents phase fluctu-
ations caused by the atmosohere. Under the Rytov approximation to the solu-
tion of the wave equation [4, Section 8.4.2], #(x,y) is zero-mean Gaussian.
The integrand of Eq. (3) is a complex number Aexp[i¥] where

P(x,y)P*(x—Afu,y—Afv)
ff!P(x',y')lex' dy*

and
= 8(x,¥) - #(x - Afu,y - afv).

Since #(x,y) is zero-mean Gaussian so is¥. The variance of ¥, var(y), is

EL(8(x,y) - #lx -~ afu, y - afv):2] (where E[e] denotes expected value)

which is the wave structure fusction, D(ax,ay), evaluated at offset

i?fg,va). work by Kolmogorov [5] gives a form for this function as [4, p.
3

D(ax,8y) = 2.9141n7)c2L(wx? + 1y?)°/0 (4)
vnere we have assumed that the wave is_propagating along the z axis through
an atmosphere of thickness L and Cﬁ is the structure constant of the
atmospheric refractive index fluctuations. Since integrating is just adding
up the function over a large number of points, we can estimate Eq. (3) for
some specific location (u,v) as

M
H(u,v) = ZAj exp [1%;] (5)
j=1
where M is some large integer. Assuming that the random process #(x,y) is
spatially correlated only over an area that is much smaller than the aperture
of the imaging system [4, Section 8.6.3] we can assume that the ¥j's are
almost always independent. By the Central Limit Theorm the real and” imagi-
nary parts of Eq. (5), denoted by R and I respectively, are Gaussian distri-
buted with statistics:

E[R] = exp [-0.5 var(¥)] Py

var(R) = 0.5(1 - exp[—var(\v)])2 P2
E[1}J =0
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[

var{l) = 0.5(1 - exp [-2 var{¥)]) P2 (6)

Py = [./:/.,P(x,y)l2 dx dy]"] ./Z/;(x,y)P*(x - afu,y - aAfv) dx dy

by = firoanl? ax 12 [ fio0e,mp*(x - afu,y - 26003 ox ay.

For the random variable s = |H(u,v)i2, the probability density function is
{6, Chapter 7]

1 m (Vs cos¢-E[R])2 (s sin2¢)
Psls) = B )o exp - [ 2 Var(R) * Z Var (I) dé.
2nVVar(R) var(l

We actually make measurements of the random variable t,

t = IG(u,v)l2 = |O(u,v)lle(u,v)|2 = CS

where ¢ = [0(u,v)|2 is the constant we are trying to estimate. From Eq.
(7) we have [7, Chapter 6]

where

and

(7)

Py(t) = ()7 Py(t/c)

Finally, since we are making N independent measurements the joint density
function is

Pltys + v oy ty) = ()N P (ty/e) P(tylc) . . P(tylc).  (8)

3. Derivation of Estimators

We wish to derive estimators which are unbiased and which have the smal-
lest variance of all unbiased estimators. We shall refer to these as uni-
formly minimum variance unbiased (UMVU) estimators [12, Chapter 4; 7
Chapter 8]. First note that for all locations of the Fourier plane where
Var(¥) is large enough so that exp[-0.5 Var(¥)] is approximately zero then,
by Eq. (6), E[R] = 0 and Var(R) = Var(I) = 0.5 Pp. Under these conditions
the joint density function in Eq. (8) reduces to the joint density function
of N independent expotenially distributed numbers. The UMVU estimator is
well known for that case [12, Chapter 5], which we will denote by ¢, as:

N
c= (w7 )t (9)
7o

which is essentially the traditional Labeyrie averaging [1]. To find where
this assumption is applicable, we set some small value, &, such that
exp[-0.5 var(¥)] will be taken as zero if it is less then §. Using Eq. (4)
and solving for d, the distance from the origin in the Fourier plane to the
point (Afu,rfv), we have:
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2 3/5
-0.6871n{s)r

(2n) CnL

For locations in the Fourier plane that are closer to the origin then d,
Eq. (9) is no longer UMVU, For these locations the density function in
Eq. (8) should be used and no known closed form estimator exists. Consider-
ing Eq. (8) as a function of the N data values measured and the constant ¢ we
are estimating, for some given set of measurements we can iteratively find
the value of ¢ that maximizes £q. (8). This is the maximum-likelihood esti-
mator [12, pp. 99-107; 9, pp.290-298; 10, pp. 65-72] and since the problem is
one-dimensional, techniques such as the Fibonaci search or the golden section
search [11, Section 29.4] can be used. Examples showing the increased
accuracy of this method will be presented in the talk. Although maximum-
likelihood estimators are not guaranteed to be UMVU, in most cases they are
{10, p. 68]. Also, if the number of measurements is large, all maximum-
likelihood estimators become UMVU asymptotically [9, p. 298; 10, p. 71].

4, Conclusion

We have shown that to estimate the Fourier intensity of an object imaged
through the atmosphere we must divide the Fourier plane into two regions:
the high frequency region for which the traditional method is accurate, and
the low frequency region where an iterative maximization of Eq. (8) is more
accurate,

The authors gratefully acknowledge the contributions to this work by T.R.
Crimmins and J.N Cederc:ist. This research was supported by the U.S. Air
Force Office of Scientific Research under Contract F-49620-82-K-0018.
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Behaviors of Beam Wander in the Turhulent Near-earth Atmosohere p27
Sonr 7henafanc

Anhui Institute of Ontics and Pine Mechanics, Academia Sinica,

P. 0. Box 25, Hefei, Anhui, P, R. C

There have heen many theorelical studies and experimental measurements
on light beam wander in a turbulent atmosphere since 1960s. These re-
searches are all but concered with weak turhulence. The theoretical study
related to strong turbulence is verv littel. Experiments performed bv our
lab indicate that there exists saturation phenomenon of heam wander in
strong turbulence and the classical theories are not suitable for explai-
ning the phenomenon. Therefore it is necessary to develope a theory ex-
plained satisfactorily the phenomenon. Us.inn Mapkov approximation and
Fhrenfest principle, and asumino that complex amplitude of wave field is
normal statistics. 2Zhanc et al 1 derived a general exnression of heam
wander suited whole region of turbulence. The expression predicts cor-
rectly the behaviors of beam wander even in the staturation reaion.

The general equation of heam wander variance is given by
0p'=<> = {[ BT/ (1 505y eY
whexe(I(('i)I('p:)) is intensity correlation function. The function in-
volves terms of 5/3 nower as the Kolmoqorov spectrum or modified van
Karman spectrum is used, Hence the function can not he solve strictly,
If a quadratic approxiamtion is used to solve the function, some factors

of it, such as heam spreading, will he neqlect. In order to avoid this
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difficult problem, we asgume that the field statistics is Ganssian.

It can then be shown as

-t - - -~ - 2
CLE 1) =<T@NCTEN + 1B 0| (2
vhere [4( 6,6) is mutual coherence function., The right side of Zq(2)
no longer involves foutn-roder term, the quadratic approximation can

then be used reasonahly. After certain processing one have
- 1,2
Ou = G/ =0.651Cn L.o(."f.'elqlw()‘{ o K “—",1)7/'5*]’( &-5:,’-2)
5 ~ ?

KW, 4 (82 4 W E et wg 138 o)
vwhere the modified van Karman spectrum was used, Cn is index of refrac-
tion structure constant, L is path length, do is source size, X, = '/L,,
Lo is outer scale of turbulence, Wm, n (x) is whittaker function, and

9= -1+ (14 g+ ¢4
v=2[30-3) +( By 57) S+ g+ 04 91770
where F is radiws of beam curvature, f=Kkd /U , k=3T/x , X is wave
lenagth, S= Ofo/f, , 224"('/'()., E’.is coherence length for a spherical wave,
and p; is coherence lenath.
When X,-+0) and the weak turbulence is taken into account, Eg.(3)
can be reduced as
0 = 192 G L (2™ (@)
It is in agreement with the common formula 2
We have been carrinc out a series of heam-wander experiments for many
years. Fig, 1 and 2 present comparision of the measuremental data with
the calculated results., The theoretic values of Oy are calculated by
Bq. (4) in Pig. 1 and Eq, (3) in Fig. 2, It can be seen in Fig. 1 that

there exists obviously gaturation phenomenon of beam wander as
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Oxtheo. 2 40 pmrad. All the experimental values of Ox are less then

50 prad, while the calcualted values mav well come to 80 prad and more,
As the general expression {3) is used, the measured and calculated heam-
wander angle is fairly consistent. The correlation coefficient between
them is 0,85, Fig. 3 indicates a typical record of Oy and Cn measured
simultaneously. The scale of Cn is drawed in the same scale as 0Oy .

As shown in Fig, 3 the day-night change of beam wander is oujte evident
as well as the turbulent intensity. fThe correlativity of them is very

-1/3 1/3

well when Cn<1x10” am . When Cn>1.5X10" cm™ , however, Oxis

not relative to Cn. The saturation phenomenon is then emereged in this
case,

Probability distribution and temporal spectrum of beam wander are
also measured in the experiments. The results is accordant with theore-
tic prediction. Besides, a relationship retween beam wander and scin-

tillation is considered.
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Optical Remote Wind Measurement
Using Speckle-Turbulence Interaction!

J. Fred Holmes
Oregon Graduate Center
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Speckle~turbulence interaction has the potential for allowing single
ended, remote sensing of the path averaged, vector crosswind. If a laser
transmitter is used to illuminate a target, the resultant speckle field
generated by the target is randomly perturbed by the atmosphere as it
propagates back to the receiver. This creates a scintillation pattern at the
receiver; and, if a crosswind is present, this pattern will move across the
field of view of the receiver. Consequently, the time delayed statistics of
the speckle field at the receiver are dependent on the crosswind velocity and
can be used to determine the vector crosswind in a plane perpendicular to the
propagation direction.

Remote crosswind sensing utilizing speckle-turbulence interaction has
been accomplished using a polychromatic source and direct detection and also
using a mwonochromatic source and optical heterodyne detection. The
polychromatic work was done in the near infrared utilizing a Nd:YAG laser
operating at 1.06 microns. With a direct detection receiver, a pulsed
transmitter is required; and furthermore, in order to measure the time delayed
statistics, the transmitter must be double pulsed. This resulted in a
complicated and very expensive transmitter that was plagued by beam aligmment,
beam jitter, stability and reliability problems. Nevertheless, some good
experimental data was obtained which indicates that the speckle-turbulence
technique has merit.

An example of this data is shown in Figure 1. The data was taken at the
Biggs Optical Test Range (BOTR) in El Paso, Texas. 1In situ instrumentation
consisted of a linear array of 20 propeller anemometers spaced evenly along
the path. Their outputs were added without weighting to provide the sclid
trace. The output of the pulsed system is shown by the dashed lines. A four
second averaging time was usad.

The key features of the direct detection system were: Pulsed Laser;
Polychromatic; Direct Detection; 1.06 Microns Wavelength. Although good
results were obtained with this system, it had a fatal flaw. Because of the
limited pulse repetition rate, the only usable processing technique was the
slope of the time lagged covariance function at zero time delay.

Unfortunately the slope is proportional to both the crosswind and the strength
of turbulence. Since the strength of turbulence is not known a priori, the
svstem will not be useful until there are significant improvements in pulsed
laser technology that will allow other signal processing methods to be used.

IThis material is based in part upon work supported by the Armv Research
Office under Contract DAA G29-83-K-0077 amd DAA L03-86-K-0022.
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Figure 1. Wind measurement, pulsed laser system.

A continuous wave (cw) laser transmitter of modest power level (one watt)
in conjunction with optical heterodyne detection can also be used to exploit
the speckle-turbulence interaction and measure the crosswind. The key
features of such a system are: Continuous Wave; Monochromatic; Heterodyne
Detection; 10.6 Microns Havelength.

The use of a cw transmitter at 10.6 microns and optical heterodyne
detection has many advantages over direct detection and a double pulsed source
in the visible or near infrared. These advantages inzlude the availability of
compact, reliable and inexpensive transmitters; better penetration of smoke,
dust and fog; stable output power; low beam pointing jitter; and considerably
reduced complexity in the receiver electronics. In addition, with a cw
transmitter, options exist for procassing the received signals for the
crosswind that do not require a knowledge of the strength of turbulence.

From previous work, the time lagsed covariance (TLC) function using the
joint Gaussian assumption is given for the focused case by

¢, (F,1) = <(1(F.tp) - <D)(L(Fy,ty) - <D)> (0
1 /
= 2 - - ~w)P-Tr)5/3
<1 exp| — -;;—-57-; / !(l w)P vr' dw] (2)
o (o] 0

wvhere 'f"i designates the location of a detector in the receiver plane;

P=P -F;1=1t, -t;; a, = Transmitter Beam Radius; p, = Transverse Phase

Coherence Length; V = Vector Wind Velocity;
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and W = Normalized Path Length from the Transmitter-Receiver to the Target.
As can be seen from Eq.(1), if two detectors are separated by a vector
distance P, the time delayed covariance can be measured; and from Eq.(2) it
can be seen that the measured quantity will be a function of the crosswind
velocity.

With a cw system there are several options for processing the data to
obtain the wind. Some of these methods are illustrated in Figure 2. The
Briggs method measures the time delay, tp, at which the autocovariance and
the time-lagged covariamce curves cross. The delay to peak method, measures
the time delay, p» where the time-lagged covariance reaches its peak
value. The width of the autocovariance method measures the time delay, 1,
at which the autocovariance curve decreases to 67% of its peak value. the
slope method measures the slope, S, of the time-lagged covariance function at
zero time delay. All of these methods have been used for the line of sight
case and appear to have applicability to remote wind sensing using speckle
turbulence interaction. Assuming uniform wind and turbulence, the wind
velocity using these methods is given by

Briggs Method V = P/(3.1056 1g); Delay to Peak Method V = P/(er);

Width of Autocovariance Method (67%) V = 0.1395 p,/ty;

Slope V = 3p°5/3 s/(32 P/3 ¢, (p,0)).

Although the above methods are ugeful, some new methods have been
developed that use both the autocovariance fuanction and the time lagged
covariance. Formulation for these quantities are functions of both the
crosswind and p, the transverse phase coherence length. By combining them
and also averaging the results for several different time delays, both the
crosswind and p, can be measured. One result for the crosswind which was
used to process the data presented in Figures 3 and 4 is

(=
v-1 7 B 20 ‘o 74 P 3
N LT, = 2 1, 2
izl i tn CIN(P’O) + p /Zno
where T, = it time delay; C, = Normalized (to the mean squared)

time lagged covariance; N = Number of time delays used; and where the
direction ¢f the crosswind is determined by the skewness of the TLC.

Figures 3 and 4 show some experimental data taken using a diffuse target at
500 meters and 1000 meters range and two second time averages. The in situ
data was taken using a Campbell Scientific, CA-9, path averaging anemometer.
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INTRODUCTION

There have been many attempts to derive profiles of optical refractive tur—
bulence in the atmosphere using both in situ and remote sensors. 1In sita san-~
sors generally provide poor data continuity in time. Because of the expense and
difficulty of launchbing balloons or aircraft, they are by their nature striculy
intermittent probers of the turbulent state of the atmosphere. On the other
hand, in situ sensors provide very high spatial resolutioa, with the caveat for
balloon-borne sensors that they are transported by the local wind velocity,
which makes their trajectories wmpredictable. Remote sensors such as the
existing optical scintillometers have much poorer resolution and work with the
highest efficiency at night. They do, however, provide aearly continoous moni~
toring of the atmosphere with minimum expense.

We propose here a techmique that combines most of the best features of in
situ and remote seusors. It fovolves an elevated point source of light
translating across the field of view of a ground-based passive optical system.
The light source may be on dedicated airplanes, airplanes of opportunity, or
remotely powered vehicles. It could be designed to work with tower-mounted or
balloomborne retroreflector arrays, with a laser on the grouad providing the
velocity. All that is required is that the source speed be much faster than the
atmospheric motion intervening between the source and ground.

OPERATIONAL PRINCIPLE

Figure 1 illustrates the geometry of the synthetic apertr:re spatial filter
concept. A point source of light at height h above the ground translates across
the field of view of a ground-based, sinusoidal, receiver array. The source is
aoving parallel to the array length with a speed vo that {s much faster than
typical atmospheric motions (V, >> 50 w/s). Because of the rapid translation we
may ignore the intriansic speed of the medium V_; then, to the observer on rhe

ground, the atmosphere appears to have a velocf:y profile that rotates sbout the
receiver, that is, V(z) = Vo(z/h). ~

From Fig. 2 we can determine how the spatial filter interrogates the tur~
bulent wmedfum. As a2 spherical wave propagates through the atamosphere from 2z » k
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to z = 0, it encounters turbulent irregularities that perturb the phase front.
Sventually, at the ground there will be fluctuations in the received irradiance
as a function of position (scintillation pattern) at nearly all spatial frequen~
cles. If the receiver spatial filter has a wavenumber KR’ it will respond only
to those irregularities in the si:intiilation pattern at ot very near the wave~
aumber K,. Each path position will contribute to the detected signal, but a
different wavenumber of the refractive turbulence K will contribute for each
path position. Prom our diagram: i1f the wave encounters a Fourier component of
refractive turbulence of wavelength & = 2x/K at position z, the pattern detected
on the ground will be larger by an amount QR = ¢/(1 ~ z/h). 1In wavenumber space
this corresponds to the relation = R(1 - z/h). In addition, when the refrac~
tive turbulence component at z moves its wavelength, the image it produces in
the receiving plane will move its wavelength resulting in a magnified velocity
giveu by V. = v(z)/(1 ~ z/h).* 1f, in addition, we observe the filtered signal
through a ﬁarrow passband temporal filter at frequency w_, we find that the
response will be due only to those wavenumbers that satisfy w_ = K. V. = RV.

Note that although the scale size and velocity of the tefractgve tur&ulence are
each geometrically magnificd, their ratfo {s not and the frequency is invariant.

The final processed signal is the respoase of refractive turbulence at a
position z that simultaneously satisfies the equations

K- K[l ~ z/h]

w, 4 (1)

v(z) = Voz/h .
Solving Zq. (1), we obtain

K = +0/v
z/h=[1+ (vaolmo)I ’

where X and z, are respectively; the wavenumber and height to which the system
is sensgtive.

CONCLUSION
Our result Eq. (2) illustrates that by spatially and temporally filtering

the scintillation pattern observed on the ground, we are able to profile refrac~

tive turbulence strength and spectral slope. The resulting equations show that
the filtered signal S, where

S(uy,K,) « (K, + 6 V) )

Mhese arguments are based on a single.scatter propagation model valid for weak
refractive turbulence, which 18 observed in near~vertical propagation of
optical waves. Also, we use quite simple geometric optics arguments to ex~
plain the details of the concept. Including the effects of diffraction is not
difficult and indeed 1s {ncluded in our mathematical model.
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where % 1s the spectrum of the refractive index fluctuations. Equation (3) and
(2) impfy that we may interrogate the medium at a height z and yavenumber

K and thereby infer the refractive index structure parane?er C“(z)s In
agdition, Eq. (2) shows that we may vary z_ and X independentl?, theredby
opening up the possibility of both ptofiligg C gs a function of height and
observing the streangth of the spectrum ¢_(K) 3t a fixed height. A detailed
analysis indicates that if the spatial fllter limits the resolution, sﬁ}ch is
likely the case, the resolution of such a system would be §z = h[&xkx] , where
x 1s the length of the spatial filter.

point source
Vo

1
|
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spatial filter response’

17

For a diverging source moving with vefocity V, the
atmosphere appears to have a velocity profile

z
Viz) =Vo (T" )
i V(z) >> V, we can ignore V;

Figure 1. Schematic of the use of an airborne light source
to measure profiles of refractive turbulence.
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Figure 2. Schematic of the interaction of a spherical wave
with a single Pourier component of turbulence.
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Remote Sensing of Heat and Moisture Fluxes by
Optical and Millimeter Wave Scintillation

W. Kohsiek

Royal Netherlands Meteorological Institute (KNMI)
De Bilt, The Netherlands

{iavited)
Introduction

If a light source is observed through a turbulent medium like the
atmosphere, rapid fluctuations of the received radiation intensity
(scintillations) are noted due to fluctuations of the refractive index.

A thorough quantitative description of the phenomepon was first given by
Tatarski (1961). Commonly, the scintillation strength is expressed as the
varlance of the logarithm of the amplitude of the radiation received,
°1nA’ Tatarski showed that, for a horizontal transmission path in a
homogeneous and isotropic atmosphere, oan 18 directly proportional to
the refractive-index structure parameter c at the height of the path
above the surface, provided that

£, << /AL KL L, (1)

where A is the wavelength of the radiation, L the length of the
transmission path, L_ the outer scale of the turbulence and 2, the fmner
scale of the turbulence. Typically, L, is of the order of the height of the
path, and 2 varies from a few nillineters to oune cm. C is defined by

[ 2 ] 5 ) (2)
n(rl) n(r )
> } JEE 4 ¢ ll'l - 1‘2. <KL ’

c2=
" i, - le%
where n is the refractive index, f1 and T2 are two locations in space and
the overbar denotes an ensemble average.

Refractive-index fluctuations are mainly due to fluctuations of the
temperature and the humidity (other sourres, like pressure fluctuations,
may be left out here), and consquently cn2 can be decomposed as

Cy? = 2,Cp? + byCo2 + 2a,bCry - &)

The coefficients a, and b depend oun pressure, temperature and hu-idity,

and on wavelength %ﬂill et al., 1980). The structure parameters c, and

Co? are defined analogous to Ca 2z, and 2@

Crq = [T(£1) - T(£2)] [(QE1) - Q(F2)] / sE1~F28

In the lower parts of the atmosphere (this will be specified in the next

section), CTZ and C,2 are coupled to the vertical surface fluxes of heat

and moisture. In principle, one could infer CTZ C,2 and Cq, by observing
an at three different wavelengths, and next calculate the surface fluxes

from CT and Cy% . However, in practice it is difficult to find suitable

radiation sources and useful transmission paths where the coefficients

a, and bx are sufficiently different at the respective wavelengths. If one

only has scintillation observations at one or two wavelengths, then

additional relations between CTZ, C,2 and are wanted in order to infer

each structure parameter separately. The extra relations are often based on

micrometeorological theory or experiments. Such relations will be discussed

below, as well as the relations between the surface fluxes of heat and

moisture and C.2, CQ2 and Crq- The paper will be concluded with some
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examples of measuring moisture fluxes by means of the scintillation
phenomenon.

Structure parameters and the fluxes of heat and moisture

We will restrict the discussion to the unstable atmosphere (that is, if the
transport of heat is directed from the surface to the atmosphere) for two
reasons: firstly, the fluxes of heat and moisture are an order of magnitude
larger in the unstable atmosphere than in the stably stratified atmosphere,
and thus more important from a practical point of view, and secondly,
relations between structure parameters and fluxes have far better been
explored for the unstable atmosphere.
Micrometeorologists often discriminate a shallow atmospheric layer above
the earth's surface vhere the vertical transports of momentum, heat etc.
change little with height; it is called the atmospheric surface layer. It
is found that this layer has a typical thickness of some tens of meters.
Another much used conception is that of the atmospheric boundary layer; it
is the layer bounded by the earth's surface at one end, and the temperature
inversion at the other., In this layer a thorough mixing of all kinds of
quantities is attempted by eddies of many different scales. The depth of
the boundary layer is of the order of a few hundred meters up to ~ 2 ka.
Relations between structure parameters and fluxes originally were derived
for the surfece layer. E.g., for temperature (Wyngaard et al., 197]1):
c.2 zz'é
_T'r'f_ = 4.901 - 7(z/L)] % . (%)
Here, z 18 the height above the surface and T, = - Qolu. where Q, 1s the
surface flux of heat and u, the “riction velocity. The latter quantity is
related to the momentum transport 1t and the air density p by t = pui.
is the Monin-Obukhov length and is a function of u, and Q, . (We ignore
the effect of the moisture flux on Ly here.) In case of an unstable
atnosphere, —L¥ varies from some meters up to some hundreds of meters; the
smaller I-LHI 8, the more unstable is the atmosphere. For -zllu » 1,
Eq.(4) reduces to
-'0/3 g _26 H/3
c,l.2 =267z 3 () 3¢,
where g is the acceleration of gravity and T the teaperature in K. Eq.(5)
provides for a relation between C.2 and Q_ that is of particular interest
to practical applications because of its simplicity. The condition
-z/L >> 1 wpay be relaxed down to -z/L > 0.5, a condition which is often
met if, e.g., 2 = 20 m.
Two questions may now be addressed: (i) do relations similar to Eq.(4)
exist for C,2 and , and (11) can relations of the type of Eq.(4) or (5)
be used above the surface layer.
As to the first question, there is evidence that there are relations for
C,2 and Cn, that differ from the one for CT2 only by the value of the
numerical constant 4.9 (for relexant references, see Kohsiek (1982)).
Moreover, the ratio chl(cTchZ) has typical values of 0.8 to 0.9, bLecause
of the high correlation between temperature and humidity fluctuvations. The
ansver to the second qgestion is not a simple one. It is commonly observed
that C.2 behaves as z“é, as expressed by Eq.(5), some way above the
surface layer, but the decrease diminishes and eventusally is turned fnto an
increase as one approaches the inversion. The actual fraction of the
boundary layer up to which Eq.(5) is still valid i{s not yet well understood
fros the modeler's point of view (Wyngaard and LeMone, 1980; Burk, 1980,

(5)
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1981); it presumably depends on zi/LH' where z, is the beight of the
inversion, and on characteristics of the inversion itself such as the jumps
of temperature and humidity. These counditions may be very different for
e,g. a marine and a2 land enviromment. From observations, the fraction
appears to be ~ 0.1 for weakly mixed boundary layers such as often occur
over sea, and 0.5 for well-developed convective boundary layers over land
(see Frisch and Ochs (1975), Wyngaard and LeMone (1980) and Fairall et 3l.
(1980) for observations over sea, and Tsvang (1969), Kaimal et al. (1976),
Kunkel and Walters (1981) and Dublosclard (1982) for over-land data).
Broadly speaking, the same can be said on the behaviour of C,2 with height;
consequently, Cp2/Cy? appears to be fairly independent on hegght in the
lower parts of the boundary layer. This is no longer true in the upper
parts, however, where C.2 and C,2 are known to behave differently (Wyngaard
and LeMone, 1980; Druilhet et al., 1983), Even more reserve should be
exercized as to since the T-Q correlation is observed to change sign in
the midst or upper parts of the toundary layer (Wyngaard et al., 1978;
Druilhet et al., 19833. However, it seems warranted to adopt a constant
value of CTQ/(CTZCQZ) for the lower tenth of the boundary layer.
Summarizing, we conclude that Cp2, Cy2 and Cyy all obey relations of the
kind of Eq.{(4) up to at least one tenth of the inversion height. As a
congequence, in that layer (CTZ/CQZ)* is independent of height and

prope tional to the ratio of the sensible heat flux and the latent heat
flux (moisture flux), or Bowen ratio, and cTQ/(cTZCQZ)* has a value close
to 1.

Examples of moisture fluxes inferred from scintillation observations

Two examples of inferring moisture fluxes by means of scintillation
observations at one wavelength will be discussed. Essential information onm
the experiments, and results are t¢ be found on the next page. We may add
some comments:

The 30 GHz experiment has been described by Kohsiek and Herben (1983).
Because scintillation was observed at one wavelength only, two extra
relations between Cp2, CQ2 and C,, had to be added to Eq.(3). The one for
(CTZICQZ)* is equivalent to assuggng a Bowen ratio of 0.6. The bottom
figure illustrates the relative contributions of the three terms of Eq.(3)
to C.%2 on a particular day. Moisture fluxes from scintillation (ngo) were
referred to fluxes calculated with the Priestley-Taylor fcrmula (vaoref).
The other example is pertinent to an exeriment over the North Sea where

a8 C0, laser scintillometer was used. Here, (CTZ/ 2)? was related to the
Bowen ratio calculated from observations of air temperature (Ta) and
humidity (Q_), and sea water temperature (Ts)' Moisture fluxes were
calculated independently by using bulk exchange coefficients. As showm by
the bottom figure, the contribution of CT to an is comparable to that

of CTZ. This 1s because of the small values of the Bowen ratio; over land,
the contribution of Cpgy would typically be 30Z of that of CT2- With both
examples a reasonable agreement is found between moisture fluxes calculated
with and without the use of scintillation measurements. (The exception on
June 25 at 07:15 GMT is probably due to a low morning inversion.)

Conclusion

The technique of measuring the vertical fluxes of heat and moisture by
means of scintillation is based on relations between the fluxes and the
structure parameters C_2, C 2 and C__. Such relations are reasonably well
established for the ungcablg surface layer, but improvement of our know-
ledge is to be sought for the weakly mixed boundary layer.
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1 - INTRODUCTION :

Vernin and Azouit1 have shown that a statistical and spatio-temporal
study of atmasoheric speckle patterns produced by the light of a single star
permits the wind velocities in the turbulent layers to be obtained. The pur-
pose of this paper is to show, in a first step, that using i#n a-priori know-
ledge of theoretical shapes of spatio-temporal correlations of atmospheric
speckle patterns we can also determine the altitude and the cﬁ of each
turbulent layer.

II - SPATIO-TEMPORAL CORRELATION OF ATMOSPHERIC SPECKLE PATTERK :
1 - Atmospheric speckles

A plane wave arriving from a star traverses the atmosphere, which is
supposed to be a discrete superpositign of thin turbulent layers, which
exhibit refractive index fluctuations%. Assuming the small perturbation
approximation we can show that we observe at the ground level the sum in
intensity of speckle patterns created by each layer. The characteristics of
each speckle pattern are the following :

i) the coherence width uf the speckles is proportionnal to /Ah , where X is
the wavelength of light and h the altitude of the layer’.

ii) the motion of the speckles follows the velocity of the wind in the layer
which has created them.

iii) the variance of intensity flgctuations is proportionnal to Cﬁ(hyﬁh
where Ah 1is the layer thickness”.

Thus, we have to treat the speckle pattern created by each of the
turbulent layers statistically and separately in order to obtain the
altitude and the Cﬁ of each.

2 - Spatial autocorrelation

The autocorrelation of sneckles at the ground level after the light
has traversed theagtmosohere can be written, using the formalism of Roddier

3.

M ey = | cBn) cy(xyah) dn

e
with :
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(2) Cy(xsy5h) = 3.9 10-%

X exp[}Ziw(xfx + fyi] dfxdfy

where (fyx,f,) are the spatial frequency components and k 1is the wave
vector modulus.

The expression (2) combines the turbulence spectral law of Kolmogorov
and a Fresnel filtering term. Considering a discrete superposition of N
turbulent layers indexed 1 each having a width Ah in the atmosphere,
the integral (1) can be written :

_ 2
(3) C(x,y) 'iglcﬂ(hi) co(xsy9hi) 4h

Figure 1 shows four examples of autocorrelations corresponding to
four different altitudes.

4

We note in figure 1 that if we
. take the sum of these four cur-
W ves we lose the detailed infor-
L35 ’ ) mation on each layer because we
N\ ’ obtained a unique correlation
\ peak at the origin. This peak
~ N contains only infromation inte-
grated over all the atmosphere.
\ Evidently we cannot use only a
NN N\ pure spatial study for obtain-
NN ing tha parameters related to
NN each layer, thus we need to use

o N DO T a myltidimensional analysis.

+ Theoretical spatial covanance of stellar shadow patterns 1n arbitrary scale, assum- 3- SPEt’ O-tempora] Cor‘re] ation
ing 3 thin turbulent faver at the alitude indicated in km on each curve (2.5, 5, 7.5 and i
10im), The integral {dli « CHih) over the I3y er thickness 1s assumed to be the same in c:'c‘h we SU_DDOSE the Tay]or assumpt1on

et is verified, i.e. each turbulent
- Tayer has a translational velo-
Eigure 1 : ( from reference 3 ) city vector V-(u-,v-

turbulent element moves without distortion during the analysis Limé

We calculate the cross-correlation of two speckle pictures taken with a
temporal shift =

) and each

N .
(8) txyar) =1 Clx - uyay = vymihy) ¢in,) an

In this expression we see that the correlation peaks corresponding to
each turbulent layer are no longer stacked at the origin as in previous
paragraph, but they are at the points which have the coordinates equal to
(xi,yi) » SO that : Xy =U;T and y, = v, T
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Thus, it is sufficient that the centers of the peaks are well separated,
one from another, to permit the extraction of the parameters related to each
turbulent layer.

111 - METHOD FOR CALCULATING PARAMETERS :
1 - The nature of the problem

The experiment described by Vernin and Azouit1 consists of bidimen-
sional spatio-temporal correlation estimations of atmospheric speckle-patterns
with the possibility to adjust the integration time AT and the delay =t .
The problem is to detect and to analyse correlation peaks in a noisy back-
ground which is a classical problem of extraction of signal from noise.

2 - Calculation of atmospheric parameters :

The method consists of finding Tocally the best possible fit by the
method of least squares, of an experimental peak to a theoretical peak which
is calculated numerically. The position (x-,yi) where the fit is the best
permit the vector coordinates (u-,vi) of the wind velocity to be obtained :
Vi = X3/ 1 and v. =y./ 13 and then'the altitude parameter h; defining
the correlation péak m3king this fit is the altitude of the layer. The
Cﬁ(hi)Ahi value is directly derived from the altitude value when this last
value is correctly estimated.

IV - EXPERIMENTAL RESULTS AND DISCUSSION .

The period concerned was the night from December 3 to 4, 1981 between
1.15 and 2.00 AM, the star observed was Capella (almost at the zenith) and
the instrument was the Im93 telescope of the Observatoire de Haute-Provence.
The results presented are obtained from correlations with AT = 5m 30 s,
7= 6 ms and the exposure time of the speckle patterns © = 0.5 ms.

Teble of the results : Si; peaks verg ditezted]:nd SZvetgave h
- - indications about the altitude, the sixt
'ngd v?l c;%: = e;t‘ being defined by a too few pixels ; it is

mod. m : j in the upper right part of figure 2.
%? 2; 12 With these values of wind speed and
50 54 20 direction we can make a hodograph and
58 a8 - compare it with the hodograph fro? the
18 4 38 meteorological station of Nimes'#/,
10 -33 42 Figure 2 shows these two curves.

We clearly see in figure 2 that our
hodograph is in good agreement with that
of Nimes (Nimes is wbout 100 km from the 0.H.P and the hodograph was
made at 0.00 AM) but our altitude values are overestimated in respect of
those of Nimes.

(*)with acknowledgements to : Service d'Aéronomie, REduit de Verridres
91370 Verriéres le Buisson, B.P. n°3 - FRANCE
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2_: Hodograph of
Ll Nimes : full-line ; the
== small numbers along the
full-line represent the
altitude scale.

Qur hodagranh : dotted-

line with arrows showing
altitude increasing
through the five well-
determined points.
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As shown in II, 1, i, the altitude of the layer is sensitive to
the width of the correlation veak. Unfortunately, several experimental condi-
tions lead to spread the correlation function : size of the pixels, fluctua-
tions of the wind velocity vector during the integration time ATS and
blurring cf the speckles during the exposure time e . Thus, the estimated
altitude shown in the table, are over-estimated. These preliminary results
will be very soon corrected from the above mentioned effects.

¥ - CONCLUSION :

We have shown the possibility of extracting correct.information about the
relative altitudes of turbulent layers frem bidimensional spatio-temporal cross
correlation analysis of atmospheric speckle patterns,

We expect to obtain the absolute altitudes as soon as the deconvolution
problem is solved.

This is an essential point because the correct Cﬁ(h)ﬁh values are
directly derived from the absolute altitudes.
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Meteorological Parameters Derived from Scintillation Measurements

Gerd Ortgies, Forschungsinstitut der Deutschen Bundespost,
D~6100 Darmstadt, Federal Republic of Germany

Extensive theoretical and experimental work has been carried out
to understand the nature of amplitude scintillations which occur
on satellite—~earth links under clear air conditions, In this con-
text, the description of the scattering medium by the structure
parameter a is of particular interest. Vilar and Haddon /1/ have
derived this parameter from a spectral analysis of amplitude
scintillations. However, the disadvantage of their method was
that they had to derive the transverse wind velocity of the scat-
tering medium relative to the propagation path from meteorologi-
cal measurements carried out 44 miles away from the receive sta-
tion.

In this contribution it will be shown that the structure con-
stant, the altitude of the turbulent layer and the transverse
wind velocity can be derived from scintillation measurements per-
formed simultaneously with two antennas of different diametres.
Such measurements were carried out with the OTS satellite at
11,786 GHz at the Deutsche Bundespost experimental ground station
Leeheim from June to December 1983 using antennas with diametres
of 3 m and 8.5 m /2,3/. From the measured data, concurrent power
density spectra of amplitude scintillations were calculated for
time intervals of six minutes in every 2-h period for the measur-
ing interval June to September 1983. These spectra can be well
approximated by two asymptotes which intersect at the corner fre-
quency f.. The power density is nearly constant at frequencies
below the corner frequency, whereas above it follows a power law
with exponent (n-1), n being the exponent of the Kolmogorov spec-
trum /4,5/.

From a comparison of spectra measured concurrently with the two
antennas, it has been found that, in general, the spectral densi-
ty beyond the corner frequency decreases faster for the 8.5-m an-
tenna than for the 3-m antenna (Fig. 1). This experimental re-
sult is in good agreement with theory /6,7/. Riicker /6/ showed
that the parameter n derived from the spectrum measured with the
3-m antenna deviates only slightly from the corresponding value
derived for a point aperture., Thus, for the following considera-
tions n is taken from the spectrum measured with the smaller an-
tenna. It further follows from the experiment that the corner
frequencies are independent of the antenna diametre (see Fig. 2).
This is also in good agreement with theoretical work /6/.

The variance of the amplitude fluctuations is the integrated pow-
er density spectrum, Due to an averaging effect, the variance de-
pends besides other parameters on the antenna radius R /2/. Under
the assumption of a homogeneous structure of the scattering medi-
um along the propagation path up to a distance L, the variance is
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given by /6/
o= 12 a klé-"V2 l""r(-'%)[-'7‘(%01)'“'”"0(1*%;0")""’ sin (% arctan ;Lc?)] (1)

where a=0.5vn R; 5 : antenna efficiency; a: structure parameter;
k: wave number corresponding to the beacon frequency.

Hence, L can be determined from the ratio of the variances meas-
ured simultaneously with the two antennas and from n. Results are
given in Fig, 3 for more than 200 evaluated spectra, With the in-
formation on L and the measured corner frequency the transverse

wind velocity v, can be calculated for 2 small antenna /1,6/ via

W oUE Ve [(3) o :
w Vi | TErE e | "

For measured corner frequencies in between 0.05 and 1Hz, trans-
verse wind velocities were found in the range of 0.9 to 12 m/s.

fe

With n and L known, the structure parameter a« , which depends on
the inhomogeneity of the refractive index, on the inner and outer
scale sizes of the scattering medium and on the exponent of the
Kolmogorov spectrum, can be calculated from eq.(1). The measured
distribution of o is depicted in Fig. 4 on a logarithmic secale,
The results are in good agreement with measurements of Vilar and
Haddon /i/.

Fig. 5 shows that a and L are well correlated, the latter being
proportional to the layer height, For low altitudes of the turbu-
lent layers high values were found for a decreasing rapidly with
increasing L. This behaviour can be easily understood, as a de-
pends mainly on the variance of the refractive index which itself
is a function of temperature and humidity. Therefore, an attempt
was made to correlate a with the water vapour pressure at dis-
tance L, The water vapour pressure was calculated from the meas-
ured temperature and humidity at ground level, assuming a verti-
cal temperature gradient of 1°C per 200 m, The results are shown
in Fig. 6 for the measuring period June 1st to July 19th, 1983,
and seem to indicate a linear relationship on a semi-logarithmic
scale,

It has been shown that meteorological parameters like transverse
wind velocity, altitude of the turbulent layer and structure pa-
rameter of the turbulence can be derived directly from power den-
sity spectra measured concurrently with two antennas of different
sizes, Other methods, however, resort to assumptions on either
the transverse wind velocity or on the altitude of the turbulent
layer in calculating the structure parameter /1/. Therefore, ad-
ditional meteorological measurements are necessary if only one
antenna is available,
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Because of the bhuge amount of data, it seems impractical to sam-~
ple data for a continuous off-line spectral analysis in order to
get statistical results on the structure parameter, This diffi-~
culty can be overcome when assuming for n the theoretical value
of 11/3 valid for the Kolmogorov spectrum. This value was found
to coincide well with the mean value derived from the spectral
slope of the spectra measured with the 3~m antenna, From continu-
ously measured variances, statistics can be derived for a or for

the more often used structure constant C% which is uniquely re-
lated to « /1,6/.
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Comparisons of Meteorological and

Structure Parameters in Complex Terrain

W. Porch, L. Rosen
Lawrence Livermore National Laboratory
Livermore, California 94550, U.S.A.

W. Neff
NOAA/WPL
Boulder, Colorado 80303, U.S.A.

In two field experiments in The Geysers geothermal region of Northern California and
one experiment in the oil-shale region of Eastern Colorado, acoustic soundem and cross-
wind sensors were collocated within and acroes the valley, respectively. This arrangement
allows comparison of the temperature structure parameter Cr derived from the acoustic
sounder with the index of refraction structure parameter C, from the optical turbulence
used by the cross-wind sensor to derive the speed. Comparison of the spatial/temporal
averaging associated with acoustical, optical and point measurements is also of interest in
complex terrain.

The variability of tethersonde determination of the lapse-rate compared to spatially
averaged optical refraction measurements demonstrate the difficulty associated with spatial
representativeness of point measurements in complex terrain. Fig 1 shows the optically
determined lapse-rate comparison with temperature gradients from tethersonde data from
temperatures just above and just below the optical path is reduced when the average
gradient throughout the drainage layer is used. Also included in Fig. 1 are the standard
deviation of light intensity (related to C,) and the acoustic sounder record for the same
period. Some correspondence is seen between the peak in optical turbulence and the rise

and fall of the drainage layer around 2000 PST shown in the sounder record. Also, the




— -

[ 24

general rise in the drainage layer and the lapse-rate throughout the night, though possibly
circumstantial, may be related.

The data from a 600m optical path and the associated monostatic doppler sounder
below the path were digitized together from which 1 minute averaged values were con-
structed of acoustic signal, vertical doppler shift, optical turbulence and cross-wind speed.
A comparison can be made for C,, and Cy determined from acoustic backscatter and opti-
cal scintillation at the height the acoustic beam intersects the optical path. Fig. 2 a) and
b) shows the time series comparison for C, and Cr, respectively. Here the long period
correspondence is not as good as for a wind speed comparison derived from a tracer ad-
jacent to the optical path and the cross-wind sensor. This is due in pari to the harsher
scale requirements necessary for comparison of turbulent quantities. A larger contributor,
is probably the effect of wind noise on the acoustic receiving sensc:. The relatively high
sea breeze related winds of 3-4 m/s occur at just the time (~ 17¢:) PST) when sunset
isothermal conditions would imply and the optical turbulence shows a sub:* antial decrease
in C,, and therefore Cp. In spite of the relatively smaljer long period correspondence of the
optical and acoustic turbulence, there is a better correspondence of the higher frequent;y
behaviour. A quantitative comparison of these correspondences was found in the coher-
ence spectra between the optical cross-winds and tower down-valley wind component and
between C,, and Cp.

Representative values of meteorological parameters measured during t2e experiments
described above under a variety of conditions will be used as input to ‘supled electro-
magnetic and hydrodynamic numerical model. The goal will be tc acciss the relative
importance of different meteorological parameters and conditions on h..;1 energy laser
propagation.

This work was performed under the auspices of the U.S. Department o1’ Energy by the
Lawrence Livermore National Laboratory under Contract W-7405-Er3-48.
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Remote Sensing of Atmospheric Water Vapor Profiles from Simulated Millimeter
Wave Moisture Sounder Data

R. G. Isaacs, G. Deblonde, R. Worsham, and L. D. Kaplan
Atmospheric and Environmental Research, Inc.
340 Memorial Drive, Cambridge, Massachusetts 02139, U.S.A.

V. J. Falcone
Alr Force Geophysics Laboratory
Hanscom Air Force Base, Massachusetts 01731, U.S.A.

1. Introduction

This paper summarizes the results of a study to investigate the retrieval
of atmospheric water vapor profiles over land and ocean irom several combina-
tions of millimeter wave frequency channels. A millimeter wave rejion water
vapor absorption feature with sufficient line strength for this application is
the 333-22¢ rotational line located at 183.31 GHz (Shaerer and Wilheit, 1979).
Channel selection has been investigated by including various subsets of fre-
quencies in the vicinities of 183, 150, 90, 50, 37, 22, and 19 GHz., Studies
of the millimeter wave moisture retrieval problem to date have generally fo-
cused on clear sky simulations (Rosenkranz et al., 1982; Rakar, 1983). In
order to determine the possible effects of beam filling cloud on the quality
fo water vapor retrievals, these calculations compare the accuracy of clear
and cloudy cases. Retrievals are based on a statistical regression method
which minimizes the mean square error between the estimated and observed water
vapor profiles. The necessary retrieval statistics are calculated from an a
priori sample of temperature and water vapor profiles and corresopnding sensor
data simulations.

2, Technical Approach

Water v:por profile retrievals were obtained by first calculating syn—
thetic channel brightness temperatures using a recently developed sensor simu-
lation model (Isaacs et al., 1985). This radiative transfer code utilizes:
{a) a set of channel frequencies for each hypothetical semsor instrument, (b)
radiosonde profiles of atmospheric moisture and temperature, (c) cloud models
consisting of liquid water content and vertical extent, (d) surface emissivity
data, and (3) sensor physical characteristics including 1oise and scananing
geometry. A total of 14 potential channel frequencies were selected. These
are summarized in Table 1. Simulated sersor brightness temperaturcs were cal-
culated for each channel set and atmosp’ cic profile using the radiative
transfer equation (Waters, 1976):

Tg = Tp; + {€ T + (1-e)Tgy} exp(-1)

where Tp; is the upward emigsion from the atmosphere alone, € is the surface
emissivity = (1~-R), R is the surface reflectivity, Ts is the surface tempera-
ture, Ty, is the downward emission from the atmosphere plus the attenuated
cosmic gackground emission, and 1t is the total opacity of the atmosphere along
the line of sight. The quantities TBl and Ty, are line integrals along the
gsensor line of sight given by:
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Ty = Ig T(z) v(z) exp [- !: y(z') dz')dz,

-
'1'Bz Tc e
Here H i the effective height of the atmosphere (taken as 50 km), y(z) is the
total extinction profile equalling the sum of gas absorption and cloud attenu-
ation, and T, is the cosmic background temperature. Millimeter wave cloud
attenuation properties used in the simulation were from Falcoune et al. (1979).

+ fg T(2z) v(z, expl~ fg vy(z') dz'}dz.

Vertical moisture profile retrievals were obtained from independent sam-
ples of simulated sensor brightness temperatures using a statistical inversion
technique based on Gaut et al. (1975). The scheme chooses, in a statistical
sengse, the most probable combination of atmospheric and surface properties
which produces the set of measured radiometric data values. An individual
retrieval of the absolute abundance of water vapor (molecules cm 2 in six
layers corresponding to 0-200, 200-300, 300-500, 500-700, 700-850 mb, and 850-
1000 mb, respectively, from n channel brightness temperatures was obtained
from 0@ = Dt, with D = (UTE)T*A#~1 TAt)  where Q is a vector giving an estimate
of the profile of integrated water vapor in each of the six layers, t is a
vector whose components are n brightness temperatures, U,, is water vapor at
six levels for s atmospheric sagmples (r=6), T, are brigﬁtness temperatures
for n channels for s samples, T* are selected eigenvectors of TTt, and A* is a
diagonal matrix whose elements are corresponding eigenvalues. Retrieval
accuracy was assessed by comparing inferred layer water vapor abundances to
those in the actual profiles and evaluating the fractional root mean square
(RMS) error over the ensemble of retrievals. The RMS error for each layer k
evaluated over the set of N = 100 independent soundings was defined as:

RMS(K) = — 11/2,

u(k)
where 8(k,j) and u(k,j) are, respectivgly, the retrieved and actual water
vapor amounts for the kt layer and jt sounding and u(k) is the layer mean
value. For comparison, the same statistic was evaluated assuming the mean of
the ensemble as the best estimate climatological retrieval for each sounding,
i.e., by replacing 0 by u itself.

(v ? [aCk,3) - ulk,i)
§51 »J ulk,j

3. Resgults

Over the tropical ocean for the sample set investigated, water vapor pro-
file retrieval results in clear cases are encouraging. All of the sample in-~
struments tested in simulatfon provide retrievals with less than 15 percent
fractional RMS error in the lower troposphere (below 700 mb) and between 20
and 30 percent in the middle troposphere (between 300 and 700 mb). These re-
trieval accuracies may be compared with that of climatological variance for
these layers, 28 to 38 percent and 55 percent, respectively (see Figure 1).
The effect of cloud on the simulated millimeter wave moisture retrievals is
dramatic and independent of either the background surface or the selected
channel set. For cloudy cases over the ocean, for example, the RMS fractional
error for the SSM/T-2 instrument (Figure 2), is increased by a factor of one
half. Over land, results are not quite as drastic except perhaps near the
surface, but only because retrievals are not that good for clear cases (see
Figure 3). Based on the results of our retrieval simulations, it is evident
that millimeter wave vertical moisture profile retrievals over land will be
degraded in quality in comparison to those potentially obtainable over the
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oceans. Further details can be found in a report by Isaacs and Deblonde
(1985).
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Table 1
Simulated Frequencies

GHz SSM/T-2 4 Channel 5 Channel 9 Chaunel 10 Channel 14 Channel

183+/-7 X
183+/-3 X
183+/-1 X
90.0
150.0 X
50.5
53.2
54.35
54,9
19.35(H)
19.35(V)
22.24(V)
37.0(H)
37.0(V)
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Remote Sensing of Wind by Electrooptic Phase Modulation of

Atmospheric Emissions

Daniel J, McCleese, ‘David M. Rider, Jack S. Margolis and John T. Schofield

Jet Propulsion Laboratory, California Institute of Technology, Pasadena,
California, USA 91109

INTRODUCTION

A new instrumental approach to measurements of upper atmospheric parameters is
being developed for the upcoming NASA Eos near-Earth orbital spacecraft, This
approach is a novel application of electrooptic phase modulation to gas
correlation spectroscopy (McCleese and Margolis, 1983; McCleese, Margolis and
Ballard, 1984). The atmospheric measurements to be made include the vector
wind field, the concentrations of minor and trace species, and atmospheric
temperature and pressure in the stratosphere and mesosphere. These
measurements are to be made globally, and with complete coverage of the
dayside and nightside.

In this paper we focus on the technique employed for the remote sensing of
wind in the 20 to 120 km altitude range. Winds are a major factor in
controlling the global distribution of many atmospheric species including
ozone. Yet, wind velocities in the upper atmosphere have never been measured
globally, Recent work has shown that techniques using the geostrophic
approximation to infer winds from temperature data appear to work well in
deducing the mean, long time~scale wind field; however, they do not do well
when inferring non-~linear disturbances known to be important in species
transport in the upper atmosphere. Additionally, winds derived from remotely
sensed temperature data from polar orbiting spacecraft suffer from limitations
in spatial and temporal sampling. Because it is the horizontal thermal
gradient which is of interest in deducing winds, the potential for sampling
baises is of considerable concern., Without direct measurements of the wind
field we can not be certain of the correctness of our present view of upper
atmospheric transport.

MEASUREMENT APPROACH

Work just completed in the laboratory has demonstrated a new approch to gas
correlation spectroscopy that enhances the technique to include the capability
of measuring the wind-induced Doppler shift in the naturally occuring infrared
thermal emission features of stratospheric and mesospheric gases. This
enhancement is made possible by utilizing electrooptic phase modulation.
Crystals, such as cadmium telluride, exhibit a large electrooptic effect; that
is, by applying a voltage across a properly cut crystal the refractive index
of the crystal is altered (see Yariv, 1975). Light passing through an
electrooptic crystal, to which an oscillating voltage is applied, experiences
a modulation of its phase (equivalent to frequency modulation). This is shown
schematically in Fig. 1 together with a diagram representing the action of an
electrooptic phase modulator (EOPM) upon a single spectral emission line., In
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Figure 1. Electrooptic phase modulation is illustrated showing the effect

of phase modulation upon a spectral line.

a gas correlation spectrometer, a cell containing an atmospheric gas provides
a frequency reference with which observed atmospheric emission spectra are
compared, Pigure 2 illustrates the configuration of a limb viewing
correlation spectrometer employing an EOPM., In Fig. 3 we show the
spectroscopic principles of the measurement technique. The top part of Fig.
3a shows the unmodulated atmospheric emission and the reference cell spectrum
with no relative velocity between the instrument and atmosphere, In the lower
portion of Fig. 3a, the atmospheric spectrum is phase modulated at a frequency
w e with the EOPM modulation index chosen to produce zero carrier amplitude,
The phase modulation, in this example, eliminates the absorption of the
atmospheric emission by the reference cell. In Fig. 3b, the emission spectra
are Doppler shifted. The modulation frequency w_ in this figure corresponds
to the Doppler shift produced by the relative veToeity between the reference
cell and atmosphere. Figure 3¢ is the spectrum of the radiant flux from the
atmosphere as seen by the detector when the modulation frequency equals the
Doppler shift. In Fig. 3d, the variation of the pradiant flux, for a fixed
relative velocity, is shown as a function of EOPM modulation frequency. The

minimum measured flux occurs at the modulation frequency which is equal to the
Doppler shift of the spectrum,
ks

ATMOSPHERIC THERMAL T st DETCTOR
EMISSION SPECTRUM CEL_ ARRAY
//‘W » 3_{> {SIGNAL)
] ; —
M é i ELECTRONICS
(FREQUENCY  REERENGE
SHIFTER  A\SPECTRUM

Figure 2., Schematic of Stratospheric Wind Infrared Limb Sounder, a gas

correlation spectrometer employing electrooptic phase modulation.
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Figure 3. The principle of operation of the EOFPM in measuring winds is
shown.

LABORATORY DEMONSTRATION

In order to demonstrate the instrument approach described above, we have
assembled a laboratory breadboard of an EOPM gas correlation spectrometer.
This breadboard has been used to examine the characteristics of cadamium
telluride EOPMs operating near 8 um wavelength, and at modulation frequencies
100 to 500 MHz. The measurements outlined below have also been used to verify
the numerical models we have developed to coipute the transfer function of the
instrument and to predict the performance of a spaceborne sensor in measuring
winds, species abundances, and atmospheric temperature and pressure.

Figure 4 shows one result of our laboratory tests. Using the breadboard
instrument, we have simulated the measurement of the concentration of uzo in
an atmospheric limb path. nao is of particular interest since it is the
tracer species of choice for wind measurements in the 20 to 50 km altitude
range., The figure shows the response of the laboratory instrument to a range
of pressures of N,O0 in a sample cell. This measurement is performed by
alternately switching on and off the RP power applied to the ECPM ({i.e.,
alternating between the conditions shown in the top and bottom parts of Fig.
3a). For this example, the instrument reference cell contained 3 torr of N,C.
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For convenience, the experiment was performed in absorption. Also plotted in
the same figure is the calculated instrumental response using our numerical
model., In practice, the line-of-sight amounts of Nao in the atmosphere
correspond to the 0 to 2 torr range of Fig. 4. At greater pressures in the
sample cell, the effects of line saturation reduce the magnitude of the
correlation signal. This can be appreciated by referring to Fig. 3a and
considering the case of a spectral line in the atmosphere whose effective
width is comparable to the EOPM modulation frequency. The 1¢ noise in this
measurement between 0 and 1 torr is 0.01 torr.

Laboratory verification of the measurement of Dcppler shifts with the
instrument is now underway. Current estimates o{ the performance of the
flight sensor suggest that winds will be determined to better than t5m/s
over the entire 20 to 120 km range with a vertical resolution of 3 to 5 knm,
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Figure 4, Experimental results are shown demonstrating the performance of
the breadboard instrument in species measurements. The instrument
reference and sample cells are 1 cm in length.
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MULTIPLE SCATTERING EFFECTS IN THE OFF-AXIS PROPAGATION OF LASER RADIATION

A. Zardecki and S. A. V. Gerstl

Theoretical Division, MS P371
Los Alamos National Laboratory
Los Alamos, NM 87545, U.S.A.
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Recent results of Battistelldi et all’? demonstrate the
significance of multiple scattering in the on-axis laser bean
propagation through turtid media. When the mean size of particles 1is
larger than or comparable to the wavelength of radiation, the
small-angle approximation provides an adequate interpretation of
on-axis experimental data. For the off-axis configuration, ve shov
that the small-angle approximation remains valid when the scattering
angles are of the order of the angular spread of the scattering phase
function. In addition, by combining the small-angle and diffusion

approximations, the range of validity of our description can be
extended considerably.

Under the small-angle approximation and with the z axis chosen

along the direction of the incident beam, the equation of radiative
transfer? *! reads:

29 3 Y 2
¢ R I(#,r,2) = o5 | P(4-9')I(¢',r,2)d$’ , 1)

vhere I(z,?,z) is the spectral radiance function of a monochromatic
beam wvave at a point vith coordinates ?g,z) along a direction vhose
unit directional vector 3 has a projection transverse to the beanm
axis. The volume extinction and scattering coefficients are denoted o

and o+ respectively. The normalization condition for the scattering
phase” function P(¢$) is .

I P($)d$ = 1 . (2)

Ve assume that the incident laser beam can be represented by a Gaussian
function in both spatial distribution and angular divergence; i.e.

va gl2
Toh) = BT exp(-622 - 4272

’ 3)
n

and that the phase function is
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o2
P(¢) -— exp(—azzz) . (4)

Vith the aid of the Fourier transform technique the solution to
Bqs. (1-4) can be written® in the form of a series expansion in powers
of o;. This method is most appropriate to treat the case of an open
detector. On the other hand, the finite field-of-view (FOV) effects
are conveniently quantified with the appoach of Dolin and PFante.4

In the wgrk of Fante,® which applies to sharply peaked phase
funetions, I( ,r,z) in the integrand_on the right-hand side of Eq. (1)
is expanded in a Taylor series about 3 3. After truncating the
series at the second tesm. a system of twvo equations {05 the
unscatterred radiance, and the scattered p?r ion,
obtained. This theory leads to the expression for I'S/ in the form of
a one-dimensional integral. As the inclusion of the POV effects
requires integrations over both the detector area and the receiving
angle, Fante’s formulation seems to be most practical.

To determine how well our model predicts scattering effects, the
results of our computations vere compared with the irradiance
measurements® of the optical scattering by high density hydrosols. A
He-Ne laser beam was passed through a tank containing polystyrene
spheres of (2.26:0.07) um diameter, suspended in vater. The profile of
the 1light at the exit surface of the tank was measured for different
optical depths and detector FOV, and compared with the calculated
results of our model. Pigures 1 and 2 show the irradiance as a
function of the distance from the beam axis for the detector’s half
angle POY = 0.357 deg. The phase function parameter «a, equal io
8.46 rad™ according to Mie theory, vas agjusted to o = 10.85 rad™.
This increases the scattered part I thus leading to a better
agreement with experimental data.

For an o detector, FOV = 90 deg, the radiance distribution
function ,r,z) is regresented as a sured of the small-angle
approximation solution I(S and the solution I'9) due to diffusion

approximation,? i.e.

1(3,r,2) = 1¢5:8)(3,2,2) + 1D @R,2 2y . (5)

Here 1(S-3) satisfies Eq. (1), whereas I(d) is a solution to the steady
state diffusion equation.
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If ve assume that the dominant part of the forvard scattering is
accounted for by the Gaussian phase function of Bq. (4), the remaining
part of scattering can be described in terms of isotropéc diffusion.
Consequently, the general scattering phase function P( 3') is split
into two parts according to the formula

P(3,2') = K P1(3,8") + KoPp(3,8) )

vhere Py, correcgoadxng to small-angle scattering, is given by Eq. (4)
after ve let Py(,2') P - ¢’), and vhere

Py (8,8 = i.}ii ) )

Our normalization condition, vhich sets the integral of the phase
function over d9’ to unity, implies that Ky + ky = 1; therefore the x’s

can be regarded as relative wveights of small-angle and diffusion
scatterings.

In Pigs. 3 and 4, vhere K; =0.9 and k, =0.1, 1(s-2) iq repregg 9ted
as a sum of unscattered and scattered contribut1ons, vhereas I

denoted by the label "diffuse". Ve note that this approach acounts
only for about 50X of the scattered energy. A further improvement
could be achieved by representing the scattering phase function as a
combination of two or more Gauszjan peaks® supplemented by a uniform
part. Hovever, a satisfactory description of experimental data, valid

for any value of r, wvould require the rigorous solution of the
three-dimensional transport equation.
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A35TRACT

The effect of multiple scattering between the discrete, random
inhomogeneities, statistical correlation in the position of the scatterers,
details of the geometry, size and properties of the inhomogeneity via the
T-matrix are considered. In previous studies, the Quasi - Crystalline
Approximation which was used to truncate the infinite hierarchy of equations
for the coherent field required a knowledge of the two body correlation
function. Although the T-matrix of a non-spherical scatterer can be calculated
in a straight forward manner, only spherical statistics were available even for
non-spherical scatterers, via the Percus-Yevick equation or Monte Carlo
simulation for hard spheres. Recently, we have been able to simulate the
positional, angle dependent correlations of non-spherical particles using Monte
Carlo simulation and an expansion of the two scatterer correlation functiom in
Legendre polynomials.These values are used in calculating the effective
wavenumber of the coherent field for media containing aligned spheroidal
scatterers and will be compared with previous results using spherical
statistics.The first order approximation to the incoherent intensity will also
be calculated.

INTRODUCTION

The average or effective properties of a random medium containing
irclusions of one material or voids distributed in some fashion in a second
material called the host or matrix material can be conveniently studied by
analyzing the propagation of plane waves in such materials and solving the
resulting dispersion equations. Since waves propagating in such a two phase
system will undergo multiple interactions with the scatterer phase, it becomes
natural to consider multiple scattering theory and ensemble averaging
techniques if the distribution of the inclusion phase is random.

In this paper, a multiple scattering theory is presented that utilizes a
T-matrix to describe the response of each scatterer to an incident field. The
T-matrix is simply a representation of the Green's function for a single
scatterer in a basis of spherical or cylindrical functions. In this
definition, it simply relates the expansion coefficients of the field that
excites a scatterer to the expansion coefficients of the field scattered when
both fie.ds are expanded in the same spherical wave basis {1].

The formalism presented is generally applicable to acoustic electromagnetic
and elastic waves. Good agreement has been obtained with available
experimental results for all three types of waves for a wide range of
waveiengths, scaiterer concentration and properties (2,3]. The theory presented
here most clcsely resembles the work of Twersky (4],!5].The infinite hierarchy
¢f equations that results in a multiple scattering formalism when the exciting
fiied is averaged has usually been truncated by using the Quasi Crystalline
Aporoxiraticn first proposed by Lax {6]. iIn this approximation, which is shown
ts ce corpletely eguivalent to a parxtial resummation of the multiple scattering
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series, only a knowledge of the two body correlation function is required. In
previous studies {7,8], we relied on spherical statistics for hard spheres,
generated by Monte Carlo simulation or by the Percus-Yevick approximation even
for non-spherical scatterers. Essentially. this increased the exclusion volume
surroundi~g the non-spherical scatterer, -nd artificially restricted us to
smaller concentrations in order to prevent the statistical spheres from
overlapping. In the present study, these restrictions are removed by using a
new Monte Carlo simulation developed by Steele [9] for non-spherical
scatterers, that is based on expanding the two body correlation functions in
Leyendre polynomials. This permits us to consider the angular correlations that
exist for non-spherical oriented scatterers.

Numerical results will be presented for aiigned and randomly oriented
oblate and prolate spheroids using the new correlation functions and compared
with previous calculations for spheroids that used spherical statistics. We
forsee important applications of these n:w results to electromagnetic wave
propagation through aerosols, which are non-spherical and often consist of
aggregates and also in other cases where non-spherical scatterers are involved.
The approach is summarized in this extended summary and results will be
presented at the meeting.

EFFECTIVE WAVENUMBER FOR THE AVERAGE FIELD IN A DISCRETE RANDOM MEDIUM

Let the random medium contain N scatterers in a volume V such that
N — e, V o » but ny, = N/V the number density of scatterers is finite. Let u,
u®, uei, usi be respectively the total field, the incident or primary plane,

harmonic wave of frequency ®, the field incident or exciting the i-th scatterer
and the field which is in turn scattered by the i-th scatterer.These fields are
defined at a point r which is not occupied by one of the scatterers. In
general, these fields or potentials which can be used to describe them satisfy
the scalar or vecinr wave equation. Let Re ¢, and Ou ¢, denote the basis

of orthogonal functions which are eigenfunctions of the Helmholtz equation.
The qualifiers Re and Ou denote functions which are regular at the origin (
Bessel functions ) and outgoing at infinity ( Hankel functions ) which are
respectively appropriate for expanding the field which is incident on a
scatterer and that which it scatters. Thus, we can write the following set of
self-consistent equations:

u = u® +i-zi usi - uei + usi ® u® ittjz usj + usi (1)
o . i

u’(r) = pexp (ikk,.r) = X @& Re ¢, (r-x;) (2)
ui - Zy %: Re 6, (r - ry); a< I:—ril < 2a (3)
s. 5 f RSN 4

ui = n fn Ou ¢,(x - £5); r-r;l > a (4)

where a: and f;'are unknown expansion coefficients. We observe in Egs.(3) and
(4) that "z" 1is the redius of the sphere or cylinder (for 2-D problems)
circumscribing the scatterer and that all expansions are with respect to a
coordinate origin located in a particular scatterer.

The T-matrix by definition simply relates the expansion coefficients of
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a®; and u®; provided u®; + u®; is the total field which is consistent with the

definitions in Eq. (1). Thus [1],

i i
fn = Zh?nn' Ay (5)
and the following addition theorem for the basis functions is invoked
Cu @, (x-xy) = X, Op, (£i-x3) Re 44 (2-x;) (6)

Substituting Bgs. (2) - (6) in BEq. (1), and using the orthogonality of the
basis functions we obtain
i i

at = at + Yo (ri-:j) al 7

j2i

This is a set of coupled algebraic equations for the exciting field
coefficients which can be iterated and leads to a multiple scattering series.

For randomly distributed scatterers, an ensemble average can be performed
on Eq. (7) leading to

<(xi>i = ai + <° (ri—rj) Tj<aj>ij>j (8)

where < :’ ijk... denotes a conditional average and Eq. (8) is an infinite
hierarchy involving higher and higher conditional expectations of the exciting
field coefficients. 1In actual engineering applications, a knowledge of higher
order correlation functions is difficult to obtain, usually the hierarchy is
truncated so that at most only the two body positional correlation function is
required.

To achieve this simplification the gQuasi-crystalline approximation (QCA),
first introduced by Lax [6] is invoked, which is stated as

i, o= i>,
<ai>y, <a >J (9)
Then, Egq. (8) simplifies to
i _ i _ c s .
<a >i a + <c (Zi rj) T3<a3>3>i H (10)
an integral equation for <:ui:>i which in principle can be solved. We observe
that the ensemble average in Eq. (10) only requires P(x;lr;), the joint

probability distribution function. In particular, the homogeheous solution of
Eq. (10) leads to a dispersion equation for the effective medium in the

%antsFrystalline approximation. Defining the spatial Fourier transform of
l .
a 1 A8

<ai>; = J eikery xi(g) ax (11)
and substituting in Eq. (10), we obtain for the homogeneous solution

Xt (K) = X Joozg-rp 13 pirging e BT arg x3m) (12)
s#i

If the scatterers are identical

X1 (K) = XI(K) = X(K) (13)
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and thus for a non-trivial solution to <:ai:>i, we require

ll -xfo (g5-x5) T3 perjizy) o KBRS ar {0 (14)
J#i

In order to perform the integration in Eq. (14), we need a model for the
pair distribution function. For non-spherical scatterers, the pair distribution
function depends not only on the length of the vector connecting the centers of
the scatterers, but also on the direction of this vector and the orientation of
each scatterer. If the scatterers are spherical, then there is no dependence on
direction and orientation and the statistics are saia to be spherical or
isotropic. In both cases, the scatterers are not allowed to overlap, i.e. an
infinite repulsive potential is assumed between scatterers. In the statistical
mechanics literature, several schemes are available for calculating the pair
distribution function of ' hard ' particles. For spherical hard particles,
analytical results can be obtained for sparse concentrations in the form of a
density expansion or virial series, and for higher concentrations the
Percus-Yevick, the self-consistent approximation, and Monte Carlo simulations
have all been used for distributions of spheres, see ([7,8]. Results, explicitly
for non-spherical scatterers are not readily available, and in previous
calculations, we artificlially surrounded the non-spherical scatterer by a
transparent sphere that enclosed it, or considered a sphere of equivalent
volume. In the first approximation, the non-overlap of the statistical spheres
severely limited the concentration3 that we could consider, and the second
approximation, although better than the first did not lead to satisfactory
results at volume fractions exceeding 10%.

In recent years, considerable progress has been made in Monte Carlo
simulations for non-spherical hard particles by Steele [9]. He has expanded the
joint probability functions in a series of spherical harmonics and radial
functions with unknown coefficients. The coefficients are evaluated directly in
the Monte Carlo simulation. For aligned prolate and oblate spheroids, these
results have just become available. The excluded volume for these geometries is
also spheroidal. The hole correction integral can only be done numerically, and
the resulting matrix is no longer diagonal. This is being implemented now, and
results will be ready at the time of the meeting. We also plan to implement
these statistics in calculations of the incoherent intensity and compare wilh
previous results using spherical statistics.
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The paper describes a multiple-scattering propagation model and
compares predictions with measurements performed in laboratory-
generated water droplet clouds. The solutions are applicable to the
inversion of 1lidar returns affected by multiple-scattering contri-
butions.

Model

The propagation medium s treated stochastically as the randon
spatfal, temporal and size distributions of the suspended particles
constitute a space-time random field for the refractive index. The
equations for the statistical moments (average amplitude and average
irradiance) are derived from the wave equation of electromagnetic
propagation. There results an unclosed hierarchy of equations which is
truncated through the hypotheses of quasi-homogeneity and quasi-
isotropy of the random amplitude and phase function in the plane normal
to the main direction of propagation. The validity of these as-
sumptions is to be verified a posteriori. Reference 1 gives the basic
developments.

The resulting governing equations for the case of a collimated
beam are

aA 1 by oan .
E.i.'*.é.(umi'ua +ag +as)A .Z.k_VJZ_A 0, {1)
+
3L+ oy + g + o3It - DWEIY = ofMA* +a3l7,  (2)
ol~ -\ 1= g2 T~ = o= -
e + (op +ay + us)l - Dvil- = usM* + asl+, (3)

where AA*, I+ and I~ are respectively the reduced, forward-scattered
and backscattered irradiance, z is the coordinate along the beam axis,

r is the radial coordinate, and v{ is the Laplacian operator in the
transverse plane.

The parameters a's and D's constitute the bulk properties c¢f the
random medium. They are formally related to the properties of the
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particles and surrounding medium through the closure relations. How-
ever, complete determination of the «'s and D's has not been possible
yet because of mathematical difficulties. The convenient but heuristic
alternative adopted here is to apply the independent Mie solutions to
the physical definitions of the o's and D's. Thus, a, 1s the aerosol
absorption coefficient calculated from the average Mie absorption effi-
ciency function; a} is the aerosol forward-scattering coefficient ob-
tained by integratiﬁg the average scattering efficiency function over
the forward hemisphere; aZ is the aerosol backscattering coefficient
calculated by integrating ‘over the backward hemisphere; and is the
gaseous absorption coefficient assumed given. Finally, the diffusion
coefficients D* and D~ are modeled as follows:

/ "/zp(e)sinede fﬁ p(8)sinede
pt = (2-2') 2 73 ;D = (2'-z) n/2 (4-5)
foﬂ ple)ds p(n)

where p(e) is the phase function and (z-z'), the distance from the
point of scattering. The linear z-dependence is suggested from the
asymptotic form of the closure relations in the limit of small (z-z2').
The proportionality functions are averages of the sine of the scatter-
ing angle. The normalization constants were chosen for best fit with
data. Although the formal closure relations indicate that D* and D-
should saturate with increasing (z-z'), calculations have shown that
the saturation has only marginal effects for the conditions {investi-
gated to date.

The solutions of eqs. 1-3 are irradiance solutions. The field-
of-view effect is accounted for by multiplicative factors derived from
geometric considerations.

Exgeriment

The experiment was carried out under controlled laboratory con-
ditions (Ref. 2). Water droplet clouds were generated by ultrasonic
nebulizers in a chamber of adjustable length. The size distribution of
the drops produced by these nebulizers is reasonably invariant and the
density can be changed by regulating the nebulizers output flow into
and out of the chamber. After sufficient settling time and through
gentle stirring, a homogeneous concentration can be maintained for as
long as needed. The drop sizes are distributed between ~ 0.1 and 15 um
with a peak near 1.0 ym. The concentrations were varied from 0 to ~ 5
g/m® which corresponds to an extinction coefficient at 0.63 um between
0 and ~ 3 m-},

Scattering measurements were performed with 3 lasers: 0.63,
1.06 and 10.6 um. The transmitted beam profiles were obtained with
sufficient dynamic range to detect beam broadening by forward scatter.
These measurements were done for two fields of view (20 and 350 mrad)
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and two cloud depths (1.5 and 2.6 m}). The radiation backscattered by
the cloud was also measured at 10.0, 8.8 and 5.6 m from the cloud
boundary for the 3 wavelengths, two fields of view (10 and 15 mrad) and
two cloud depths (1.5 and 2.6 m).

Results

Typical 0.63-um beam profiles showing beam broadening at 2
fields of view are compared with the model predictions in Fig. 1. The
agreement is very good. The corresponding backscatter data is plotted
in Fig. 2. The single-scattering solution obtained by integration of
the Yidar equation is also drawn for comparison. As illustrated, the
multi-scatter contributions are significant and well accounted for by
our model. Additional results will be presented and discussed.
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Fig. 1 - Measured and calculated flux density profile of a laser beam
transmitted through laboratory generated water droplet clouds.
Curves are calculations and symbols, measurements.
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Fig. 2 - Measured and calculated backscattered power €rom laboratory-
generated water droplet clouds as a funct <~ of cloud ex-
tinction coefficient. Curves are calculativ - and symbols,
measurements. SSCAT is single-scattering solut .n.

The model solutions have an interesting application to the
inverse lidar problem. They provide a potential means of exploiting
the information contained in the multi-scatter contributions to resolve
the 1indetermination created by the presence of two unknowns in the
Tidar equation, i.e. the extinction and backscatter coefficients.
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A Multiple Scattering Layer Model for Propagation in Discrete Random Media
Charles L. Rino ~ SRI International
333 Ravenswood Avenue, Menlo Park, CA 94025

We take advantage of the fact that the scattering medium is linear. Thus, all
wave-field interactions can be treated as superpositions of plane waves.
Starting with the complex scattering function for a single particle, we derive
the general form of the scattering operator that characterizes the scattering
of a single plane wave by a random distribution of scatterers over a plane.

To date, we have considered only single scattering within the elemental
scattering plane, which limits the present theory to tenuous particle distri-
butions. Two scattering functions result: One characterizes the scattering
of waves in the same direction that they are propagating (forward scatter),
the other characterizes the scattering of waves in the opposite direction that
they are propagating (backscatter).

By using the scatteriang functions, we can derive coupled difference equations
for an arbitrary incident spectrum of waves interacting with a succession of
scattering planes, as illustrated in Figure 1. Between the scattering planes,
the waves propagate freely, which is easily characterized. The equations that
result are shown in Figure 2. The model is based entirely on elementary
characterizations of forward scattering, backward scattering, and free-space
propagation. The tortuous multiple interactions of waves with the individual
particles is fully accommodated in this formplism, but it is unnecessary to
consider these interactions explicitly. In the limit as AL approaches zero,
the equations are equivalent to the differential equations derived by H.
Bremmer ['"General Remarks Concerning Theories Dealing with Scattering and
Diffraction in Random Media," Radio Sci., Vol. 8, No. 6, pp. 511-534 (June
1973)], and V. I. Gel”fgat ["Reflection in a Scattering Medium,” Sov, Phys.
Acoust., Vol. 22, No. 1 (January-February 1976)].

The ultimate usefulness of any formalism, however, depeads on the ease with
which it yields useful results. Thus, ultimately we must obtain tractable
formulas for the signal moments., These formulas follow directly from the
difference equations for the complex wave fields, but they involve averages
that contain mixed products of the wave fields and the scattering functions.
Nonetheless, by using the Markov approximation, the averages over products can
be evaluated as products of averages over the wave-field terms and averages
over the scattering-function terms. There results a system of equations that
are fully specified in terms of the second-order statistics of the scattering

functions. These statistics can be calculated from the distribution of the
particle attributes,

With appropriate limiting operations, coupled first-order differential
equations can be derived. For scatterers whose average scattering character-
istics depend only on the difference between the incident— and scattered-wave
vectors, the differential equations have multiplicative coefficients and are
easily solved. For example, for a slab of length L, we can compute the mutual

coherence functions for the forward scattered wave field at z = L and the
backward scattered wave field at z = 0 as
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O;GHn’ represents the forward (f)
or backward (b) scattering
of the wave-field incident
from the lefr (+) or right (-)
by the nth scattering plane, as
shown in Figure 1

"

P represents the free-space propagation
from the nth to (n+lst layer)

FIGURE 2 COUPLED DIFFERENCE EQUATIONS RELATING THE
FORWARD-PROPAGATING WAVE FIELD, \?l:, AND THE
A
BACKWARD-PROPAGATING WAVE FIELD, wn’ BEFORE
AND AFTER WAVE-FIELD INTERACTION WITH THE
nth SCATTERING LAYER.

372




R (8p) = expl-8(ap)z} (1 - £(ap)? exp{28(ap)[z-L]})D(s0) 1)
and
R (8p) = £(8p) expi-B(Ap)z} (1 - erp{2B(ap)[z-L]})D(4p) 2)
where
D(8p) = [1 - ECap)” exp{-28Capn}1™" . 3)

The functjons £(Ap) and B(Ap) depend on the inverse Fourier transforms of the
forward, S{AK), and backward, F(A8K), scattering functions for the scattering
planes and tuc forward extinction coefficient I'_.; that is, 2I', is the
exponential attenuation rate of the coherent in?ensity in the absence of
backward scattering., The remaining terms are defined as

B(80) = [(21y ~ sap))? - F(89)?] %)

and
E(sp) = F(ap)/[B(ap) + (21 - s(8p))] . (5)
If the scatterers are lossless,
2r, = 5(0) + F(0) 6)

and B(0) = 0; however, Equations (1) and (2) admit well-defined limits for
lossless media.

If the scattering functions of the individual particles and their
distributions are known, T'., S, and F can be evaluated. To illustrate the
results with a specific example, we have used an ensemble of dielectric
spheres for which the scattering functions admit exact solutions. Figure 3
shows the cohereant and total intensities as a function of layer thickness for
lossless spheres. Note that as L approaches infinity, all the incident power
is backscattered. Figure 4 shows the corresponding quantities for lossy
spheres. Here, the backscattered intensity saturates at a constant value
equal to £(0). These results are discussed and compared with the cumulative
forward-scatter single-backscatter approximation [D. A. de Wolf,
"Electromagnetic Reflection from an Extended Turbulent Medium: Cumulative
Forward-Scatter Single-Backscatter Approximation,” IEEE Trans. Antennas
Propagat., Vol. AP-19, No. 2 (March 1971); S. Ito and S. Adachi, "Multiple
Scattering Effect on Backscattering from a Random Medium," IEEE Trans.
Antennas Propagat., Vol. AP-25, No. 2 (March 1977); R. L. Pant§,
"Generalization of the Booker~Gordon Formula to Include Multiple Scattering,”
Radio Sci., Vol. 17, No. 6, pp. 1521-1530 (November-December 1982)]. This
last approximation also predicts the backscatter correlation function.
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MULTIPLE SCATTERING EFFECTS ON THE PROPAGATION

OF A LIGHT BEAM IN AN INHOMOGENEOUS MEDIUM

G. Zaccanti, P. Bruscaglioni, P. Pili

Dipartimento di Fisica - Universita' di Firenze -
Via §. Marta, 3 - 50139 Florence - Italy

The effect of multiple scattering on the propagation of
light beams in a turbid medium has been the object of many theo-~
retical studies. On the other hand few published comparisons
between the results of numerical computations and measurements in
controlled situations are to be found in the literature.

The aim of this paper is to present the results of laborato-
ry measurements pertaining to the transmission of a collimated
light beam (HeNe source, 16 mW) through suspensions of latex
spheres in water, and to make a comparison with the predictions
of calculations.

The transmitted power was measured by an optical receiving
system whose Pield of View was varied in 6 steps between d= #.5
and a= 3° (semiaperture). The optical depth of the suspensions
was also varied during the measurements. The suspensions were ob-
tained from monodispersions of polystyrene spheres, with radii
ranging from .15 pm to 7.85 um.

The dependence of the received power, P,, on the F.O.V.
semiaperture e and on the optical depth ¢ was analyzed.

The part of the received power pertaining to the direct
attenuvated beam was not dependent on ¢ , in our ranges of F.O.V.
apertures, due to the high collimation of the laser beam. The
received scattered power depended on a . Thus, by analysing P,
as a function of a , with ¢+ fixed, we were enabled to separate
the contribution P, pertaining to the attenuated beam (1).

The presence of inhomogeneities of the medium interposed
between a source and a receiver can cause the amount of received
scattered power to vary, with respect to the case of a homoge-
neous medium with the same optical depth. This effect was shown
by the results of numerical computations, which indicated that,
given the optical depth, when the extinction coefficient is
larger in the proximity of the receiver, the relative contribu-
tion of forward scattering to the received power increases.

This paper aims particularly to give an experimental verifi-
cation of this effect.

The simple scheme of the measurements is shown in the last

figure of this paper (Fig. 3). Por each vaue of the optical depth
of the suspension, measurements were repeated with differenc
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values of the distance D between the vessel containing the su-
spension and the receiver.

Fig. 1 gives four examples of a comparison between measured
and calculated ratio Pg/P, (scattered received power divided by
attenuated beam power) plotted versust . The figure refers to
polystyrene spheres with average radius 7.85 um. The crosses
connected by the continuous lines in Fig. la, b, ¢, 4, indicate
the measured ratios. The squares indicate the ratios calculated
by taking into account ten orders of scattering (Semi-Monte Carlo
code whose scheme is explained in (2)).

A comparison between the data of Fig. la, b, ¢, d, shows
that the predicted effect is verified. The increase of received
scattered power, occurring when the suspension is nearer the
receiver, is more pronounced when e is larger, as was also
predicted by calculations (3). Fig. 2 gives an example of this
latter effect, as it shows that the decrease of P /P when D
increases is steeper for a= 3° than for a= 1.59,

To have a more detailed comparison with the results of
calculations an analysis was made, aiming at examining the con-
tributions of first and second ordersof scattering separately.
This was possible since, under assumption of validity of the
small angle approximation, the ratio Pg/P, can be represented
(for a given geometry) by a polynomial 1n v (see for instance
ref. (4) eq. 16, or also ref. (l)). Thus one can write, for
a and D fixed:

Ps/Py = Kj(a)s + Ky(a)e® + .....

wnere the term K, {a)t™ corresponds to the contribution of mth
order of scatterlng.

The Table at the end of the paper gives examples of the
values of the coefficients K; and K, deduced by analyzing the
dependence on v of the measured ratio PS/P , compared with the
values calculated theoretically by taking 1nto account measure-
ments geometry and the scattering properties of the suspended
spheres.

(1) E. Battistelli, P. Bruscaglioni, G. Zaccanti. "Separation and
analysis of forward scattered power in laboratory measure-
ments of the transmittance of light beam".

In press (Applied Optics, Feb. 1986).

(2) E. Battistelli, P. Bruscaglioni, A. Ismaelli, G. Zaccanti.
J. Opt. Soc. Am. A, 2, 903 (1985).

(3) E. Battistelli, P. Bruscaglioni, A. Ismaelli, G. Zaccanti.
Optica Acta, 32, 717 (1985).

(4) W.G. Tam, A. Zardecki. Appl. Opt. 21, 2405 (1982),.
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Fig. 1 - Comparison between calculated (squares) and measured
(crosses connected by a continuous line) ratios PS/P° between the
received scattered power and the direct beam attenuated power.
The ratios are plotted versus the optical depthr . The triangu-
iar marks indicate tne summed contributions of the first two
orders of scattering.

Spheres with average radius 7.85 um. Receiver's area radius 1 cm.
The cases a, b, ¢, d differ in the geometrical parameters of the
measurements (see Fig. 3).

Note tnat at thne larger distance: D = 88 cm, an early saturation
of the scattered received power with the angle & occurs, so that
the resuits for a= 1.5° and a= 32 nearly coincide.
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Fig. 2 - Ratio Pg/P, plotted versus D. Crosses: measured ratios.
Squares: calculaged ratios. Spheres with average radius 7.85 um.
a: a=1.5°, b: a= 3%,

HeNe LASER| _ _ [WATER WITH| Q\L\w RE
10 mw TSPHERES | CEIVER
10 cm__J
~——— D ——

Fig. 3 - Scheme of the measurements. The container with the
suspension of latex spheres in water is placed at different

distances (D) from the receiver. a: semiaperture of the recei-
ver's F,0.V.

TABLE - Measured (K, KJ') and computed (Kf, K¥)
values of the first two coefficients of the polinominal
in 7 representing Py/P,. Spheres with radius 7.85 um.

D = 20 cm D = RE cm
t m t m t m t
a K; K' K K3 K; KY K3 K%
6.59 | .@96 .88 .611 .0@16 .096 .@8 .@Bl1 .@09
1.0° | .28 .23 .@838 .643 .19 .17 .@25 .@19
1.5° | .39 .35 .066 .970 .19 .17 .@825 .@23
2.09 [ .42 .41 .@85 ,096 .19 .17 .025 .024
2.5% | ,44 .43 .@97 .11 .19 L17  .825 .@24
3.8° | .45 .43 .18 .12 .19 .17 .025 .@25

378




Scattering from Nonspherical "Chebyshev Particles"

Alberto Magnai
Istituto di Fisica dell'Atmosfara, Consiglio Nazionale delle Ricerche
00044 Frascati, Italy

VWarren J. Wiscombe
Laboratory for Atmospheric Sciences, NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771, USA

Scattering of radiation by atmospheric particles is important in a wide
variety of meteorological studies. In wmost practical applications the
scattering particles are assumed to be spherical, regardless of their real
shape. It is the purpose of our study to search, theoretically, for the main
differences between spherical and nonspherical aerosol scattering.

To this end, using the 'exact' Extended Boundary Condition Method (EBCM)
{1, 2}, we have computed the phase function, as well as the scattering and
absorption efficiencies (denoted by Q c and Qa s’ respectively), the
single~scattering albedo ¢, the asymmetry factor g, and the backscattered
fraction for isotropically incident radiation B (see Wiscombe and Grams [3]),
for a rather general class of rotationally-symmetric nonspherical particles
(which we call "“Chebyshev particles") of the form r = r [1 + eTn(cose)],
where € is a deformation parameter and T a Chebyshev polynomial of order ‘n'.

The scattering calculations have “been carried out for 23 different
particles with refractive index ® = 1,5-0.02i and equal~volume-sphere size
parameters x = | to 25 (in steps of 1), that were obtained by taking 'n' = 2,
3, 4, 6, 8 and 20, and ¢ = -0.2 to 0.2 in steps of 0.05. Some of the
Chebyshev particles considered in this study are shown in Fig. 1.

Un-shape-~averaged and shape-averaged nonspherical single-scattering
quantities have then been compared with corresponding un~size-averaged and
size-averaged (over Ax = 0.,1x) spherical results. The bulk of our scattering
calculations are published in a Compendium [4) together with a description of
the EBCM numerical procedures. A tiny subset of all that data was examined at
the beginning of this research [5). A detailed analysis of all our results
will be published in a pair of forthcomine napers [6, 7], of which the present

;& Tk m! t.(-an! Lo
s o L m! T I-DJ! A Hm!

FIG. 1 3-D representation of the Chebyshev particles with |e| = 0.1 used in
this study. Tn(+e) and T _(~e) indicate Chebyshev particles with waviness
parameter 'n' and deformation parameter €= +e and -e, respectively.
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one constitutes a short summary. _

Fig. 2 shows the percent differences of Q , Q , W, g, and B, for
randomly-oriented Chebyshev particles <Tn> fromfacoré%sponding size-averaged
spherical results. No attempt has been made in this figure to identify, for
each set <T_D>, the results corresponding to the various € values. It is quite
evident that nonsphericity always increases Qa for size parameters larger
than about 10, while it decreases g -- and, coré%sgondinglz, increases B -~-
in the size range x = 8 to 15. Less definite, on the other hand, is the
effect of nonsphericity on Q and W ; Q8 a’ however, seems to be 'on the
average' somewhat larger for nonspherical particles, while w tends to be
smaller. In addition, concavity almost always enhances the nonspherical-
spherical differences.

Fig. 3 shows nonspherical and spherical phase functions for four different
size parameters covering the range of sizes explored in this study. It is
evident that the spherical-nonspherical variation may be largely reduced when
the size-averaged spherical phase function is considered, rather than that for
the equal-volume~sphere; in the near-forward scattering region (scattering
angle 9 = 0 ~60 ), the former mimics rather well the phage function for the
mixture of all <Tn> particles. Differences6 howgver, may become large in the
side- and back-scattering regime ( @ = 60 -180"), for this region is most
sensitive to particle shape, as the spread of the results for the various <T_>
particles clearly shows; the back-scattering, in particular, shows a dramatic
sensitivity to particle shape. Finally, side-scattering is definitely
enhanced by nonsphericity for =x>10, while, for the 1larger sizes, all
nonspherical phase functions tend to be smaller for © less than about 100 .
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Introduction

The Mie scattering coefficients are generally presented only in terms

of the complex refractive index assuming that the permeability/“&=l.

This is especially true for the derivation of the scattering coeffi-
cientsof multi-layered particlesl or in the case of coated spheres

the permeability is assumed for simplicity to be the same for all 1ayer552

Below we present the general solution for a multiple layered sphere for
which each layer is permitted to acquire any desired complex refractive
index and a permeability as well.

Algorithm

Let us consider the case of a sphere composed of a core of radius a, coated
by layers of radii Q@,,@s,.-., @, ,correspondingly. Each layer has
an electric susceptibility

J L EW) C“)
Se = (= <),

v ’ ‘j o 4!"

and a magnetic susceptibility
S = (42
n . .
< J 2 4
for which we define 4 ""‘fe . fﬂ
4
the surrounding medium).

J
( é. is used for

The complex refractive index 1hj is given by

m. = (ea./a;)ZL
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Solving for the boundaries between two consecutive layers of dirrent X £

and n we can write the final scattering coeffc1ents in a form similar
to thie known Mie coeff1c1ent as fol]ows

A: = ‘Cﬂ j S %(é a{u) A,)( {. (,,
»&m jg j (‘ a(.,) é)(é‘ "S j‘ é( Q["

A" - ko S 5 g/ (.a..,)- A‘Xn"'s %(ﬁ q,,,)
n A, o SUN S (RA0) - £ X ("Snfj (ﬁ ter)

(we note that in the literature we find usually the notations
where E and M denote the electric and magnetic components).

and

In the above equations

X4
Y. (bt )- 0,7 0, (k.2
9’ (é(-uﬂ(w) BE(% ("(.,d(.,

where , E{’
[— ‘“XE %/4'”4‘)5 ! \}/140' ) )
& % Js % ( "(..0()5' o éeXc" Xoull,%)S, 57

xE(

and similarly for S 5 5 e where all
-

functions involving the notatwn E shOuId be rep]aced by the correspondmg

function for M. For {=o0 e. 52 =0 oy ,f - Y (k).

Thus, when a sphere composed of a core and 2 additional layers is cons1dere? e =2,
It is useful to note that if ‘; is, the same for all layers e

el » F
va"mshes for a1l values of € and S” becomes \.’{”(4 ) Hence A“ and
A,, are exactly the known Mie coefficients.

This algorithm allows a simple treatment for computer calculations.
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Examples of Results

We used the algorithm to calculate the sensitivity of extinction by a layered
particle to small changes in the coated material depth for several susceptibility
values. An example is given in Fig. 1 where a sharp maximum (two orders of magnitude
difference)appears when small changes are assumed in the coated layer relative depth

(a corresponding change of @ 'a'% & 10.3) for a particle composed of two
layers.

5 €2/7 2227

f AN
‘ 3
| ' . L,
H 1 ! s )
! ] ‘ X=Xy = Xy=d.08 'lO‘L (m~)
] :
{ 3, | 153’309-!065 (m')
i ¥ez 335000 (=)

' .XE" z q.st-to’- 8.3¢.10fi (u")

1
: ;
T ()

Fig.1. The extinction and scattering efficiencies as a function
of the coated layer relative depth.
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Higher-order Temporal koments of Picosecond Uptical Pulses in a
laboratory-simulated Multiple Scattering Atmosphere

Arun K. Majumdar
Lockheed-California Company
Kelly Johnson Research & Development Center
P.0.Box 551, Burbank,California 91520
U.S.A

We report new results on higher-order temporal moments of pico-
second laser pulses transmitted through multiple-scattering media.
Effects of optical depth and the receiver field-of-view (FOV) on
these temporal moments were studied to analyze the broadening of
non-Gaussian pulses.

Ultrashort picosecond optical pulses (~10-25 ps) were generated
from a very low threshold (~18 mA), high efficient, single spatial
mode GaAlAs laser diode ( A=0.837 pm) by the method of current
modulated gain switching. A continuous train of optical pulses
separated by 100 MHz was produced. The collimated beam was trans-
mitted through a scattering cell containing uniform latex microsph-
eres suspended in water. The scattering cell simulated low-visibility
atmosphere in a laboratory scale for performing optical communica-
tion experiment in a controlled environment.l’2 The variable iris
at the exit window of the cell provided the receiver FOV to vary
from 0.22 to 2.1 degree. The scattered light was collected by a
combination of lens system, suitable for the diode laser wavelength,
and focused to a detector. The detector was a high speed GaAlAs/
GaAs p-i-n phetwdiode, with a typical rise time of 50 ps, 3 dB band-
width of greater than 7 GHz, and quantum efficiency of 65%.

The temporal intemsity profiles of the multiple-scattered pulses,
obtained from the detector system, were recorded with sampling
oscilloscope with fast sampling sweep units and sampling head with
a resolution of 25 ps risetime. The output data curves from the
photographs were digitized and placed into a computer graphics
system to provide proper scalings and generation of points and to
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store the information on computer tapes for further processing.

We measured the temporal moment of the broadened pulse shape, f(t),
defined as follows. The n th temporal moment, <t"> is given by

t"> = "f£(t) ?()
<t"> oft dt/ojft dt (1)

We have measured higher-order moments upto n=8. The effects of
impulse response of the detector and the sampling units are taken
into account. Figure 1 shows the plot of the higher-order temporal
moments as a function of optical depth,T™ . The moments seem to
increase with v at the beginning at a faster rate and then still
increase but at a slower rate. Figure 2 shows the higher-order
moments with increasing FOV for optical depth of T= 10.31. As the
FOV is increased,they seem to reach limiting values. The pulse-
width broadening, <Aﬂ?;fis shown in the Figure 3 as a function
of optical depth v for different values of FOV. As the FOV is in-
creased, it is seen that the broadening tends to attain a limiting

value for larger FOV's.

1. A.K. Majumdar, IEEE Journal of Quantum Electroniecs, Vol.
QE-20, NO.8, pp 919-932, August, 1984,

2. A.K. Majumdar, Applied Optics, Vol.24, pp3659-3665,
November 1, 1985,
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DETERMINATION OF THE OPTICAL CHARACTERISTICS
OF ATMOSPHERIC PARTICLES SEPARATED BY SIZE
F. Prodi, V. Levizzan) and G. Casarini

Istituto FISBAT-CNR, Reparto Nubi e Precipitazioni,
Via De’ Castagnoli 1, 40126 Bologna, ltaly

The volume extinction coefficient of a layer of atmospheric particles depends on
several parameters, such as the concentration, shape, size distribution and optical
characteristics (complex refractive index) of the particles. Usually the complex
refractive index at a given wavelength is taken constant for the whole
distribution, while in reality the distribution itself results from the superpo-
sition of different particle populations, each whith its own optical character:-
stics. Realistic extinction models should be developed on the basis of complex
refractive indexes valid 1n each size class of the distribution. Instead,
experimental determinations of the optical characteristics by various authors were
performed on integral samples of the particles and such information on the size
effect 1s lacking; these studies were in fact conducted either by analyzing an
arrborne dispersion of particles or their deposit on filter from integral
samplings, or in an aerosol impactor (Grams et al. 1974; Tanaka et al. 1983). In
all cases the light beam in the nephelometer hits regions where particles are
polydispersed.

The present determination of the optical characteristics of the particles takes
advantage of the size separation of the aerosol particles while airborne and their
deposition on a single filter (Prodi V. et al 1979). Therfore in our optical
apparatus, which is essentially a polar nephelometer as i1n the previously mentioned
experiments, the beam hits particles onto the filter 1n a carefully determined size
range. The scattered intensity signal at the different angles is recorded and
processed in a data system composed by a/d converters and & computer for obtaining
fast and accurate angular scannings.

The procedure to evaluate the optical characteristics of the particles from the

scattered intensity is the following.

At a given 8 angle the ouvtput signal of the photomultiplier is proportional to
the scattered intensity

e x

Vor h- 1 = ' i, (9, m, x)~'n('c) de

Covim




where |, i1s the intensity of the incident wave, which 1s polarized perpendicularly
to the scattering plane, S is the filter surface area hit by the laser beam, h s
an apparatus sensitivity coefficient, k is the wavenumber, R the distance from the
particles to the photomultiplier, n(r) i1s the particle distribution function per
unit area of the filter, " i., the element of the “transformation matrix” (Van de
Huist, 1957) relative to the component of the incident wave perpendicular to the
scattering plane at the angle ) , m the complex refractive index, and x =
Anr/Ais the size parameter. In the following K wit indicate the expression in
brackets and P the incegral.

For each angle 9; an average value V,( gi) is determined from the measuremnts.

Due to the measurement errors the difference between measured and computed values:

V (&) - ﬁ(ﬁ-,m)

is # 0. )(l
erefore a quanti is defined: 2
reretors 2 ettty L8 8 [w(e) - K-l
1

)
X ] 6;

and the complex refractive index m is determined from the couple of (m , mim)
re

minimizing 7( .

In particular the measurements have been taker on Sahara dust part}cles,
obtained from deposits of muddy rains at the ground and subsequently aerosolized,
on rural + antronogenic aerosols and on latex spheres as test on spheres of known
index of refraction.

The results are discussed.
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OPTICAL PROPAGATION AND COMMUNICATION THROUGH CLOLDS

G. Lee, J. Rockway, B. Speer, and G. Mooradian
Titan Systems Inc., P.0. Box 12139, La Jolla, CA 92037

Low data rate optical communications from satellites or
aircraft offers the potential for jam resistant, relatively
covert communication links which can perform many desirable
functions. To provide high availability all weather optical
communications, it is necessary to penetrate clouds. Clouds not
only attenuate the optical beam but also cause substantial
temporal and spatial dispersion of the beam in a very non-uniform
manner. The design and operation of all weather links require
the solution tc three related, but different, problems: (1)
Given a physical description of a given cloud, determine the
effect on optical communication performance, (2) for a given
receiver location and time of year, compute the probability
distribution of cloud loss so that system availability can be
estimated as a function of transmitter and reaceiver parameters,
and (3) Develop a simple remote sensor that in real time can
estimatz the total 1link loss due to clouds (reflection, spot
spreading, pulse stretching, absorption, etc.) so that the system
can use the maximum allowable spot area that will still allow
communication. The transmitter often does not know the exact
location of the receiver so that large spot sizes allow the
transmitter to cover the area of uncertainty quickly.

An experimental and theoretical program has been in progress
since 1979 to study these problems and to develop communication
hardware, This paper will discuss the results of several recent
experiments and studies. Experiments have been performed in a
wide range of cloud conditions which include stratus clouds off
the California c¢oast, winter frontal <clouds in Oregon and
tropical cumulus clouds on the wet side of two Hawaiian Islands.

Each experiment was different but, in general, an airborne

*This work was supported by contracts from DARPA and Naval Ocean

System Cent~=r, San Diego.
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visible laser was used and simultaneous measurements were made
of the received pulse energy, pulsewidth and receiver §/N at a
ground station while various kinds of in-situ cloud measurements
were performed., The in-situ cloud measurements included airborne
Knollenberg probes, a nephelometer, up and down looking
radiometers as well as pilot observations and pictures. Solar
irradiance was also measured at the ground station and used to
infer cloud optical thickness 7 . During some experiments solar
transmission was also measured at the ground station both on and
cff the oxygen absorption band to estimate total pulse path delay
in the cloud and thus infer pulse stretching. Later experiments
also used both visible and IR satellite pictures from GOES and
DMSP to estimate cloud tops, cloud reflectance and T .

In parallel with the experiments, analytical models for
cloud propagation losses were developed wusing Monte-Carlo
simulations. The model assumes uniform plane parallel clouds
with some T , physical thickness, top altitude, albedo and
<cos 6>. A data base of the distribution of cloud optical
thickness for wide regions of the northern hemisphere was
developed using the USAF Global 3D NEPH analysis data base of
satellite cloud observations. This required a model for
extinction length as a function of cloud type which was taken
from the literature and is shown in Table 1.

Although the results of these studies are not yet complete,
a number of preliminary conclusions can be drawn.

(1) Values of T inferred from measurements of solar
irradiance using the Monte-Carlo propagation model and in-situ
measurements from the airborne nephelometer compared very well
given the difficult spatial and temporal sampling problem. On
the other hand, values of T inferred from measurements of cloud
droplet spectrums by the Knollenberg probes were typically a
factor of two lower than the wvalues inferred from solar
irradiance.

(2) Values of T estimated from using Table 1 and cloud
physical thickness reports were less bv up to a factor of 5 to 19
than the values inferred from solar irradiance for thick clouds
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in Oregon. For instance, stratus clouds with physical thickness
of 3¢0¢8 feet and T <2¢ were observed. This may be due to the
fact that very thick winter clouds contain large amounts of ice
and thus have smaller extinction coefficients. This may alss
explain why earlier sateliite measurements of T were often less

than expected.

Table 1

CLOUD EXTINCTION CLOUD EXTINCTION

TYPE LENGTH b(m) TYPE LENGTH b(m)
CUMULONIMUMBUS 25 ALTOCUMULUS 65
NIMBOSTRATUS 55 CuMULUS 5@
STRATUS is CIRROSTRATUS 350
ALTOSTRATUS 45 CIRROCUMULUS 350
STATOCUMULUS 20 CIRRUS 350

(3) When predictions of pulse stretching and spot spreading
using the values of T inferred from solar irradiance and pilot
estimates of physical «cloud parameters were compared with
measurements, they were the same within less than a factor of two
for stratus clouds. However it is clear that some technique for
remotely sensing cloud physical thickness is necessary for non-
stratus clouds.

(4) The use of ground based solar transmission measurements
off and on the oxygen absorption band to estimate pulse delay and
stretching appears to compare well with model predictions for
large values of T but more propagation measurements are necessary
to determine accuracy.

(5) 1Inference of T from satellite estimates of reflectance
were compared with the airborne and ground measurements. The
accuracy of present methods are limited for large values of T by
sensor error 1in measuring reflected energy and for small values
of T by the sensitivity of the reflectance function to sun and

satellite angle.
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(6) The overall cloud propagation model appears to agree
well with the measurements for stratus clouds. Two cases of
irregular cumulus clouds were found where the model under
predicted laser pulse energy by an order of magnitude for small
spots. The reason is unclear,.

Figure 1 shows a typical plot of measured versus predicted
received laser energy density per pulse at the ground station
for stratus clouds of 10< 7T < 2¢. The variation in received
pulse energy is due to both variations in cloud conditions and
beam divergence of the airborne transmitter. The model
predictions use values of T inferred from solar irradiance and
physical cloud parameters from pilot observations.
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Figure 1. Comparison of Experimental Data and Model
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Monte' Carlo Simulation of an
Optical Scatter Channel: Use of
Varience Reducation Techniques

Hari M. Gupta*
Department of Electrical and Cowputer
Engineering, Drexel University,
Philadelphia, PA 19104

1. Introduction

Optical communications through atmosphere has received a considerable
importance in recent years. However, the tranmission medium, at times, consists
of water drops, aerosols zd clouds. The overall effect of the above is to
produce multiple scattering of the incident optical wave [1]. 1In this paper we
study simulation of an optically scatter channel when the transmission medium
is cloud. The simulations are carried out on a computer using random walks.

We use the variance reduction techniques to reduce the statistical fluctuations.

2. Channel Model

A plane, parallel, fixed and homogeneous cloud is considered as the channel.
The scatterers are assumed to be spherical water droplets of random size and
distributed randomly within the cloud. The incident optical signal is step
in time and impulse in space and is considered as a stream of monoenergetic
photons. Each of the incident photon undergoes multiple scattering thus
executing a random walk. Three characteristic parameters of the cloud
i.e. average extinction coefficient,Bex, average albedo of single scattering,

w, and average normalized phase function, E(w), are calculated using Mie
formalism (2]}. The output signal beneath the cloud is incoherent and disper-
sive in space, angle and time. The purpose of the simulation is to determine
above dispersions with reduced statistical fluctuations.

3. Simulation Procedure

In the simulation a photon is always vertically incident on the cloud
and starts its trajectory in zero azimuthal plane with unit weight. The direction
after scattering is fixed br the selection of angle of scattering y and the
azimuthal angle §. The formeris selected from a probability density function
corresponding to P(y) and the latter is chosen to be uniformly distributed
between ~-= and + radians. The trajectory of a photon is followed in all the
three dimensions and the expected intensity weight is estimated after each
scattering. The intensity weights are recorded in proper space, angular and
temporal arrays. Detailed simulation steps are described by Gupta [3].

* On leave of absence from Department of Electrical Engineering, Indian
Institute of Technology, New Delhi, 110016, INDIA
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4. Variance Reduction Techniques

The output signal invariably fluctuates because of statistical nature
of simulations. These fluctuations can be reduced by using large number of
photon histories and thus using large computer time. Alternatively, variance
reduction techniques can be used to reduce the computer time. Two such techniques
used in the simulation are Russian Roullete and forced collision.

In Russian Roullete small angle scattering events are enhanced and photons
with large scattering angles are killed probabilistically. Let O<y<a
is the important region. Then an importance ratio Xa, with value less than i, is

chosen. An uniformly distributed random number Z is tested against Xa and

the following modifications in the photon weight are incorporated,

(1) If O<y<a the photon history is continued as usual.
(i1) If a<y<n and Z>Xu then photon history is terminated but counted

for final averaging.
(111) .If a<y<n and Z<X,, the weight of the photon is increased by a factor

of (1/xu)

Thus an extra weight is attached to photons which survive in unimportant
region. For example, when Xg= 0.2 then 807 of photons in unimportant region are
killed and the weight of rest 20% is increased by 5.

In forced collision the intercollision distance is chosen using truncated
exponential distribution. Thus a photon is not allowed to escape the medium.
The output weight is corrected to keep the estimator unbiased [3].

5. Results of Simulation

Simulations have been carried out at 0,7 micron wavelength for cumulus
clouds with 100 scatterers per cubic cm. Results are obtained for two values
of optical thicknessess i.e. 1=5 and t1=10.

It is found that the use of variance reduction techniques cut computer time
by 50Z to 70%. Figure 1l shows the variance vs computer time for a simulation
run showing the efficacy of techniques. However, it is observed that simulated
results are dependent on the choice of Xu. Figure 2 shows the time dispersion

curves for three values of Xu i.e. 0.2, 0.4 and 0.5.
REFERENCES
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