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5 SEA CLUTTER BACKGROUND, CHARACTERIZATION OF OCEAN
SURFACE

This section will be devoted to ocean surface phencmena.
The objective is to illustrate the matched illumination
principle to sea surface scattering. As before, we charac-
terize the scattering surface by a space time delay func-
tion g(F,t) which tells us how 'the scattering cross-
section o varles with position T and time t, or we
use the Fourler trangform of this delay function which is
the well-known irregularity spectrum Qti.u). Note that at
the moment we make no attempt to relate scattering cross-
gection to wave height. All we need in order to apply our
adaptive radar method is information about the space time
spectrum ¢(K,u) of gcattering cross-section.

There are many air/sea phenomena which pIay a role in rela-
tion to backscattering of radio waves in the microwave regilon:
gravity waves “"modulate” the capillary wave structure, over-
turning wave creats produce focusing effects and also peri-
odic regions of strong turbulence, the boundary layer wind
field with strong turbulence amplified by the ocean waves
will conceivably leave a patchy and even perlodic footprint
on the sea surface. Internal waves originating from density
gradients in this ocean further complicate the sea surface
irregularity pattern.

By virtue of the fact that our particular multifrequency
radar, used as an example, allows one to measure the veloclity
distribution ("coherent and incoherent component”) assoclated
with 15 different ocean lrreqularity scales simultaneously

in a directiocanal manner, it is possible to study the differ-
ent alr/sea mechanisms in some degree of detall.

Radio methods have a substantial patential In the study of
the irregularity structure of the sea surface for several
reasons:



- They provide a rather untque posaibility to measure the
directional wave spectra with good directional resolu-
tion

- By means of a multifrequency radio method wavelength and
wave velocity can be measured independently

- It is also possible to distinguish between coherent wave
motion and incoherent motion (turbulence) and between

dispersive and non-dispersive wave phenomena.

We shall present a simple theory and experimental examples
of the sea surface. We shall in particular demonstrate that
4 microwave illuminator can be tailored so as to optimize
the coupling between electromagnetic waves and ocean wave

phenomena.

It is important at this early stage to specify our aimg and
establish perspectives. There are three rather distinctly
different problem areas:

1} One must obtain an understanding of the coupling mechan-
lsms between the electromagnetic waves on the one hand
and the sea surface on the other. The Jcattering medium
can conveniently be described as a function of space and
time f(F,t) or by the four-dimensional spectrum which
is expressed by the Pourier transform E(K,u) of this
space time distribution. Bandwidth measurements were
introduced many years ago to determine this functlion
characterizing the Scattering medium, Particularly power-
ful were the methods introduced by Waterman et al. (1961)
and Crawford et al. (1959).

We shall be using a technique very similar to these,
which was also analysed in connection with studies of
waves and turbulence in the atmosphere (Gjessing 1962).

2) Hlaving established information about the sea surface as
a8 scattering surface for radio waves (the delay function
F(E,t) or the spectrum Elﬁ,u)). it remains necessary

to establish the relationship between this “description
domain of the radio scientist® and that of the ocean
scientist, who wants information about the most signifi-
cant waveheight, waveheight spectra, etc. To convert

from scattering cross-section to waveheight one needs
information about how gravity waves and other large-scale
phenomena affect small-scale phenomena (capilléry waves)
which are comparable with the wavelength of the radio field
and which are responsible for the scattering. 1In this
ccntext the term "modulation transfer function" is approp-
riate. Since there are many ocean surface phenomena which
cantribute (see section 2.2}, 1t is not a Straight-

forward task to convert from scattering cross-section to
waveheight. Ploneers in this field of stclence are Hright?sa
Plla?lvg, Schulgz‘r"',B Hasselgnga-’lgn. All{?g?:s. Valerlngmala, Barrick 1972
and others.

3) One needs an understanding of the fundamantal hydrodynamic
mechanisms. The list of notable sclentists in this field
is, of course, very long, ranging from the days of Reynolds
and Richardson to present-day contributors, such as
Hasselmann and Phillips.

Here we shall confine ourselves to the first problem area,
the interaction between electromagnetic waves and an irregu-
lar ocean surface. wWe describe the sea surface in terms of
the delay function f£(r,t) and in terms of the four-dimen-
sional spectrum E(f,u) and thus obtain information about
the sea surface in terms of radio bandwidth. We do not enter
into the very complex and often speculative field of science
involved with establishing a "modulation transfer function®
to be able to obtaipn quantitative information about wave-
height. We limit ourselves to giving relative distributions.

For details the reader is referred to (Gjessing, Hjelmstad,
Lund 1985 and Gjessing and Hjelmstad 1986).

Before we discuss the various coupling mechanisms between
electromagnetic and ocean waves, however, a brief descrip-
tion of the dynamic properties of the sea is of relevance.



Fig. 5.1 introduces this section. As we have shown at
several earlier Instances already, a spectrum of elzactro-
magnetic waves E(E} couple to the same sea surface irrequ-

larities w(ﬁ) (see Fig. 2.4 above).
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Fig. 5.1 Electromagnetic waves E(K) interact with ocean

wavis when their irreqularity spectrum (%) =
£t (K) . {Gjessing 198ta (E) 1EEE) .

5.1 The motion pattern of the sea surface irrequlerity

structure

In the section above, we have shown that frequency components
with mutual frequency spacing aF couple to irregulaczity

= =S 2x _ 45AF
scale sizes AL = SaF (to wavenumbers i T e ).

Any irreqgularity structure, periodic or random non-gpe-iodic,
can be resolved into its wavenumber spectrum (Fourier compa-
nent) as illustrated in Fig. 2.4. Keeping track of the time

history of the spatial covariance function V(F}V*(P+AF),
we obtain information about the motion pattern of the irrequ-
larity scale aL.

We shall now consider the motion pattern of the ocean sur-
face gtructure. We shall briefly consider three classes of
surface structures and discuss ways by which these can be
separated by signal analysis methods:

= Surface "coherent" gravity waves resulting from a distant
wind fileld.

-~ Internal waves set up in a density gradient in the sea
and coupled to the surface irreqularity structures.

- Incoherent turbulent irregularity structure resulting
from a local wind fleld.

For the purpose of illustrating the basic principles involved,
first order expressions will farm the basis for the simple
calculations.

Let us first consider surface gravity waves expressed by the
basic equation

w? = g x tanh kd (5.1)

where k 1is the wavenumber (spatial frequency) and d the
depth.

For deep water kd>>1 and the wave equation becomes
™ = gk

The phase velocity is given by

a - /49
Ph”T k T /k (5-2)



whereas the group velocity bacomes

= du /a”
vg = 1/2 % (5.3)
We have already observed that a beat frequency AF couples
C

to scales L = 3F -

The phase velocity of gravity waves i3 therefore given by

[
v = /igiﬁ (5.4)

Since the Doppler shift produced by a scattering element is
given by

for backscattering this gives

g AF
f = T (5.5)
HWe note that the gravity waves are dlspersive such that the
Doppler shift is proportional to the square root of the illu-
minating frequency AF matched to the irregularity scale
{ocean wavelength) L given by L = c/2aF.
Then let us consider internal waves set up in an interface

between water of two different densities as indicated in
Fig. 5.2,

The wave equation for such waves 1s very much analogues with
that for gravity waves on shallow water (Dysthe 1980).

w?l = g %ﬂ k tanh k a

82 97 Lhen kd »> 1

w
Vph = F - ‘5.6)

%F gd when kd << )

For long waves on a shallow thermocline (kd << 1) we
therefore have that

= - Sp
vph vg o dg (5.7)

i.e. no dispersion,

Note that since the density step in practice is in the order
of 1073 there wlil be practically no height modulation of
the sea surface since the amplitude of the sea surface modu-
lation 1s reduced by a factor %F relative to that of the
thermocline.

However, due to the periodic variation of the surface current
resulting from the internal waves as illustrated in Fig, 5.2,
the surface gravity waves will see a periodic current,

Now let us finally briefly consider the effect of these sur-
face currents.

Based on the principle of adiabatic tnvariance, it can be
Dysthe

shown ‘1%30 } that if a gravity wave isg moving with a group

velocity vg in the 'direction of the current of velocity

u, the following relation applies
Ev (v +1) =
gl g } constant

Hence, the energy E and accordingly the wave amplitude of
the gravity wave must increase when the wave travels in the



direction of the surface current and decrease when it travels

in the opposite direction.

When vg = u the effect of the current becomes very dominat-

ing.

Referring again to Fig. 5.2, one would therefore expect cer-
tain scales on the sea surface to be particularly influenced
by the internal waves, namely those which are associated
with a velocity equal to that of the internal waves.

To obtain an expression for these scales we equate the group
velocity of the surface waves and that of the internal wave.

Hence

1/2/€= /%Egd (5.8}

giving us a measure of the scale L on the sea surface which
will be most strongly influenced by the internal wave as:

N

L=T'=8-%Ed (5.9)

In order to couple to that irregularity scale with a radar
system, a . AF given by the follcwing equation 1s required

C C
oF = & - — (5.10)
p

Typical values of d and %R are 50 meters and 10-° res-
pectively, giving us a coupling frequency of 119 MHz (irregu-

larity scale 1.25 meters).

The Doppler shift caused by the internal waves is thus
Y
2

£ = EC?_F /L_adpﬂ C5.11)

10

As an 1llustration of interaction between internal waves and
surface waves Fig. 5-2 itg presented.

SURFACE WAVES

——

1N

Fig. 5.2 The gravity wave will see a periodic current on
the surface when an internal wave structure is
present.

Fig. 5.3 1Internal wave pattern off the south-eastern coast
of Norway depicted by SLAR. Recording on 7 Sep 83
by Fjellanger-Widerge AS/Norwegian State Pollution
Control Authority (Svein-Eirk ligst). The wavelenyth
of the periodic structure is approximately 500 m.

Photograph covers an area of approximately B by 5 kin.
(759 04 1901y
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In contrast, note that the gravity waves give rise to a
Doppler shift given by

5.2 Ocean wave spectra, waveheight, wavelength

Having concluded the section on motlon pattern i{n relation
to waveiength, 1t remains to consider the wave amplitude.
Wave spectra for various conditions of fetch and wind veloc-
ity have been studied by many fluid dynamicists, alsoc in
recent years of which in particular PhillY%?, Plerson-
Moskéaiiz and Hasselégk% {JONSWAP) should be mentioned. A
brief sketch of the essentlal findings will now be given.

O.M. Phillips (1969) considers the dissipation mechanisms
through breaking waves and regards these as the limiting
factor for growth. For a fully developed sea when the wind
has acted on the sea for a sufficiently long time so that
the phase velocity of the gravity waves i3 the same as the
wind velocity, no more energy can be transferred from the
wind field into the ocean waves.

Hence the phase velocity of the dominant wave in the wave
spectrum 1s equal to the wind speed; we have rescnant con-
ditions. Under such conditions we have that the wind speed
u 1is given by

where v is the phase velocity of the ocean wave, w 1its
angular frequency and K its wavenumber.

Under such conditions Phillips gives the following expression
for the waveheight spectrum

2
8019 5 ¢ £ 72
s{f) = {5.12)

L 0 for f‘i?‘,j

Since the relationship between wave frequency f = g; and
ocean wavelength L 1s given by

L = —.g._
2x £l

the cut-off wavelength Lm is given by

2wul

L = =5

m g9
The Phillips expression 1s shown in Fig. 5.4B.

For comparison, a measured spectrum after Moskovitz is also

shown.
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Fig. 5.4 Measured and model waveheight temporal spectra.

A: Measured (after Moskovitz, 1964); seas are hot
fully developed at winds about 25 knots.

B: Phillips model for fully developed seas.
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Plerson-Moskovitz give a similar spectrum with the addition

of an exp[a(fm) }  term

2
s(f) = 2:009° =5 o5 mt, (5.13)
(2:)“ 4 f

Pierson-Moskovitz measure the driving wind u at a height

of 19.5 m above sea level. As before fm = 5%;

Finally, the model developed by Hasselman from the JOINSWAP
also takes fetch into consideration., For infimite fetch,

the Hasselman expression degenerates to a spectrum aimilar to
that of Pilerson-Moskovitz,.

Hasselman suggests the following waveheight spectrum

-(E-f )
2 EKP( m2}
E(f) = 29 fPexp(-3()7") y @ fw (5.14)

(2m) i

The various parameters are defined in Fig. 5.5 show.ng the -
results of the JONSWAP experiments for different valmes of
fetch. HNote that for a fully developed spectrum y =1

and a = 0.01.
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Fig. 5.5 JONSWAP experimental spectra for different valucs
of fetch (Hasselman et al. (19713),
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5.3 Interaction mechanisms hetween plane electromagnetic

waves and sea surface irreqularities, basic principles

The basic scattering equation can be expressed as

& > 3
E (K, t) - [ £k e) &K 43¢ (5.15)
+ + + -* 4
K =k,-k_ and K| = Tl sin 8/2

A 1is wavelength and s scattaring angle.

In order to obtain backscatter from a scattering surface,
the surface must have a structure, regular or irreqular,
containing scale sizes [ = %} = %. Referring again to
equation (5.15), ¥ is a position vector, t {s time and
£(f) 1is the delay function characterizing the surface. This
complex function tells us how the scattering elements con-
tributing to the 'bulk scattering cross-section o ! are

distributed spatially.

By considering the inverse transform f£(f).~ fE(K)exp(jK.1)di
we see that a general scattering medium can be characterized

by a sum of Fourier components B(ﬁ}. For our electromagnetic

field to give censtructive backscatter from this structure,

the wavenumber of the electromagnetic wavé EEM must be '
‘matched to' (be equal to) that characterized by the Pourier
component c¢f the reflecting structure §STR {Crawford et al.
1359). We now dwell on this statement for a moment and con-
s8lder the f{?) function in relation to a reflector such ag

the sea surface,

First consider the case of a rigid (frozen) structure or a
structure varying slowly with time. ‘'The general four-dimen-

siocnal irregularity spectrum reduces to a three-dimensional
spectrum

+ b e - -+
E(K) - j f(r) exp(-if.5)dr
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Note that this simple treatment assumes a rough gcattering
surface (diffuse non-specular scattering). We first assume
that the scattering surface is one~dimensional (unidirec-
tional waves) in the sense that the lines of constant F(r)
are parallel. All waves, irrespective of wavelength, are
assumed to propagate in the same directicn. This meansg that
the delay function f£(r) reduces to a simple function of 2
normal to the wave front. The expression for the scattered
field can then be written as ({Gjessing et al. 1964 a and b)

E(R) I f(f){exp =3k x + K,z) ldx dz
where x and z are orthogonal coordinates in the horizontal
plane. But with a set of unidirectional ocean waves, F(r)
reduces to f(z), the scattering function (the delay function)
being constant in the x direction. Thus we have

E® + [ exp(-3kx)ax [ fizrexp(-ix, 21 a2 (5.15)

The integral having x argument {s immediately recognized
as the Fourler integral representation of the Dirac delta
distribution since f(x) tis constant, so that the above

expression may be rewritten

E{K) [[- f(z) exp(-szz)dz] 6 (K, x) (5.17)

The scattered field E(K) vanishes unless K, 1is zero.
Hence, E(ﬁ)=0 unless K is normal to the wave crest. We
see that in order for this statement to be strictly correct,
we have to perform a -= to += integration. This again
implies that we have to illuminate the scattering surface
over a large area compared to the ocean wavelength under in-

vestigation.

Let us assume that we itlluminate the seca surface with a beam
whose wldth is limited so as to cut out a section B of the
ocean wave front (see Fig. 5.6). In this case E(Ky)
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will be of a sinc form instead of the Dirac delta function
when approximating the antenna beam function to a rectangular
distribution. Thus, if D is the width of the truncation
influencing f(x), and K = 2vxL is the wavenumber of thz
one-dimensional delay function f£(z) {L 1z the ocean wave-
length) then the angular width (angle between nulls) 2a

of the E(Ky} function is

ol

2a =

This is a relationship well known from antenna theory. The
beamwidth 2a (azimuth resolution) 1s determined by the
antenna aperture D expressed in wavelengths L.

If the intensity distribution of the illuminator is not a
simple rectangular one, the effect of the convolution
{truncation) will be different. 1In general, we have to
compute the Fourier transform of the illumination intensity

in the x direction in order to obtaln the angular distribution
of the radio power scattered back from a plane ocean wave.
This scattering property of plane ocean waves can be illus-
trated in a simple manner. From Fig. 5.6 we see that 1f the

PHASEFRONT OF RAGIC wavE

FHASEFRGONT OF ACEAN WAVE

—
S
|
IR

Fig. 5.6 The geometry of the truncation {convolution)

process.
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radar antenna is pointing in a direction such that the phase
front of the ocean waves coilncides with that of the radio
waves, constructive interference will take place. Turning
the antenna through an azimuthal angle &, a sjituation arises
where the radio waves which are scattered from cne-half of
the illuminated ocean area cancel those scattered from the
other half by destructive interference. This leads to a
null in the angular power spectrum of the backscattered
waves. AsS seen from Fig. 5.6 the azimuth angle giving rise
to zero backscatter is given by p = tan” "(L/2D). This is
illustrated in Figs. 5.7 and 5.8 and verified experimentally
in Fig. 5.26 (see section 5.4}.

AZINUTH RESQLUTION

W1 M AS S0 K0 TN 06 M I8 Kie 128 138 14 150 Ke
DCEAN WAVELENGTH, METERS

Fig. 5.7 The angular resolution is determined by ocean
wavelength and by the width of the illuminated

spot on the sea surface.

In Fig. 5.8 this function is plotted in polar cocrdinates.

Having considered the effect of a limited footprint size in

regard to azimuthal rescolution (wave direction), let us naw

consider the ocean wavelength resolution. The radar antenna
is illuminating a range interval B8 measured along the
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Fig. 5.8 The angular resolution of our radar varies with
Qcean wavelength. As the ocean wavelength de-

creases, the resolutjon approaches that of the

antenna beamwidth. [R__is range; Ho is height

of radar above sea surface; )\ is radio wave-

length, and d 1s antenna aperture) .
{Gjessing and Hjelmstad 1986).

direction of wave propagation. This leads to a truncation

of the delay function F{T). We now assume that the field-
strength distribution over the spot-length B can be
approximated by an exponential function. This 1is a reasonable
assumption as the field—strength decreases with the square

of the distance and the intensity distribution through the
antenna beam can be approximated by a Gaussian distribution.

The scattered field-strength 1s, as we have seen (see equa-
tion {5.17)), proportional to the Fourier transform of the
delay function f{f,t), which again is proportional to the
incident field-strength. our exponential {llumipation dig-
tribution wilt, therefore, lead to a convolution integral,

The sinusoidai Sea surface ts convolved with the exponential

20

function leading to a widening of the filter functlon. 1If
there had been no such truncatiop, our filter would have been
a §-function centred at the frequency (c/2sL), where L 1is
the ocean wavelength. Note that we have disregarded the

Co3 a term stemming from a Finite depression angle o . The
exponential truncation leads to a widening of the filter
function given by

c
ﬁPlz = 0.16 8

where 4F is the half—power.width (see, for example,
Glessing 1978). B is determined by the antenna beamwidth
and by geometry (see Figs. 5.3 and 5.9). For this case we

r '\_\ Lw

“JI]LJI z
8
R
FOVALER
TRANSFORM
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| —
J AF

F o-E.

Fig. 5.9 AS a result of a limited distribution in range

of the illuminating spot, truncation effects

(convolution) lead to degradation of the wave-

number resolution (degradation of the coupling

between electromagnetic waves and ocean waves).
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have

SF
12 -
= 1.28 x 107

o

For a 100 m wavelength we therefore get a 12 per cent wave-

length resolution.

in concluding this discussion on the scattering of radio
waves from plane ocean waves, we should note that due to con-
volution effects caused by a limited spot-size the complex
E{i) spectrum will not be a simple expression involving a
§-function as shown in eguation (5.17). We shall have to
deal with a somewhat more complicated situation, an example

of which is shown in Fig. 5.9.

In section 5.3.2 a gset of experimental results are presented.
We now suggest a simple mathematical model based on basic

and rather intuitive physical arguments to provide a simple
way of assessing the experimental findings. We assume that
long ocean waves (wavenumber approaching cut-off K, ) are uni-
directional. The higher the wavenumber, the larger the angu-
lar spread. For waves in the wavenumber region above Ks’

the irregqularity structure is isotropic.

We shall not involve ourselves in a detailed discussion on
angular spread as a function of wavenumber. We therefore
write the complex irreqularity spectrum simply as

E) = E(K]).6) - K "(cos 915

where s, the planeness parameter, is expressed as

. - KS— K
K- K
o]

K, is the wavenumbar correspondlng to the short wavenumber
cut~off and Kg; is the wavenumber at which the ocean sur-

face structure becomes 'random' and isotropic with no pre-
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Fig. 5.10 cComplex wave spectrum calculated from tre simple
model presented above. Waves having long wave-
length are plane, small-scale irreqularities are
isotropic. The example presented is for
and K= 2x qul.

K,=0

(Gjessing, Hjelmstad, Lund 1985).

vailing wave direction. This form satisfies the limiting
conditions expressed above: long waves are unidirectional
since the exponent s + « as K » K _,

tropic since the exponent s -» 0 ag KSEO;t.wa:f:u::eslfg_
shows an example of such a two~dimensionai javenumber s;ec—
trum. ﬂote that we have used the JONSWAP results of Hasselmann
et al. (1973) for the scalar wavenumber spectrum ¢ (]fil.
For details the reader is referred to Phillips (IBGg?v In
short, the JONSWAP experiments show that the wave frequency
f0 corresponding to maximum spectral intensity is determined
by the fetch F through the approximate relation

fo = pT IN l&.
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Note that this cos®s angular spread model gives a 50° half-
power width of the angular spectrum of 25 m waves {6 MHz),
while the 50 m waves have a spread of only 300,

This simple model is in agreement also with the JONSWAP
experimental results. By the aild of a linear array of wave
meters, it was observed that the angular spread of waves

in the vicinity of the cut-off frequency fm is much smaller
than that for shorter ocean waves.

As a means of comparison, the complex wavenumber spectrum
resulting from a cos?s directionality for all wavenumbers
is given in Fig. 5.1}1.

JONIWAP $2 km FETCH

b ~Ky

Ll L N N N -

PIOIR K) ~ 'O

T

N

FREGUENCY SEPARATION AF MMz (AF » £ x

Fig. 5.11 cComnlex wave spectrum based on a cos?e angular

distribution and a JONSWAP one-dimensional

spectrum.
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The statement on angular spread 'in relation to ocean wave-
length can be motivated as follows:

1) Long wavelength waves have a distant origin resulting from
locw attenuation. The larger the distance in relation to
the ’'source area' the more directional the wave. It takes
a long fetch to produce a long wavelength.

2} Long waves once produced react slowly to changes in local
wind direction.

3) Short waves are produced at short ranges. Changes in the
direction of local wind field have a strong influence on
the short ocean waves.

4) Waves interacting with a local wind field give rise to a
patchy gust pattern superimposed on the wave pattern.
This 'fossilized turbulence footprint' (Bretherton 1969,
Woods 1969 » Lumley 1967} is likely to give rise to
incoherent motion as distinct from the well-behaved
gravity waves. The symmetry axis of the wind gust pattern
is likely to be centered on the direction of the mean
wind. This does not necessarily coincide locally with
the direction of the ocean waves,

A local wind field may, through shear mechanisms, break up
the coherency of the ocean wave ridge. The effect of this
is to widen the angular distribution of the backscattered

radar wave considerably, as illustrated in Fig. S5.12.

It i3 well known from turbulence theory that the nearness

of a rough boundary, such as the sea surface, results in a

low wavenumber suppression of the turbulence field and, also,
to anisotropy (see, for example, Panovsky and McCormick 1960) .
Furthermore, any keen observer will have seen the modulation
of the sea surface by the wind turbulence. If there had

been no wave structure on the sea surface one would expect
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Fig. 5.12 Scattering from turbulent irregularitiea caused
by the "footprint” of a local wind fleld inter-
acting with the wave structure of the sea.

{Gjessing, Hjelmstad 198%).

the footprint of the wind field to give rise to an anisotroplc
lrreqularity structure on the sea surface with an axis of
symmetry determined by the direction of the local mean wird
(Gjessing 1962}, The presence of a wave structure on the
sea surface will alsoc modulate the wind field and seek to
produce a sea-surface irreqularity pattern with an axis of
symmetry coinciding with that of the direction of che domi-
nant wave spectrum. One would expect these factors to clive
rise to an incoherent irreqularity structure on the sea sur-
face with the 'axis of symmetry' along a direction somewhere
between the direction of mean wind and that of the most
energetic ocean waves (Gjessing 1962, 1964). This is illus-
trated In Figs. 5.13 and 5.14,

Here we have assumed that the wave crests and troughs are
broken up by turbulence and wave braking phenomena such that
there is no 'phase matching' between radio wave and ocean
wave over the illuminated area, contrary to the coberent case
deplcted in Fig. 5.6.
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Thus, when turning the antennas an azimuth angle B, the radio
wave sees a dominating ocean irregularity scale which is
increased from L when B8=0 to

This is illustrated in Fig. 5.12. Note that for certain
values of K (and the corresponding AF) the back-scattered
radio signal will increase with increasing azimuth angle
symmetrically on elther side of the B=0 direction, see Fig.
5.13. For experimental verification, the reader is referred
to Figs. 5.30 and 5.32.

This phenomenon is illustrated in Fig. 5.14 where the angular
relationship above 1is plotted assuming the following #{]K{)
relationships: The wavenumber spectrum can be approximated
by two power laws. On the low wavenumber side of maximum
intensity it can be expressed by a K" relationship, and on
the high wavenumber side as a K " relationship. It is well
known from turbulence theory that the nearness of a rough
boundary such as the sea surface results in a low wavenumber
suppression of the turbulence field and also in anisotropy
(see e.g. H Panov§¥}a1§60). (Modulation of the sea surface
by the wind turbulence, anisotropic irregqularity structure on

LI P T

Flg. 5.13 Scattering from turbulent irregularities is

expected to give a two-lobed angular response

for frequencies below the spectral peak.
{Giessing, Hjelmstad 1986).
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Fig. 5.14 Directional wavenumber plot of scattering from

turbulent irregularities, {Gjessing, Hjelmstad 1986).

the sea surface with an axis of symmetry determined by the

direction of the local mean wind (Gjessing 1962). In the case

of a wide footprint (large coherence distance along the wave

crest) the directional pattern will, obviously, be the same as

in the coherent case.

Up to this point we have been dealing with électromagnetic
waves having wavelengths which are comparable with the irregu-
larity scale of the scattering surface. We saw that by
illuminating a surface with an electromagnetic wave having
wavenumber K=4+/1 we obtain information about the scatter-
ing structure at a scale [ = 2n/K. This means that we are
directly matching the radio wavenumber K to the Fourier
component with wavenumber 2K of the scattering surface.
Thus, if we are to investigate ocean wave phenomena of scale,
say 100 m, we should use a radio frequency of 1.5 MHz. How-
ever, in order to resolve the angular distribution of such
waves with a resolution of, say 10° {see Fig. 5.7), we need
an antenna aperture of some 1200 m. This, obviously, repre-~
sents some practical difficulties.
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We now investigate what information can be obtained by
matching some beat patterns (difference frequency) to the
irregularity scales of the sea surface. Fig, 5.1 1llus-
trates the physics of the problem. For this axK matching
scheme to work (see, for example, Plant 1977), the scatter-
ing surface must have irreqularities which contribute to the
delay function £(z) for scales corresponding to the differ-
ence wavenumber AK. To illustrate this, consider the
following example. We illuminate the sea surface with a
pulsed radar, The pulse length should be short compared with
the gravity wave structure and long in comparison to the
radio wavelength A. We measure the detailed shape of the
return pulse {voltage V as a function of time t ). The
function V(ct} gives us, directly, the delay function f£(z).
If the gravity wave structure shows up on the delay function
f{z), t.e., if the spectrum of €£(z} has Fourier components
matching the wavenumber 4K, we would experience a radar
return at the beat frequency aw = ctK.

There, are many ostensible explanations for this ‘modulation’
of the small-scale structure (to which the wavenumber F is

matched} by the long wave phenomena (to which aK is matched)
{see, for example, Plant 1977, Plant and Schuler 1980, Clifford and Barrick
1978, Jones et al. 1981, Weissman et al. 1977 and 1982, valenzuela 1978 a
f d b, Weight et al. 198(2'.

T It is weli known that the scattering cross-section of a
surface increases with incidence angle. This means that
from a sinusoidal gravity wave we get maximum low angle
return at the point of maximum slope, i.e. from the in-

flectlon points where the second derivative is zero.

2} The turbulent intensity is governed by damping factors
such as shear forces {Woods 1969 a,b, Luley 1969).

Orbital motion within the wave structure changes the velo-~
ity shear perlodically in phase with the gravity wave.

3} Shadowing effects may enhance the patchiness of the radar
illumination and strengthen the apparent modulation effect
of the gravity waves (Bass and Fuks 1979).
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4} When the radtus of curvature of the wave surface is the
same as the distance from the radar to the scattering
region in question, we may experience focusing (Giesaing
1964, Gjessing and Irgens 1964).

Breaking waves and white capping resulting from the local
wind field, etc. complicates the issue still further.

In this presentation on the physics of electromagnetic intar-
action mechanisms, we make no attempt to resolve the ques—
tion of scattering cross-section (délay function £(2)) in
relation to wavehelght in a quantitative manner. We coa-
strain ourselves to giving qualitative results and note that
empirical relations and also promising theoretical madels
are about to become available (see, for example, Valenz.izla
1978, Plant 1977, Schuler 1978).

Note that there 1s nothing new about the characterization >f
scattering surfaces by bandwidth measurements. As early as in

1961 such measurements were performed by Alan Waterman at
Stanford University, see e.g. Waterman, Gjessing and Listoa
(1961), Ploneers in this field are also Crawford, Hogg and
Kummer from Bell's Research Lab (1959). The Stanforid qroep,
as well as that from Bell's, focused ﬁheir attention sn wave-
phenomena in the troposphere superimposed on which thare a-e
also incoherent turbulence much in the same way as for -he ocean
surface with coherent gravity waves and capillary wavzs wich -
turbulence. This problem was alsc addressed by Tor Haglors as
early as in 1959. His approach is indeed very analogous w_th
the current cne. Instead of investigating the scatterimg pro-
perties of a sea surface consisting of small scaie "inceherent”
irregularities riding on large scale wave phenomena, Macfors
studied the layered/turbulent structure of the ionospere fxom
below making use of the bandwidth properties of the scattering
medium  (Hagfors 1959). A very similar technique was uted by
Hagfors of Stanford University to measure the topography of

the lunar surface (ilagfors 1961). Here the "delay spectrim"
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was deduced from measurement of the correlation function in
the fregquency domain., See also Ishimaru {1978) and Tatarsky
{1961) . conceptually, therefore, the problem of sk matching
to the sea surface is very stralght-forward and does not
require a sophisticated consideration on capillary resonance
phenomena. Any scattering surface such as a plowed field
having irregularities of scale K coupling to the carrier
electromagnetic wave and also scales aK coupling to the
beat frequency wave lends itself to multifrequency investiga-
tions (AK matching).

For this AK matching scheme to work, the scattering surface
obviously must have irregularities which contribute to the

delay functioa f(z) for scales corresponding to the difference
wavenumber AK. If the gravity wave structure shows up in the
delay function flz), i.e. if the spectrum of f{z) has Fourlier
components matching the wavenumber 4K, we. would experlence a
radar return at the beat frequency aw = cakK.

As an lllustration emphasizing the physics of the problem,
consider the following question which currently is being
addressed by the authors' organization. One is locking for a
method by which a forest of Norway spruce can be characterizoed
by the multifrequency matched illumination method. The planted
spruce forest consists of a grid of trees. There are many
dominating scales like on the sea surface to which X and 4K
shall have to be coupled.

Obvicusly a carrier frequency should be chosen so as to give
resonant coupling to the needle dipoles. The length distribu-

"tion of the ensemble of needles is very narrow and centered

round approximately 20 mm. For these to act as efficient
dipoles, the carrier frequency should be approximately 7.5 Glz.
(To couple to a Scotch pine, the carrier frequency should be
approximately 3 GHz). Then the branch of the spruce tree con-
sists of sub shoots which typlcally are 8 cm long whereas

the length of the branch itself could be ' meter and the verti-

cal spacing of branches something like 1/2 meter.
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If the interest now is limited to the measurement of the dis-

tances between the rows of trees (typically 2-5 meters) we

ﬂ::::m:gﬂmaunl I::Y'izs:n::b::.a;::tiu:;ii.'::::f should use a carrier frequency of 7.5 GHz and difference fre-
- T Howaver, since the wavenumber of quencies in the range from 30 - 75 MHz. The antennas should
' the EM wave (nteracting with the a4s in the case of the sea Investigation be directed nearly
’ - sea surface {(projacted wavenumber) horizontally and in an azimuth direction which corresponds to
. varies as cos{incidence angla) the the direction where the distance distribution is sought.

wave slope will affect the scatter-
ing cross-section directly (see e g In this context, obviously, it 18 not meaningful to use the
Alpers et al 1378, Valenzuela 1978), term "modulation transfer function®, neither is it perhaps

appropriate to refer tc "Bragg scattering”.

For low angle of incidence and high
waves, shadowing effects will re-
sult in a periodic modulation of

¢ ofz). (Bass and Fuks 1979). Before bringing this section on matched {)lumination in

relation to ocean waves to an end, it may serve a purpose

The mathematics of difference frequency matching are glven in

6ection 2.1,

1 1
SELAY FUNCTION o1D) IFFICT OF

| ——

gty The turbulence affects assoclated with to present a very brief overview of other powerful tech-
. wave motion i3 influented by velocity nlques for sea surface radar investigations. The more fmpor-
. ; shear (local Richardson number} and tant of these techniques are illustrated in Figs. 5.16 -
‘\\zgf’, (,\ I@\\'£?/ by buoyancy forces (Bretherton 1969, 5.13. [See also Jackson 198¢, Alpers et al, 1979},
_ = Woods 1969) .
1) PULSED RADAR
8reaking waves giva periodic focus-
ing effects [Xwoh 1983, Gjessing '[ ﬂ
BRI YIS 10 v B T L 1964 a and b). t
Vg (RTS8

Foam forming at high winds and wave
~\\\S;‘\\\\SS-\\\‘SS.\\\y// Breaking g¢give periodic reduction of o
O T LT r'
R, f{‘."' Pyt Suspended water particles are asso-
‘:ig;x\\\:g;\\\\Hf;\\\\\H“ ciated with the points of braking. 0,
Mnsm FUNCTION

[ This leads to a peviodic a{z}).
Hensacen g

————— e e z

AP ' Heavy precipitation will result in ,

1

a "greying® of the sea surface and Fig. 5.1€ A conventlonal pulsed radar measures the distribu-
raduce the actlion of capillary wave tion in range of scattering cross-section as a
FreGATAReS Catrd e L u tumrach coupling, “gnap shot” (i.e. one reatization of a statistical
b — ensemble} if the pulse width is small compared
with_the occan wavelength. Poor azimuthal (angular)
Fig. 5.15 Various mechanisms giving a periodic distribution resclution. Using a coherent radar with a statio-

of scattering cross-section with range, which is

nary resolution cell small compared to the wave-
controlled by the dynamics of the sea. length, improved directional tesolution can be

achieved (see Fig. 5.21).
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2) MULTI FREQUENCY RADAR (AK RADAR)
Lol > wflmmms-
BlAK)
RN

— FOURIER TRANSFORM
OF DELAY FUNCTION

- ALSO viL}

AF

ng_mgltlfrequency radar measures the statistlcal

Efgpert;gi_ef the‘sea sprfece by meg§gfing the

Fourier transform of the delay function of(z).

This provides 1nformation about ocean wave spectrum
MK)
velocity as ~a function of wavelength.

_.and also about the distribution of wave

__Good angular

resolution,

3} BRAGG SCATTERING HF RADAR
Fig. 5.19

!

olL,) 4—‘

Using an HF radar, direct coenstructive interaction
between EM wave and ocean wave can be achleved.

Measur ing the qup;QH_qpift information about wave

direction can be obtained on the basis of kanowledge
;goat wave dispersion relationship. Varying tihe EM
frequency over the appropriate frequency band, alL}

can be obtained. Poor angular resolution,

k1A

4) SAR
Y
\‘“——-O(Lyl
x

For a21muthal resolution
the principle of synthetic aperture is made use
of.

for range resolution.

This involves the measurement of amolitude

and phase as the flying radar sweeps its beam

over the scattering surface,
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5} RADAR ALTIMETER

R
LAY
LA b

rd
o e g i . s e

r=—--

Radar altimeter makes use of a short pulse.
Measuring the rise and fall time of the back-
scattered pulse pattern as the pointing direction
of the antenna heam is changed, direct informa-
tion_about wave height and wave direction is
achieved. Note that this experiment does not
require information about the relationship between
wave height and Scattering crosé-section (ref
Welsh 1979).

36

6) RANGE GATED COMERENT PULSED RADAR

F

RANGE GATED
COMERENT PuLSE

[F'9
x
[*T)
md
&
=
sN_*
TIME
2F
=
{}FFT c o
vo = WwH

>

OCEAN WAVELENGTH =

21 Range-gated coherent pulsed radar involves a

pulse to pulse coherent transmitter. Measuring

the frequency modulation as a function of time
of the backscattered signal, the orbital
velocity is obtained through Doppler considera-

tions when the pulse width is small compared with

the ocean wavelength, Since the phase velocity
v = uH information about wave hieight is obtained
under ideal sea conditions.

IGrgnlie ¢.Brodtkorb, Weien 1984).
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In summing up this section on the characterization of sea

surface by modern radar methods, table 5.1 may serve a

B OCEAN SURFACE |GRAVITY WAVES, INTEANAL WAVES, WIND PATTEAN, SHIP WALES}

ADAPTIVE MULTH | puLss Cmar | s
FREQUENCY COMPAESHON | Facw
1-0 SPECTRUM A(XD ves ¥E§ T8 v
1-0 SPECTRYUM ALK \1} vis " ne
SPACETIME '
2-0 SPECTRUM AGKY is LmITED umtes | ves
-0 SPACE
- -
1-0 SPECTAUM ALK, ol
VELOCITY SPECTRA AS A FUNCTION YES N0 e na
OF SCALE SIZE
ICONERENT/MONCOHERENTI
MATOHED ILUMINATION
FOR SPECIFIC wANES
* MAECTIONAL SPECTRA FOR YES [ [ [ ] L[]

NN QHPERSIVE PRENUMENA
* OIMECTIONAL SPECTRA FOA
QISPEASIVE WAVES

SPACE/TIME COHERENCE
FOR DIFFEREME SCALES

YES

Table 5.1

Characterization of ocean surface

lgravity waves, internal waves, wind

pattern, ship wakes).

The relative

potential of modern radar systems.

as

5.3.2  Some illustrative experimental examples

Having laid the basis for an understanding of the principles
involved in relation to the coupling of electromagnetic
waves to ocean waves (4K coupling) some 1llustrating example
imay strengthen our physical understanding. Before we presen
the experimental arrangements and give some illustrative
experimental results, however, it is ofllmportance to perfori
some simple calculations so as to have some idea of what

to expect from the experiments.

Basing our calculations more on the expression for Doppler
shift given earlier (see section 5.1)

aF
£ = s (5.17}

and on the familiar JONSWAP spectrum for ocean waves referreac
to above, we can calculate the Doppler shift and spectral
intensity associated with each radio frequency pair subject
to the assumption that we know the relationship between scat-
tering cross-section and waveheight. Fig. 5.22 relates with
the multifrequency radar concept. We select a gilven LY
(which 18 the same as selecting a given irregularity scale
L,), and we measure how the frequency covariance function

R(AF ,t) = V(F,E)V*((F+aF)),¢)

ls varying with time t. We then compute the power spectrum
of the frequency covariance function R{aF,,t). This means,
as depicted in Fig. 5.22, that we apply a Fourier transforma-
tion of the R(nFl,t) function with respect to time t so as
to obtain the Doppler spectrum. If, then, the ordered gravit
waves dominate over the incoherent velocity components which
ride on the gravity waves, we would expect the Doppler spec-
trum to have a maximum at the Erequency corresponding to the
dispersion relation of gravity waves (egq. {5.17)), and we
would expect a Doppler broadentng determined by the velocity
spread V. Hence, the Doppler broadening Af 1is glven by
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2AF

af - &V (5.18)

e‘”’
\\1’

* nime
AVERAGED

VELOCITY OF wave
wiTh lI'IVEI.ElG'I’H 4

k\
¥ SPECTR I.IMI

Svit,)

i

DAPPLER ~VELGCITY
FOR SCALE S1Z€ L

Fig. 5.22 Bpy studying the temporal variation of the fre-
quency covariance function R{aF} for a given
frequency AF, (scale size L, =c¢ 2AF ) we derive
information about the motion pattern (Doppler)
of the lrregularity scale L, (Gjessing 1978).

The detaijled signal analysis procedure is shown in Fig.
5.23.

The following calculations will be based on the JONSWaAP

experimental resultg shown in Fig. 5.5 above. Knowing from

this figure the ocean wave-helght spectra in the conventional

time domain, it remains, before we can calculate the radar

signature, to convert the temporal spectra to spatial spectra,

applying the relationships given in sectlion 5.1 {frequency
——

f = §EE where L {s the ocean wavelength)

Fig.

g
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v

DOPPLER 1

5.23

Y F) VHS+A )
NORMALIZED

AF ~ 8K ~ Lo, b

Multiplying the various Combinations of the 51x
frequencies, 15 values of aAK are obtained,

coupling to 15 ocean scales. Thus we get infor-
mation about the motion pattern of 15 ocean scales
(coherent and incoherant components) and we also
get information about the scattering cross- secgiqg
through the Fourier transform of the delay func
tion o(z),

. _The spectra are normalized as indi-

cated in the figure.
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Thus the frequency axis of Fig. 5.5 showing the JONSWAP
spectra 1s converted directly to a beat frequency aF axis

by the relationship

4

f=_/§—cE

This is shown in Fig. 5.24.
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OF SEA WAVES, METERS

WAVELENGTH

AK signature of the ocean surface based om the
Note that the

JONSWAP experiments of Fig. 5.5.
relative power {wave height) axis is in arb:trary
There 1s not necessarily a lirear rela-

units.
tionship between waveheight and the

measured radioc guantity given in Fig. 5.23
{Gjessing 9981 (E) IEEE} .

vF)V* (FeaF).

Then finally, let us present some illustrative experimental

results.
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Directional ocean wave spectra observed from the NASA

A.
Electra ajrcraft

Illuminating the sea surface by a fixed 14° beamwldth side-
looking antenna pointing 10° downwards relative to the hori-

zontal plane,; the ocean wave spectra were determined for
various azimuth directions and for 15 different ocean wave-

lengths in the interval from some 16 m (couples to F = 8 MHz
AF = 1/2 MHz). For each fre-

to 300 m (corresponding to
AF the frequency covariance function

quency separation
was computed.

V(F, tv* (F+aF, t)

The NASAR Electra operated north-east of Wallops Flight Facil-
ity (38.49.2 N - 74.24 W} at an altitude of 12 000 ft,

January 20, 1983, time 2203%,.

Banking the aircraft 10° so that the anteﬁnas were pointing
at a depression angle of 200, the aircraft completed a 360°
circle. In this way the antenna was illuminating essentially
the same area on the sea surface at all azimuth directions.
The longitudinal dimension of the footprint is approximately
53600 m, whereas the transverse dimension is approximately

2000 m.

Flying in a closed circle, the frequency covarlance function
V(F)V’(F+AF) was computed for 15 different values of AF
The results are shown in Fig. 5.25.

for all azimuth angles.
Note that the Bragg angle is clearly visible for the longer

wavelengths (215 - 88 m}.
H, depressicon angle a and

In terms of alrcraft altitude
48 we get the following expression for

antenna beamwidth
the Bragg angie

g = L sin a
2H sin(%?)

This is presented in Fig. 5.26. Note the good agreement

between theory and experimental results.
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dam— i 2 000 ft, depression angle 300‘ and beamwidth 14°.
olima L emin (Gjessing and Hjelmstad 1986).
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Fig. 5.25 The aircraft flew in a closed circle pointing znmuiucv’itnnsnunflum;’ 3
the antennas 30° down from 12 000 ft. The co- 20 65 O RS % 27 B85 82
variance function V(F)v’(lHAF) is shown for 1% OCEAN WAVELENGTH (m) AT 38° ANTENNA DEPRESSION ANGLE
different values of aF. {Gjessing and Hjelmstad
1986} .

Fig. 5.27 Wave direction plotted as a Function of wave-

length. (Gjessing and Hjelmstad 1986).
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B. Directional spectra obtained from ground-based station
on_a Cliff

Noting the two azimuth angles corresponding to destructive

Interference on either side of the wave direction, this can The complex fleld strength was recorded over a periocd of some

be determined with great Precision as shown in Fig. .27, 12 minutes before the azimuth angle was changed, thus obtain-
ing a plot of power spectral density and Doppler Spectrum as

Finally, for an azimuth direction corresponding to that of a function of frequency separation {ocean wavelength). A

the propagation direction of the ocean waves, the distribu- typlcal result 1is shown in Fig. 5.29,

tion with wavelength of the scattering cross-section is
computed. This is shown in Fig, 5.28. Note that twa wave-

lengths dominate, 130 m and 18 m. N d
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Fig. 5.28 There are two dominating wavelengths, 130 m and
18 m.

Fig. 5.29 Spectra of wavelength and wave velocity. HNote that
wavelengths shorter than that corresponding to the
spectral peak move at constant velocity. This is
not the case for longer scales. The results are
from Langesund March 12,1981 at 1030 local time,
the azimuth direction being 135°., (Gjessing et al.
1985} .
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First, consider the results obtained on March 12, 198%
(1010 - 1235 local time). The weather and sea state can be
characterized as follows:

- Wind direction 90° (East)

= Wind speed approximately 8 m/s

-~ Wave height 1.4 m peak to peak

- Waverider gives maximum wave height for € = 0.225 Hz

- Wind decreasing at noon, turning northerly. Wave height
reduces tc 1 m peak to peak, choppy sea

Fig. 5.29 shows the wave intensity for a particular azimuth
direction and also the Doppler spectra assoclated with vari-
ous scale sizes. Note the very well defined spectral peak

in the intensity versus wavelength distribution. Note also
that the Doppler frequency is in very good agreement with the
theoretical dispersion relation. There seems to be a slight,
but consistent, displacement to higher Doppler frequency.
This is a result of an inward current.

Finally, in Fig. 5.30 we present the two-dimensional irregu-
larity spectrum summing up the description of the sea-surface
Structure. Here we have plotted the isolines of Bpectral
intensity, or more specifically the quantity V{F)V’(F+AP)/
V(F) 2, in the Kx-KY plane. This presentation should be com-
pared with those of Figs. 5.10, 5.11 and 5,12. Note also
that the isolines of spectral intensity ¢(af) are obtalned
directly from a set of one~dimensional spectra such as those
shown in Fig. 5,29,

As will be seen, we distinguish between coherent and incoher-
ent components. With “coherent componept”" we refer to the
dominant Doppler spectral line caused by the "coherent®
gravity wave (f = //§%§ ).

The incoherent component is the "residue intensity" of the
Doppler spectrum (the contribution from the skirts) obtained

48
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Fig. 5.30 Isolines of spectral {ntensity ¢(ak) in the
EX-KY plane. Note the effect of changes in wind

direction on the coherent irregularity spectrum.

Note that the upper set of maps was obtained on
March 12, 1981, 1010 to 1135 local time, whereas
the lower set refers to the Sjtuation during the
time interval 1135 to 1235. (See also
Gjessing, Hjelmstad, Lund 1985).

when the —-oherent contribution wave is subtracted. It can

be visualized as all the random turbulent velocity contribu-
tions outside the short velocity interval dominated by the
gravity wave. Note, however, that although the velocities of
the scatterers vary widely as seen e.qg. from Fig. 5.31, the
difference frequency AF selects a narrower range of irregu-
larity scales centered around the scale size L given by

C

L = —

2AF
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Fig., 5.31 Sspatial and temporal wave spectra for an azimuth
direction of 140°. Location is Langesundsfjorden,

time is March 18, 1981, 1325 local time.

If these weak incoherent irregularitcies were entirels due to
the local wind field, one would expect the local wind direc-
tion to provide an axis of symmetry. Unfortunately, the
antenna systems were not flexible enough to be turned beyond
the east direction (6 = 90°). 1t is therefore difficult to
establish such a Symmetry. The coherent contributior, how-
ever, has a pronounced axis of symmetry determined by the
direction of the most energetic ocean wave. We see that the
angular distribution is far from cos?e distributed, bong waves

dre more plane than the shorter ones, as suggested in Fij.
5.11.
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The lower set of directional spectra in Fig. 5.30 gives the
situation one hour later when the wind has turned from east
towards north. We see that the most energetic waves (the

- n

eye" of the isoplot chart) have not changed direction,
whereas the shorter scales and weaker disturbances are re-
orlented slightly. The distributfon of the incoherent

(turbulent) irregularities is drastically altered.

On March 18, 1981 there is no wind before noon. At 1330 the
wind speed is 10 m/s from south, bringing the water hetght
up to 2.5 m. The complex K plot shows a unidirectional
spectrum.

Two hours later, when the wave height has increased to 2.5 m
peak to peak and wind has turned easterly, the lrregularity
structure 13 very much altered. This most striking feature
has {as indicated in Fig. 5.31 and also summarized in Filg.
5.32) the very proncunced appearance of a second peak at a
wavelength of 25 m whereas the dominating spectral peak is
still 50 m. Note that this two-peak spatial spectrum for a
Particular azimuth direction is not very pronounced in the
waverider spectrum. This, presumably is a result of the
omnj-directional response pattern of the waverider. Note
also that Fig. 5.31 shows a very pronounced two-peak struc-
ture in the Doppler spectrum for an ocean wavelength of some
70 m. Finally, Fig. 5.32 sums up the results of the after-
hoon run in the form of ¢ (aK) isolines for the coherent

as well as for the incoherent components. Note that the
wavelength corresponding to peak spectral Intensity varies
with azimuth angle.

For details regarding sea-surface signatures in relation
to the matched illuminator concept, the reader is referred
to refs Gjessing, Mjelmstad, Lund 1985 and Gjessing, Hjelmstac

198s6.



Fig, 5.32

51

COHERENT
i
e 43
=
T, {2
= -
- -
=230 X
: |5
-
3375 1 ;-;
: g
750 13
“ H
ars
150
HEE R TR L
FREQUENCY SEFARATION (MHz} r
T T L L] T
0 Ps » F- I T}, 3
w B OCEAN WAVELENGTN (m)
l"’ INCOMERENT
18754 8
mn-ir-
-
T2 96
- <
Em -EL
- e
& 375 47 ¢
>
i -

50 44 3 wine
B 3
g7 HE 2

150 4 14

H .
N W L
PAEQUENCY SEPARATION (M2l
¥ T
W oA 0 B b B A am
OCEAN WAVELENGTH I1m)

The two-dimensional ocean irreqularity spectrum
(isolines of O(oﬁl) when the wave helght has
increased to 2.5 m peak to peak and the wind has

turned towards east.

52

Before ending this gection on lllustrating exampleg in rela-
tion to the sea surface, it may be of interest to compare
our experimental results with earlier findings of theoretical
and experimental nature. Fig9. 5,3] serves this purpose.

Here we have plotted a JONSWap {Hasselmann et al, 1973) for
a 52 km fetch with a result obtained on March 13, 1981 using
the multifrequency radar. We can see from this comparison
that there 15 a good general agreement.

Here it is important to note, as pointed out earlier, that
no attempts have been made to convert our normalized spectral
intensity to a guantity that provides direct information
about wave height. The relation between our normalized spec-
tral intensity and wavehelght squared per hertz is not likely
to be a linear one, neither is it likely to be invariant for
varying conditijons of whitecapping (splash), foam formations,
etc. Therefore, all that Fig. 5.33 can tell ys is that the
Spectral wave intensity distributions observed by Hasselmann

et al. are similar to those observed by our multifrequency
radar system, ’

s JONSWAP 197) (MASSELMAN)
51 &m FETCH

LANGESUND 12009
AZIMUTH DIN 125°

WAVE WTENTITY (ARBITRARY SEALE)
]

i L I

) i |} L
FREQUENCY SEPARATION 4 F MMz

Fig. 5,33 »a typical result from the multifrequency radar
experiment is compared with the "clgssicali
JONSWAP experiment (LangesundsFfjorden March 12,
1981, 12.15).
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Fig. 5.34 Wind-tunnel experiments of Ramamonjiarisca (1974)
are compared with the results from multifreqiency
radar experiments (Langesundsfjorden, March 12,
1981) . (Gjessing, Hjelmstad 1986} .

Wind wave-tunnel measurements by Ramamonjiarisoa (13975) show
4 remarkable drop in phase velocity of ocean waves with
wavenumber (oscillation frequency), smaller than that corres-
ponding to maximum spectral intensity. 1In Fig. 5.34 these
results are compared with radar experiments. Note the clase
resemblance between the wind-tunnel results and those oktained
by the radar. Near the spectral peak, the measured phase
velocities lie close to the dispersion relation for freely
travelling gravity waves. Phillips (1969, p.157}) attributas
the marked deviation from the dispersion line for low wave-
numbers to distrubances associated with groups of the mowe

energetic waves travelling with the apprapriate group velocity.

(See also Phillips 1957).

This brings the section on ocean signatures to an end.

We shall now approach the more complex problem of providing
matched 1llumination for a target in the form of a rigid ship
49ainst an ocean background. This will be the tople of
Chapter 6.
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2.6 Influence of absorbing surfaces; molecular resonance

phenomena. Illumination matched to the surface

material composition.

Up to this point we have confined our attention to macro-
scale phenomena, to resconance phenomena brought about by the
interaction between electromagnetic waves and geometrical
structures. These principles rely on the imaginary term in
the scattering matrix; we have not considered molecular
resonance phenomena giving rise to absorption.

It ia not within the scope of this book to consider molecu-
lar resonance phenomena in any degree of detail. However,
for the sake of completeness, and for the sake of forming
the basis for a comprehensive understanding of potential
mechanisms involved when electromagnetic waves are scattered
from a surface, a brief high-lighting of the subject may
prove appropriate.

In addition to completing the scattering picture, it is
believed that the current section will illustrate in a rather
simple way the principle of matched illumination. This is

in particular the case since we are dealing with a scalar
quantity rather than as hitherto tﬁe four-dimensicnal space-
time problem.

First, let us dwell shortly on the fundamentals of surface
spectroscopy (see e.g. Eckert et al. 1974).

When we discussed methods by which the geometrical shape of
an object could be determined remotely, we relied on the
back-scattering capabllity of the object. In order to de-
termine the material composition, we shall rely on the
capability of the object to absorb electromagnetic waves.
Specifically, we select an i{lluminating wavelength which
stimulates resonance phenomena in the molecular surface
structure of the object. Hitting one of the resonance fre-

quencies causes the material to absorb electromagnetic
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waves. Noting the frequency at which electromagnetic
energy 1ls absorbed, and also the amount of absorbed energy,
gives us information about the absorption spectrum which
reveals the molecular composition of the material. Having
at our disposal electromagnetic waves in the range from
microwaves through infrared waves and visible light to the
ultraviolet region, gives us the capabllity of determining
a large number of material compositions.

Consider as an example a diatomic molecule within which
potential forces are acting; the atoms are bound together
by elastic forces as illustrated in Fig. 2,37, If these
atoms, having finite mass, are excited by an alternating
electromagnetic field, resonance will occur when the stimu-
lating frequency equals that corresponding to the difference
between two quantised vibraticnal energy levels, We can
consider these two atoms, with masses m; and m,, as being
tied together by forces that can be represented as a ball
and spring system where the restoring force obeys Hooke's
law. The frequency of this simple harmonic oscillating ball
and spring system is given by

Vo = (1/21) (K/w)Y
where K is the spring constant in Hooke's law and ¥ s

the reduced mass, mym,/{m +m,). By considering the energy
which is being absorbed, we obtain

E, = (v+k) (h/2%) (K/u) Y
where wv(=0,1,2,3...) 13 the vibrational quantum number.

The above example applies for two atoms. A complex molecule
will have a large number of oscillating modes leading to
numerous energy levels. Still, if we know the detailed
structure of the molecula of Interest, we can in principle
calculate the absorption spectrum. Also, if we have access
to the matertal of interest, which is generally the case,
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then the absorption spectrum can be obtained experimentally.
In both cases we have information about the "fingerprint”,
and thus know what to look for. We shall now discuss methods
by which chemical substances of known molecular structure
(absorption spectrum) can be detected and identified selec-

tively.

CONSIDER AL AN EXAMPLE VISRATIONAL SPECTRA
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Fig. 2.37 An electromagnetic wave can stimulate rescnance

phenomena in molecules when the appropriate

frequency is chosen.
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We see that as a result of molecular resonance phencmana,
the electromagnetic wave impinging on a scattering and

lossy surface will suffer frequency selective absorption.
These will be superimposed on the bandwidth limitatlons
imposed by the multipath phenomena {shape and size of acat-
tering object) discussed earlier. If one mechanism is wide-
or narrow-banded in reiation to the other, we have nc concep-
tual or practical difficulties. The difficulties arise

when the width of the molecular absorption lines are com-
parable with the bandwidth limitations caused by the geo-
metric shape of the scattering body (aF = f% where L is
the size of the object).

tow, in order to illustrate the essential points and the
potentials of surface spectroscopy techniques, let us define
a challenging problem of practical importance, using it as

an example. Our aim is to detect and identify a particular
chemical agent, for example some sulfate deposited on vege-
tation in a certain geographical area. This could be an

area contaminated from human activity or by deposits Erom
general air pollution. A priori this agent may have its
fingerprint (absorption lines) in any wavelength region from
the ultraviclet region (A = 0.2 - 0.4 um) through the infra-
red region (2 - 20 um) to the millimeter and microwave region
(A =100 - 200 ym).

To reveal these fingerprints, we illuminate the ground on
which this agent may be present with electromagnetic waves,
changing the frequency over the frequency band of interest
in some predescribed manner that 1is optimum with ragard to
the detection and identification of the particular chemical
compound of interest. ‘The situation is assumed to be as
follows:

= We are looking solely for a specific chemical compcund.

- We know the absorption spectrum or reflectance spectrum
of this compound.

~ We know nothing about any of the other agents (interfer-
ents) that may be present.

= We have very meager information about the vegetation
(topography) on which the agents may be deposited, but
we have some general idea about the roughness of the
structure (grass, coniferous trees, rocky ground). Let
us assume that the background is coniferous trees,

A hypothetical detectjon system will be discussed for the
purpose of illustrating the essential points. Figure 2. 38,
which is sub-divided into two sections, shows a remote prob-
ing system In symbolic form. Section A has a generator 6
providing the illumination. It illuminates an area on which
contaminated trees are growing. The contaminating agent is
assumed to be deposited over the area, which is viewed by
two receivers having two Separate not overlapping fields of
view. When the frequency of the illuminator is changed in

a linear manner (saw-tooth frequency modulation) and the
signals V¥, and V2. which are received at the two receivers,
are observed (referring to the symbolic diagram of Figure
2.38), the signals have the following components:

= A random signal with large variance (Rayleigh distributed}
resulting from the topography. The signal is a result of

Fig. 2.38 Symbolic diagram 1llustrating the optimum

detection and identification principle.

{Gjessing 1978a).
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backscatter from scattering facets distributed in depth.
They give rise to many interfering waves and result ia
large variations in fleld strength with frequency (signal
trace marked "a").

- A deterministic signal component resulting from the complen
surface chemistry (trace marked "b") appearing as modula-
tion of the random topography signal.

= Deeply imbedded in the background chemistry is the com-
ponent of Interest, namely that stemming from the absorp-
tign spectrum of the particular chemical compound of
interest (trace marked "c"}.

Our first task in the signal enrichment process is to reduca
the dominating effect of the topography (traces a, and a,).
In order to achieve this, we shall make use of knowledge we
already have about the signal (the deterministic molecular
absorption spectrum) and about the noise (the random signal
resulting from scattering from a random surface such as from
a tree). The noise resulting from the scattering process
will obviously be statistical in nature, and there will be
no correlation between the signals at the two receivers if
the vegetation within the two separate fields of view is no-
identical in form. Furthermore, Lif the scatterers (the
branches of the trees) move only a fraction of a wavelength
from one frequency scan to the next, the correlation from
one frame to another at either receiver will be limited.
Since the turbulence scale {i.e. the spatial correlation dis-
tance) of the surface wind causing the vegetatlion to maove

is small compared with the height of the vegetation, the
above assumptions are justified.

Therefore our task is to find a process by which the uncar-
related noise component can be reduced relative to the cor-
related signal component. This is done in the correlator
marked C in Figure 2,36, To ensure a thorough physical
understanding of the statistical signal retrieval methods
invalved, thls process will be discussed in some detall,

First let us consider the case where the two contributions
are added together (additive noise). Figure 2,39 gives a
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WAVELENGTH

Fig. 2.39 Data forming the basis for signal enhancement

by a correlation process,

plot in three dimensions of the data that form the basis for
the correlation process. Consider the signals from receiver
Bo.l first. 1In our cartesian coordinate system the signal
strength is plotted vertically, wavelength 1s plotted hori-
zontally in the plane of the paper, and the frame-number {or
scan number) is plotted orthogonally to the V-3 plane. The
signal resulting from the deterministic absorption spectrum
is denoted "b" as in Figure 2.39 and the random signal
atemming from the vegetation is denoted "a“. To reduce the
effect of the random uncorrelated contribution, we form an
ensemble covariance function for each value of i, by com-
paring (correlating) Vir,) from each scan. Thus we will
obtain a number of points on the covariance function deter-
mined by the number of frames (scans) and we will obtain a
number of covariance functions determined by the wavelength
resolution ax. If our ensemble then is N, our signal-to-
noise ratio is enhanced by a factor vN.

However, the simple example with additive noise {addition cof
coherent and non-coherent components of the signal) is prob-
ably not the most realistic one. For example, if the co-
herent signal appears as an amplitude modulation on the in-
coherent signal, then it would be more meaningful to cross-
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correlate the spectral components of the signals from the
two receivers by forming the coherence function inatead of
the covariance in the C processor.

In order to aexpress this mathematically, we shall use an
approach based on work by Kjelaas, Nordal and Bjerkest-and
1977} . In the general casa we may have both multiplicaciva

and additive noise. If the spectral components of the noise

are hot overlapping those of the signal, a simple filterirg
technique can be employed. If the spectral components do
overlap, we shall have to use methods that give us an opti-
mum signal-to-noise ratio. First let us consider the case
of additive poise.

If then S(t) be the signal and n(t) the noise, the resul-
tant

F(t) = S(t} + n(t)
We then assume that there is no correlation between S(t)
and n(t). The cross-covariance Rfs between the resultant
signal f and the signal s 1s glven by

Rfs = R(s+n)s(t) L] Rs(ti + an(t) = Rs(t)
Similarly the autocovariance is

Rf(t) = Rs+n(t) = Rs(t) + Rn(tl
This can be written in the form

[Rgtt) + R ()] x hit) = R, (t)

where the symbol X denotes convolution and h{t) -s

therefore the impulse reaponse. The transfer function H(.),

which is the Fourier transform of the h(t) Ffunction, is
then given by

Ps{ﬂ) Ps{u)
Plob + 7,10} ™ B, (a)

Hiw) -

where P(u) is the power apectrum so that P(w) 1s the
Fourier transform of the autocorrelation function R{t).

Let us consider the case of a multiplicative noise source.
The resultant signal may be written as

fit) = s(t) x hn{t)
and
Rf(t) x hn(tl - Rf,‘t’

which in terms of the transfer function gives

Rfs(“)

H{y) = Ro(al
£

We can now express the transfer function H(w) in terms
of the coherence

Psf(u)

COhsf(u’ = Psiui Pf‘ms

where Poglw) is the cross-spectrum and the transfer func-
tion is given by

Psf(u)
Pfiu’

Hiw)

cohsf(u) Ps(u) Pf(u)
Pf(u)

"

Ps(ml Cohsf(m)
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Thus, if we are dealing with additive uncorrelated noise,
the signal-to-nolse ratio is enhanced by forming the co-
variance function as implied in the discussion of Fig. 2.38.
The operator C In Fig. 2.38 is a correlator glving us the
ensemble covariance function. If, however, the noise is
multiplicative, we shall have to cross-correlate the apec-
tral components by forming the coherence function.

Concluding the discussion of section A in the symbolic
Figure 2.38, we note that the uncorrelated effects of the
rough scattering surface are suppressed during the correla-
tion process. All the correlated factors, chemical cohpound
of interest deeply imbedded in all the uninteresting molecu-
lar structures, are retained in unaltered proportions.

How let us proceed to section B of the diagram.

This section illustrates a mathod by which we can make use
of the detalled information that we possess about the
chemical compound of Interest (molecular structure, reflec-
tance spectrum) to perform a selective detection:

~ The signal preprocessed in section A 1s "filtered® with
the fingerprint {reflectance spectrum) of the chemical

compound of interest. In the symbolic diagram of Fig. 2.38

this is achieved by shining part of the energy from the
illuminator onto a reflector containing a film of the
chemical agent on which we are focusing our attention,
The resulting reflectance spectrum contains the finger-
prints that give us the basis for the second filtering
operation.

- The operation involves a structuring of the orlginal fre-
quency sweep 30 as to limit the frequency content of the
signal resulting from the chemical agent of interest to
a delta function in the frequency domain {i.e. to a pure
slnusoidal variation in time over the Sweep period).

In a practical system one would accomplish this by sweep-
ing the transmitter frequency (the illuminator} in a
pParticular manner (not with a saw-tooth ag depicted in
the schematic diagram above) and at the same time and in
synchronism with the frequency sweeping, amplitude modu-
late the (lluminator (see Figs. 2.40 and 2.41).

To illustrate tiis principle and its merits, let us assume
that the ¢ and & operators of Fig. 2.38 is a tape re-
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Fig. 2.40 The illumination can be tailored to achieve

optimum system sensitivity with minimum inter-
ference 1f detajled information about the absorp-
tion_spectrum of the chemical compound of
interest is avallable,

corder. The signal is Played into the tape recorder in real
time and played off Successively. The first operator, the

"A function", involves an amplitude modulation of the signal
80 as to adjust the lines of the reflectance spectrum re-
lated to the agent of interest to the same- leva2l. fThis in-
volves an amplitude modulation of the reflectance spectrum

of interest. The second signal from the processor (the

¢ operator}) adjusts the speed of the tape to obtain constant
spacing between the lines in the reflectance spectrum of
interest. If the interval in the wavelength domain is large
between two lines, the tape should be speeded up; conversely,
if the distance is small the speed should be slowed. In this
manner all the characteristic spectral lines will be equally
spaced when originating from the chemical compound of interest
and distributed in a disordered manner for all the inter-
ferents.
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In principle, adjusting both the fregquency and the amplitude
of the generator illuminating the target of interest in
great detail, can transform the signal component originat-
ing from our particular chemical compound to a pure sine
wave requiring a scan-time limited bandwidth to be detected.
In this manner the signal-to-noise level of our systém can,
in principle, be brought to a very high level. Limiting
factors are determined by the avallable integration time
and the degree to which it is practicable to structure the
illumination function.

Finally, the basic Figure 2.41 shows the result of a final
Fourier analysis of the signal. Qur signal of interest

138 concentrated to a very narrow spectral region, whereas
the effect of the interferents is distributed over the
spectrum. Before we proceed to consider ln some greater
detail the character of the noise to be suppressed, we shall
give a more realistic example of a selective detection
method. Such a method is illustrated schematically in Fig.
2. 40,

The illumination (microwaves, IR, visible light, uv) is
amplitude and frequency modulated by particular waveforms

(see Fig. 2.41). These waveforms are the result of a de-
tailed processing of the molecular signatures (see Fig. 2.40),
The processed illumination is then transmitted to the object
of interest. Since the illumination is matched to the mole=
cular structure of interest, the signal appearing at the re-
ceivers has minimum information bandwidth and the bandwidth

of the entire recelving system can be minimized. Minimum
bandwldth gives minimum nolse contribution. {Gjessing 1978a).

Fig. 2.41 illustrates the A and 4 operation process. In

the top curve of Fig. 2.41 an idealized molacular spectrum
is shown {spectrum of absorption, emission or reflectance).
The reflectance [ varles in a triangular manner with wave-
length. If the illuminator is linearly freguency modulated,
this 1s what the signal would look like. amplitude modulat-
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Fig. 2.41 Example of an optimum structuring of the

illumination function for the purpose of detect-

ing/identifying a particular molecular structure.
{Gjessing 1%78a).

ing the illuminator in a manner illustrated in Flg. 2.41,
second curve from above, seeking the same strength of all
the llnes in the reflectance spectrum, gives the results
shown.

Referring now to the fourth curve from above, we change the
relative position of the maxima and of the minima of the
spectrum so as to obtain a periodic function shown in the
fifth graphical representation. This is achieved by changing
the rate dF/dt at which the frequency is changed. Tt is
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then obvious that if a more detailed A and ¢ operation ts
applied, the result is a sinusoidal variation, shown at
the bottom of Fig. 2.41. To detect this requires only a
very small bandwidth.

For the purpose of emphasizing the merits of the technique,
some illustrative examples are glven in Flg. 2.42. Two dif-
ferent absorption spectra are considered. Type “A" is
characterized by eight absorption lines, whereas type "B®
has ten absorption lines. Each absorption line is Lorentz
shaped.
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Fig. 2.42 The effect of optimized illumination: theoreti-
cal results. (Gjessing 1978a )

Adopting the amplitude- and frequency-modulation scheme
tllustrated in Fig. 2.4% above, the illumination is struc-
tured for type "A" molecules. Flg. 2.42 shows the result of
this optimizatlion process. Note that the spectrum density
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function associated with optimized illumination is narrow,
whereas the spectrum resulting from conventional illumina-
tion is wide. Also, if an extensive structuring of the
illumination had been accomplished, the resulting signal
spectrum would have been a delta function. Fig. 2.42 also
shows the discriminating power of the technigue (right-hand
figure}. Here an illumination structured for type “A*
molecules is applied to structure “B*. Note the marked dif-
ference in maximum spectral intensity and the shift in fre-
quency of the peaks.

If a computer simulation program implementing this crude
technique that involves "first-order matching” only for three
frequently encountered compounds, namely epoxy, vinyl and
biphinyl, is used, the result is Fig. 2.43. Note that by
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Fig. 2.43 The effect of matched illumination for enoxy,
vinyl and biphenyl. The illumination that has
been structured for vinyl is applied to epoxy.
Similarly, the curve for biphenyl is obtained by
structuring the illumination for biphenyl.
Computer simulations.
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12
the use of narrow filters as depicted in Fig. 2,40 ahove, ‘- An example will clarify this. Let the absorption spectrum
the particular agent of interest can be selocted when its + be of an exponentlal form
absorption spectrum is known.
flo} = e @ = g(r)

Let us now express this mathematically. On the basis of
information about the absorption spectrum, we search the
expression for the manner in which the frequency should be
varied so as to give a sinusoidal variation of the received

£ W] s = - 2 an gqe)

{reflected) signal. This we refer to as matched 1l1lumina- wlt) = - a, % In gt} + u,
tion.
Having given the general expression for the matched 1llumina-
For a linear frequency scan, the frequency as a function of tion function in terms of functions describing the material
time is given by of interest, we shall go on to consider the effect of the
topography (the surface roughness) in relation to that of
L LA A T surface chemistry. The question we now ask is: how should
the transmitting/receiving system he structured in order to
where , and “o 4re constants. give maximum information about the geometrical shape of an
object? Or, how should the system be structured to have
If f£lo} 1s the reflection/absorption spectrum, applying optimum sensitivity in relation to a given cbject of known

linear scanning we have slze and shape.

Elu) = f£lu t' + uy) This will be the topic of the subsequent sections.

We now want a modified sweep function giving us a periodic
output function. Hence, we wish to obtain

Elu t'+uy) = F(t') = g(t)

where gt} 1s our periodic function. This can be achieved
by lnverting the f(t') function. Thus, the function should
satisfy the condition

e = e = £ g(er]

Therefore, in order to match the {llumination to the agent of
interest, a frequency sweep function f-l(u), which is the
inverse of the reflection/absorption spectrum f{w), should
be used.
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This vaview o concerned with tha refadl

kals of various experimental o foch-

slquer from she poiat of vicw of determising the atmosohesic Maa-scals Alier

Baving derived & wnibad st of simple app

In leems of p s describlng Lha ref

presslons for b e

ive-fndax lme-spsce sructure, some of the mo«.-

Imporiant sources ol ervor ace disswssed, Finally, on the batls of aumcrous expedimental

results, the form of tha seleactive-index sp
theoretical ¢xprcssions.

1. INTRODUCTION

It ks the object of this survey 10 aaalyze the results
from vatious transhorizon scattering experiments for
the puepose of deducing the fine-seale properties of
the refeactive-iadex structure. To Justily a compar-
bon of the ecuscmble of deduced rosults, it §s essen-
tial what the set of equaticas that form the basis for
the deductions be based on the same thcorelical
concept, X

During the past decade wo have scen & whols
speatrum of theorles ostensibly explaining the phe-
somcas cacounteted in any one given scaticr cxperd-
ment. Wheo deducing the relractive-lndex structure
&ora dificrent experimental techoiques for the pur-
posc of comparlag the deduced results, i Is unde-
sirable to have differeat theories forming the basis

~ the various deductions. Conscquently, in this

+zy the appropriate theoretical relationships are
derived In s vnifsd manner from koowkedge about
e sefractive-index structure. Specifically, we ex-
press the refoactive-Index spectrum ju the furm *(K)
~ &, and we dexive expressions relating the 'mea-
surcd quantity’ (swch ss Bcld stregth comrelation
distance, baodwidih, delay sp m, and anteana-
W-medivm coupling loss) in terms of the exponcat n
sed the appropriate geametrical and electrontagnetic
quantities. This unified Lreatmeat of the scatler,
Propagation problem enables us to compare the »
valuss deduced (rom the vacious expesiments,

It will bz seen that some exparimental tochniques
£ive a ‘measwred quantity” that is sicongly depeadent

Is deduced by wsing (ke previowly derived

oa n sod weakly dependznt on sourcss of error such
4 refraction cflects, whercas for otker tcchaiques
the converss is the coee. Thus some n deductons
have a high levet of confldence, wherens otben in
many cases have aa iasdeguate confidence level. It
sccms o be of great value to have this information
sbaut confdence kivel when discussing the shape
of the refractive-index structuce o sclation to the
dycamics of tha aimasphere,

L ANGULAR JCATTERED POWER SPECTRUM IN
RELATION TO REFRACTIVE-INDEX STRUCTURD
Consider a vohime clement dv = dx dy dx = d&°

within the scatlering volume ¥, this scattering voluma
being confined to tha spatial region in the troposphers
Muminated by the transinitting satenna 2nd “sesn”
by the receiving antenna. If the permittivity {refrac-
tive index squared) witkin the ckeraentary yalume
diffcrs by an smount Ae from the average value of
the permittivity 4, the clement of dietectric bacomes
polatizdd, giving risa 1o a dipole moment JP =

‘Aa db E, when under the influence of an clectric ficld

E.. At distsoce R from the scatiering clemsnt the
dipolc moment results In & polarization poteatial d=
and provided K 3 W7 -2 (which requires R 17,
the scutlered sld steength E, = k', where & iy the
ware numbzr of the electric ficld. The scattered fcld
resulting from the integrat of clementary scatiering
elements By then givea by

A2 f Eaflr, 06" o'r {})
4k *

wherc K w k, — k,, k. and k. being the wave numbers
of the ircident aml the scattered fickds, respectivly,
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such that K| = (4=/3) sin 82, where 8, the scultering
rngle, is ths angl: bewwean &, and &,.

Note that (E), which is derived from Maxwell's
equatiod, is paelectly general and docs not consides
the nstere of the refractive-index irrcgularities de-

which states that the diffraction feld is Mie Fousier
wansform of the ficld sirength distribution in the
Plune in which ¢ js measured. For o symmetrical redio
path this planc is the vertizal crois-paih plans illy-

scribzd by the function Jr, 1). This function muy be
a stochasiic onz, jo which case’the refractive-index
field is canveaieatly described by Whe spatiat autocor-
relation fuaction of refroctive indes, or we may be
dealing with an ordered variation In «, say & hoxi-
zonial layec ttrough which the refractive index varies
in a systematic fashion expressibls as a well-behaved
fuaction.

To ¢nsure a thorough physical understanding of
the problem, It us discoss () in some detail.

Case A: Let us first ass;uma that the wave incldent
on the sattering volume Is & plane one sod that the
¢ =ar gutcasian of the scaltcriog volume 7 iy very
r "l compared with the distance from the transmiticr
to thz scaticring volume (and simibarly small comparcd
with the distance R from the scattering volume to the
sceciving antcans). This incaas that we niust assume
that the curtature of the wave front is large, such
that the first Fresnel zooz in & veetical plane normat
1o the transraission path is large compared with the
lincar extension of the scattering volume as measured
Ir this plane. Under such conditions we can exclude
the E, factor from the fntcgrand of (1), the result
bzing than the scattered field is simply the Fourier
transform with respect ta space of the J.(r) function.
To oblain sn expression for the angulas power Spes-
rum of the ,cattercd wave, we shatl have to multiply
E, by its counplzx conjugate, tbus obtaining the scat-
lesing cross section o given by

olf) = (xk'/HK) @

tre $(K) Is the spadal ‘power spectrum® of tho
relractive-lodex irregularities such that ¢(K) Is the
Fouricr ransform of 1he spatial autocorrehation func-
tion of /(r). Ths scattering cross scclion « s defined
‘as the mean pawer in the scaltered wave per voit
power dansity of Wi incident wave 1n the seattering
volume, pes uakt solid aagle ia the direction of Kk, pec
uni} scattzring volume.

Case B: Now Jei us conslder the opposits case
wlhere the incidzat fisld E, varics far more rapkily
with r than does the refractive jndex. In the extreme
€ass we assume 1azt £,(z) is a copstant throughaut
the scatiering voluras. Equation | then tukes the foco

Eo=e [ B e o

tcd by the transmittzc and scen by ihs receiver.

In the general case, o3 alrendy noted, (1) applics,
80 that ths angular spectrum of scattered ficld sirengil
is the Fourler wransform of the product Erp 0 It
should bs quite dear, thea, from the foregoing argu-
micals that Er) can anly be excluded from the Fourier
integral if the E{r) fuaction is ‘wide' ia comparkson
with the f.(c) function. Now kot us consider these two
functions ia turn.

The ‘width® of the £,(c) functioa is casily defined i
we are dealing with & nonstochastic fuoctioa, tay a
layer through which the refractive jzdex varies sysiem-
atically. The widih of the f.{r) function is thex simply
the thickness of the layer. If we are deating with &
sandom function of £,(r), it scems clear that the widih
of the {,(x) function is comparable with the correlation
distance L of the refractive-index field. Practical exper-
Iments show that L varies with time aad position in
space. A corrclation distance of some 10 meters
sppears to be the right order of megnitude for L.

‘Then let us consider the *widih’ of the E(r) function.
Here there are two factors that must be considercd.
If we arc seglecting thie influcoce of the irregulas
refeactive-ladex structure on the phase front of the
tadio bram us This propsgates from the traasmitter
to the common volume, the E{r) funcilon is deter-
wincd catirely by the survature of the phasz froat in
tha scattering volume, le, the *width® of the E(r)
function Is esseatially the frst Fresacl zon¢ as mezs-
wied.in & vertical crass-path plane through the center
of the scattering volums. If R, is the distance from
the transmitics 10 this plunc, thea the diemzter of the
first Feesnel 200a Is given by

1= l(llal)l"'

where A Is ibe radia wavclength. For A = 3 cm aad
Ry = 100 km, the diameter of the frst Fresacl zone
Is 100 mztees. However, foc the sadio wave 10 reech
the scaticring voluma, it will have 1o propagats
through the refeactive-index ircgulartics. Hence the
phase (ront in the scatiering volume i3 a pertuched
one. In other words, supzimposced oa the spherical
phase (ronz with radivs of curvatuce equal to K,, wa
bave random phase fluctuatians resefting from the
Iact that the phase at a poiat F ia the scaterng
voluw s given by 1ha eefractive-indax inicgrat

18

2ue /) ];’ nix) dx

where T is.the transmilter, and dx a Hnc clement,

Intreducing, thea, the concept of ‘phase coberencs
distanze,” which is the distance mcaswred in the ver-
tical cross-path plane at distant R from the irans-
mitter where the cobercace is Ife, it can be showa
[Fried, 1966) that the phase coherenco distance is
given by
—— e (RO
where & = 2¢/), and €7 is Tatarsks scatter cocfli-
cleat, By ketting A = 5cm, C= 10, and R = 100
km, we Bud that the coherence distace is 10 meters,
Conscqueatly, the Fresnet zone docs not coastitute
& limiting factor, and the E(z) function Is limited
bv the anteaas brams, .

-Yl conclusion, therefore, we noto that §a general
-+ «b peanissible 10 cxctude the E(r) twmm from the
Integrand. Hence, Ul we write the refractive-index
speciruin (see equation 2) In the forn $(K) ~ K=,
the angular power spectrum of the scalicred wave
Is given by P(#) ~ #, when we assume an isclropic
relractive-lndex ficid. .

Although it has been made clear that the mathe-
matical ireatmeat b s peneral one that docs nat
assume & particular atmosphere structure, i may
be hzlplul to give some Mustrative cxamples. Bas.
lag our mathematical treatment solely on the basic
cquation 1, we shall calculate the scallering cross
scction (the form of the ®(K) specirym) appro~
priate to thrce diflercnt plausiblo simospheric con-
ditons,

2.1, Scattering by homogencous Isotrople lurbu-
dence

Ihe theory of small-scale tucbuteace developed
by Kolmogorov, Oboukhov, and others and based
©a nural physical ideas, gives quite definite con-
clusioas oa the spariat spectra of alr velocity fuclua-
Goas. A close relatioaship is also established be-
beesn the spectrum of air velocity Ructuations and
ihat of temperature and humidity. Since thoro ds a
Simple rolatlonship baiween refractive jndex N and
tempsrature T and lumidity ¢, the spatial rcfractive-
ind:x specirumn can be represenied as a lincar com-
bin.tion of the T and ¢ spectra.

12 the wave-nuinbzc renge (K range) cormespond-
in3 0 the incrdat subronge, the refractive-index
spastouns F(K) can, according o turbulcnce theary,
b2 writtcn in the form

E(K) ~ ($M), 17 )
where (44"}, Is the staudard d=vistion of permittivity
fuciuations, and | = input scalz {ic, | = r277 o
where K. is the wave numbzr for maximum EQ).

The spectrum E{K) Is 1bz one<limizasional ‘poner’
spectrum oblained from wn integeetion of ¢(K) over
all directions of IC,

U7 the refeactive-fndex Beld is isotcapic, then EE)y=-
4rK¢(K). I the inectial subcar; : we (herefore have
the follawing expression for the 1 - active-index tpec-
ftum:

(4. K) = 0.0307 -1

where C,' = $.3{5)..17"" as introducd by Totarski
[1958] on the basis of structure-function considzrxtiony,

Tho expression fur Urs scatiering crass scctloa
(sco equation 2) then takes the form

¢ = 0.03C"% " i #7212 4)
Then Jet us consider the other exucme crse whem
wo aro dealing with & Jayessd stospbaric structure.
22. Scatering from a layer through which the
refrectlve Indes carizs nerziically
To illustrate the principles lavolved, Jet us con-
sbdce onc borfzontal layer theough vihich the refiaz-
tive lodex vacics according to (be function fi(z),
where z is the ventical coordinate. Wiiting (1) as
E. = (kE/AR)A(K)
we can express A(K) as

A(K) = f 1.0

g [~AKx+ Ky + Ka)lidudy &

But with a borizontal layer, 1.(r) reduces to {42, the
permittivity being constant in the x and » directions,
Thus we have

A= [ gt g [ e gy [ e,

The iategrals having x acd y argumenty sre Immedi-
akely recoguized as the Fourier intsgral repiciznta-
tions of the Dirzs delia function, so that this eapres-
sion may be writlen

amy = [ 1 o] seons s

The function A(I), sad thuy E,, then vanishes unlais
both X, ard X, sre zcro. Henoe A{K) = O upless K
I woninal to Wi layer boundacy.
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To obizin an espeession for e scaltering cross sec-
tion, we form the product A (K)4,*(K), obluining

| ] L3
- I Le)'e ‘*I )

since £,(s) &s o knawn real functicn.

The Bat layzr, however, constitutes the simplest,
aod mast uarsalistie, of the ‘models favolviag ays-
tematic layers. To lnclude the ease of a rippled layer,
ws shall have 1o consider beam focusing eflccts,
complicatiog the issus coasiderably [Gjessing ¢f af,
1954), In this survey, however, this case will not be
Included. Now Iat us replace ‘the smooth fayer by
& turbulent one.

Scotterln} from a turbulent layer

‘e turbulent Tayer to which we here refer Is the
case where the intenss turbulence afiecting redio
Wwave propapatioz i coalined to 0oe o more strata
ol exteemely limited vertical extcat, as opposed o
the case trcated fn sestion 2.1, where it was as-
sumed that the scauering occurred within & great
vericat depth of the atmosphere. A distinet differ-
ence between this type of layer and that just dis-
cussed s that when we zre dealing with tusbuleat
strata, the layer bounderics aro mot likely 10 be
smooth (smooth In ferms of sadio wavelength).
This means that mimvor reection s inferred in sec.
ton 2.2 will not take place, Now, these atmospheric
layers are geaerally associated with a Iarge dogree
of jocal stabitity. Hence it s reasomable to eapect
the me2n temptrature and bumidity, and hence alkso
the mean refraciive Index, 1o vary in a systematlc

sion through the hayze. On this systematic refrac-

Jndex profils the random Muctuations of refrac-
tive index caused by turbulence ace superimposed,
Thus there are two fectors contributing to the scat-
tered radic power. Oaz Iy the scattering from the
reeen grofils (pertia) reBection), as discusszd in
sectlon 2.2; thy other is the scatiering from i ran-
dora refezctivity Bucivations caused by turbulence,
Since the two contributions o the scaitered Reld
brais & randore phase relationship, the totat sesult-
ing scouer 6511 is obtincd by simgle summaiion,
I, them, the rzndom refractivity Nuctrations obey
the izzrtial swbrange K-/* law and if the mean re-
frective-iadex profile cun be expicised by the func-
VoA fil2), wbire 2 i the verikial cooedinate,
he rasuliaal scantering cross section s givea by the
suarof (4) aad (5). Thus

or = 00360 2in 82y

+ "';: II Ley™ l-rr

The relative Impoctance of the two terms of mis
equation depends on

& the relative magsitude of the s randem
relcactlvily Buctuations and the degres to which o
mean refeactive Index varies through the Iayer,

4. tho thickoess of the Jayer ia relation w the
quantity A/sia (#/2), sad

¢ s radio wavciength A o relalion 0 g
input scale 1 of ths tutbulence field,

I the layer thickoess L b comparable with Mne
scale 3c/K, which contributes 1o seallcsing at o pac-
Ucular wavelength & and a particular scapicring anglo

8K = (42/2)sin #/2), thea the layer basa pronounced ,
effect oa the scattered angular power tpectrum. Ac-

cordingly, whea we deduce the refisciive-index pc.
trum #(K) from cadio experinients, we mey essentlally
bemeasuring the profile of the sefractive Index throuyh
hayens. M, however, the leyers are horizcatal, tb.y
will only affect the scaitering in & greatcircle plase
s we havo scen from sxclion 2.2, By performing mn
experiment where we vary the ocizstation in space of
the place in which scatlering takes place, i.c. vary the
dicection of K, it Is possiblz 1o measure the txicnt
which horizoato! strata contributs to the dedwezd oE)
spectrum (G fessing, 1952, Dolglans, 1963; Gjescinz,
19536; Atlas a1 ol., 196598).

From these radio caperiments, however, thers ks oo
¢lear evidencs of any dominatiog contribution from
horizontal layers, Tilled, or undulating layers, oa ths
other hand, may well contribule to the deduced M)
spectrwm. It should bz emphasiacd that in this survey
we shall not discuss in detait special experiments froa
which faciors such a3 anisotropy and inhomogenriey
€an be deduced. We shali Jargely be concerncd wita
the lacge group of experiments measwricg the [1~]
specteum for K verticol; however, refecencs wilt te
made 4o specific experiments revealing faclors suca
81 anistropy and inhomogsasity.

3 DETERMINATION OF REFRACTIVE.LNDEX ANC
AIR-VELOCITY SPECTRA FROM RADIO
MEASUREMENTS

As scen from the above, Fouricr transforms esiar
dircztly Jato the equation; for scaticred fickd strengy
and scaltered angular powar spectrun, This srosg!ir
suggests that it would ba simpler to work bi tcrms of
spatial wave-nuciber spactea (K space) rather thaa

fn terms of apatial corrclation fenctions (physkeat
space). In addition it is well known that the shaps
of the whole tail-cad of the wave-numbzr speetrm
wlicets the autocorrchation funclica ncac the origia
oaly. Since the quaniitics we measore in radio
Experiments (Geld strength orpower) lor high radio-
Emqueacy work are directly dependent on the tall-
€nd of the spectrum, tbe expression for the scal-
tered angular power spectrum s very sensitive 1o
assumptions mado abowt the shape of the autococ-
sdation lunction near the origin. Finslly, sincs the
topic of the current colloquium is “specira of meleor-
ologizal vaciables,’ it scems particularly pectinent to
work in terms of wave-number spectra throughout
this contribution. By doing 50, it b possibia 1o make
#+ direct comparison between tha patentizlities of the
Ztous experimental techniques that bave beea used
s0¢ the purpose of obtsiniog Icformetion about the
atmospheric structure,

lospecting the numerous sets of relractive-lndex
specira deduced from radio experiments, we find
that the dependence of spectrum densily oa wave
mumber varics lremendously, Accordingly, It docs
mol seem justiicd 1o discuss the shape of sny one
apecteuen In great detalf, We Bnd ahat one et of
spectea can be describsd by & simple power Inw,
othcts by a Gaussian expression, and still othces Ly
an exponentixl. On the basis of these observations |t
ks peobably fair to say that If a siogle form of the re-
Eractive-Index spectrum Is to be used s the bashs
for a comparisoa with the experimental result, the
simple power law is 23 good s any. In addition, the
Buid dynamicist postulates & relrective-indax spee-
tum of ke form #(K) ~ K- fur the inertial sub-
“ange portion of the tusbulence spectrum, In the
following, therelore, we shall bass our calculztions
on the assumption that the refactive-lndex specteum
can be wrilitn In the fonn ¢(K) ~ K~ Our alm
it then (o determine the exponcat n, sod jadeed
when possible the consisat of proportionatity, from
redio experiments,

For the purpose of emuring a physicol under-
standing of the phenomens eacountered, wo shall
B3t assume that the refractive-index siruclore ks
hoiopic and homogzncous, and wc shall weglect
the cfiect of relraction. Thess factors will be dis-
cusscd shortly,

1. Determinalon of refractive-index specirin
H(K) from beam-swinging expmiments

Consider first the experiment fnvolving the yn-

80

chronous ‘swinging’ of narcaw transmitiing snd rc-
ceiving boams in such a way a1 1o chanae the seor-
iccing angls #. In this simple Ircatniznt we shall
€onsider two beam-swingiog expedments only; o
synchronous baam-swinging In the vertical great-
ciscle planc and & synchronous beam-swinging in
the azimuth plane.

Beam-swinging in the verticol plone. We have seen.
that the scaticring cross scction per unit scallcring
volume is proportional to ths refractive-lndex sps-
trum &(K). Furthesmore, the wave number K| is
"given by IEf = {45/) sin 92, wheee X is the wave-
length.

o small vatuzs of the scaticring anzle, we caa
thus write the following expression for the power
received via the scatter circuit

Prs KIW e K™ v ) ©

where V Iy the scattering voluime. For narrow b=ams
It can be shown [Giessing, 19644) that the voluma
¥V ~ £ Heace

P r(.oll a)

The minttwun scaltering sogle & & determiaed by
the angle batween the casth's langent plaacy; e,
# = dfa, whea d is te path Iogth and a iy the
exrth's radiug,

The masium scattering angle at which measur-
sblo received power can be obtained Js doicrmiasd
by factors such a3 ihe tranamitted pawer, the path
kagth, aad the antenas gains. We degote the ciaxi-
muor clevation acgle relative to the earih's t2azent
plane by o, and thus the measured quantity la bzom.-
swinging experiments, aamely the ratio of the power
received with & scattering angla of (8, + 2a) 1o
the power rezeived al the winimum scatizriog snglo
#,, §a given by

PO/ PH) = L 4 Qafo] ™" o)

Nots that this sssumes venical homogeneity. If tha
atmosgheee s oot homagencous, tha deduced spec.
lrum slope & will bave to be modificd in order to
1ake the effect of Inbomogereity into considsratioa.
This problcrm s dealt with in section 3.10,

Figure 1 shows the measurcd quantity plortzd
Jogarithmizally 1o 1he basis of the exponent n. Note
that the exprestion is normaliced so as 1o give zcro
decibels when u = 6, This is done to fzcilitaie &
dircct comparison of the potential ustfubicss of the
vacious experimentad tecliniques. In the pacticular
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Fig. 1. Tha th ical relaticaship b thy o

sured quaatity ol ths dope a of the relractivednden

spzctrum [O(K) —~ K°°). The curves show tha degrce to

whizh the spectium slope sflects the measurcd quantity.

Length of the 2e:ows shows ths effect of relraction on the
n ..

plot la Figure §, typlcal values of « and & have beca
3, mmely 2o = 9* and a path kagth 4 of 200 km,

jam-swinging In the Roritontal plans, Swing-
log"the beams synchrooously In szimuth oely, the
power versus ths azkmuth anple relationshlp is given
by

P@)Y/ P} = 11 + B/df2a)) "N @)

This gives risc lo & measured quantity (P(p))/r(0)
versus a relaticnship very shmilar 1o that of the ver-
tizzl beam-swiaging case whea substitution Is mads
for 2 = 5.3%,
2. Determinatlon o} &K} from mallifrequcncy
expdrirants

Considzr now s experiment involving simu:litane-
ous transmiision aad receplion on two widely scpa-
rated frequensics and scalad apicenas. I dhe ag-

tcona beems are asrcow such that the scaliering
volume is dewermined by ths beam gcouctry rather
than by the scatiering mechanisor, thea the scat.
tering volumes for il two frequencies are id=aticat.
Accordingly, the ratio of the power reeeied on the
two Ircquencics is givea by the ratio of the rorre-
spoading scaticring cross section a5 prescoed o {2).
In this case, therefore, the ‘measurcd Quamhky’ b
the rallo ol power reccived oo (ho tvo Eequencies
givea by

POV POL) = /M) a9
Ia Figure 1 the powes ratio s plotied Yogad:hmi-
cally 1o the basis of » and normalized for 5 = 5,
" Two different waveleagth ratios are wsed, camely
M/ = 3 and M /0 = 5.5, I for some pctical
reasons (c.g. ground refzclions) the eficstive paln
of the two scaled sateanas ate not cxuctly idontlcal,
2o erfor ks inroduced. It can be sbown, however
[Gjessing, 1968}, that the ervor is propartional to
the square root of the anteana gain tailo anly. Note
that the term wavekeogth dependencn ofen wefers
to the case where the recelved power Is porawdized
with sespect 1o free-space transmisshon boss. This
wormalized power ratio thea takes the fomn

WP/ PrdCVIP/ Frad0)] = 0.7 1)

3.3. Desrmination of ¢(K) from mrasustmunt of
Aeld-strenpth correlailon distance

Tn this scctioa attcatios Is focused on the spiial

Beld-strength corrclation properties of & scamced

radio: wave, We have & wide-beam tramsmitter £a-

diating lis power essentially io & horizantal firesdon,

The scautered wave resulting from. this tmans nitter

lmpinges on twa nearly idzntical, small-apariuz:, re.’

sciving anlcanas positloned beyood the horzan r<cla-
live 10 the transmiiter, The antcanss srs ssaced
vertically ot hordzontally such that the camic- ine
theough: the recelving soteanas i normal to the cen-
ter lioe through the teansmiller 7 and the wecsivecs
R. We mensuce the normalized complex cameation
of the volizzes fnduced lo Ao anteacas,

Ut can reodily bo shown (Glessing and 3orsssen,
1968} that this spatial ficld-strenpth corrciaton fuge-
tion Is the Fourler transform of the sagular power
spectium of the wave reaching the recciving satenaas,
Specifically, i the natconas ate spaced hor zomally,
thus giving us informction about e corobution
propertics of ficld steength along a hosizonsal sis:c-
tion, this cosrelation function fs detamined be tha
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aoglsof-saival spectrum a3 measurcd in & horl-
20atal plans. I the aotennas are spaced vertically,
k is the angl-of-arrival specuum in the vertical
plans that matters. Specilying the angle of asrival
of a particuler scaltesed wavg by an clcvation angls
o (relative to the center line through T and R) and
sn szicuth angle & (relative to a geeat clicle plane
through T and R), we have In the same manner as
above that a refractive-index spectrum ¢(K) ~ K=
gives rise 10 an angular power spectrum of the form

Fa, p)~ @& 4 &N a2
The hordzontal corzelation of field sirength Is thus
obuained by a Fourier pranslocmation of P with re-
spxct lo 8, whereas the venical correlation is ob-
taincd from the P(a) rclationship.

A rigorous Fouriee translormation of expression
12, however, keads iiscll 10 oumcricat compulations
only. In our case, we peed a simpls approximate
expression. This caa be obiaincd if we approsimate
P(a) snd P(#) by » sin a/x function, thus giving
us & simple cxpression for ke Foucdier translorm,
This Is & procedure well kaown in antenna theory.
From antcona theory we kaow that if L is the widih
of the fllumicating Bcld-steomgth distribution, then
the 1/2-power widih of the resulting angular power
sptetrum (beam width) bs given by

$n = 030/L (8]
whars A is the radio wavclength, By applyiog theso
results 0 our problem, we find that the 3-decibel
widih of ths scattercd boam 43 measured fo the
vertical planc is given by

Pn/Pi = 1f2 = (a, anfa)™ (14)
where o) b the 3-decibsl beam width of the scat-
teced beam, oy = df2a, d is the path Icngth, aad
a is the earth's radius.

By solving for «, and substiluting 1his in (13),
we find that the vertical coscelation distancs of Kekl
strengeh is given by

Lo\ = DAHa/D/ (2" — 1) s

Similarly, the borizontal corclation distauco is givea
by
Laf/A = 04300/ D/ (4 — y# D)

These approgimaie expeessions arc ja very gocd
agreemeal with the results bascd on rizerous num-
erical iransformations of the scattered angutac power

spactea [Glessing and Borresen, 1963). Figue 1
showi the mcasurcd quantitics (vertical and hori-
zoatal corrclation distraces, respectively) ploilsd
logarithmically to the basis of 1bc slope # of 53 re-
Iraclive-index spsctrum,

Noie, however, that the measured quandity ks only
very weakly rcfated 1o the spectrum shope £nd that
sefraction efiects play & domisating role. Thes, 25
a means of gaining koowlkedge about the refractive~
Index fine-scale steucture, the space corrclation tech-
nigqus is 0ot vecy powerful.

34, Determinatlon of (K} from measuremnert of
onlenna-te-medium coupling loss

From basic anicpna th2ory we koow that tbs
frec-space antcona gain I proportional to the an-
tcaan apciturce G = deAN?. When dealing with
lorgs antennas in connection with scatter propiga-
tion, however, this liccac relationship oo lcnger
holds. I the antenna sperture is Incroased by 2
factor k, the received power is generally Increascd
by a factor that is kess than £. This appareot goin
degradation is commonly referred 10 as saiznpa-to-
medium coupling losy. The phenamena can be ex-
pleined i scverat diffceent ways. We may bass the
discussion cither on e wicth of the sngulac pawvier
spectrum of the scaltered wave relative to the an-
guloz-reception capability of the receiving satenaa,
or on tho spatial correlation distance of the received
scatiered feld strengib relative to the dimeasion of
the satenna aperture. T this review we shall vss
the Jatier method for the purposc of itusteaiing the
priociplss fovolved and to get an expresslon relai-
ing the ‘messuced quantity’ o the sloge n of ths
welractite-ladex specteum, rathes than 10 seek 2n
expressioa of optimum accuracy.

By basing our computations on the results of tke
previous section, vie note that at the recciving site,
tho area (normal to the dircction of propagation)
over which the fcld steengeh is coarclated Is given
by LrLy. This arca may then be considered as Loiag
the cffective receiving antenoa aperiure, provided
that tho actual apecturs fy larger than LyLy. I the
actual area A < LyLy, we do ot exgesience 4 [ain
degradation.

The cRective antenna gain fs thus

Gy ™ 4l L? (n

whercas the plauc-wave gain is

G = 4 A\
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The gaio loss is thus

-t o M e - g
G = 1.5, /4 um

Figure 1 shows she gala loss ploticd against the
zelractive-lndex spectrum slops n. It should be con-
phasizad that (18) is based on_the ssswnplion of
ksoiropy, a3 are fodeed all the éxpressions for the
measured quaatity.

1t the atmospheric structure is 2 horfrontally hay-
ered ouc (strongly sabsotropic), the spectium slope
# associnted with K vertical will be very much dif-
fereat from that associated vith K borkonta). Thero-
fore, to cakeulate the gain Joss from (13}, we shall
have o use dillerent valucs of n for the two dirce-
tiony,

35 Determination of #{K) jrom meamurement of
time delay (pulse-transmission experiment)
o« this section our alm is to deduce the sefrachive-
lndsx spectrum from measurcwent of thne delay.
Usiag wids-beam actennas oz ehtber end so that
ths multipath traosmissiaa #s governcd by the scat-
- tered wechanism rather than by the beam geometry,
we first scek an expression relating path length | and
the position in space of the scamtering clement; i.c.,
We require an cxpeession relating I and the scat-
tecing zogle #. If & is the feagth of tho chord be-
tween T and R, then simple gromeirical cakeula-
tions give the required result, namely

# = 200/d)" ~ 1) 9)
M we wzosmit a short radio pulse, the power that
reaches the receiver has wraveled through » wide
spectoum of differcat paths,
"y substituting for ¢ in the expression for the
“lar power specirum (P~ #9), wo gt the
specirum rchating power and path length, Normadiz-
Ing this power with respect to the power received
via the sheriest propagation path £, namely that de-
tezmined by the eacth's tangent planes, by = a1 +
(d/2a)')%, the power spectrwm takes the form
1P/ PUN = (/Y1) — 1)~ (20
Expressing this specirum. bn stems of the path kngth
Al, whiclt Is lo excess of the minimum path leagth
(i.c. writing F = &, + al}, we find that the poster
spactium refeared W b, Is given by
IPAD/PUD) = (1 + (8a'/dy AN @)
And since Al = oL, wheee € s the velncily of light,

the delay spectrum referred 1o v, (the shortest tima
delay) is given Ly

PG PO = [ + (a*cCl™" ()
Tha 1 /e width of this detay spectrum is thea ghven by

Ar = (' /1a°CHe™" — 1) an
The measeced quagtity o this experimcat by the
1/2 width, ar, of the time-delay spectrum. This
quaatity is plottcd versus » kn Figure 1.
3.6, Detrmination of (K} from measurement of
Bandwidith {frequency-sweep axperiment,

Our fakerest k& bow focused o0 Whe baodwidth
propestics of & watiered wave b refation o (he
shape of ths refrective-index spectum. The wave-

Jength dependeace dn the way first discussed thus.

bas no direct bearing on our problem. As bebore,
wo coasider wide aatcnas beams such that it i o
marily the #(X) function for X vertical thay gav-
erms the baadwidth. The transmitter frequency is
vared over 3 small frequency band (zome §9% fee-
quency deviatioa) at a rasc that ks large compired
with the rats at which e stmospheric strucure
changes. At abe receiver we measure the pawer a3
8 lunction of lrequency, sweep-by-sweep, and we
find that this is in genered & strongly varying func-
tion. '

Tbodnulhusobtalud:mbamlyudh wo
ways:

. At e recelver we can have & bank of bamd-
pass fkers measuring the averspe power from each
filter output, thus oblaining the average poser-
versui-frcquency celationship,

§. By wing the ensemble of feequency sweeps s
& base, we may compute tbe sutozorrelation fumc-
tion In the frequency domain of Beld sirength versus
Irequency.

By snalyzing skemative # first, we can wia $e
resulls of simple network theory 1 obtaln a simple
approsimate result. We know that the esponse to 8
delta pubse of a nctwork Iy known oy the impusa
feiponse ¥(r) of the metworl:. Furthermore, sha
Fourtier transform of the knpulse resprasc §s knoan
a3 tho tcansler function Flw) of the network. By
mulliplylag ehls teansfcr funcion with ity complex
conjugate, we oblain the power specitum dhat w3
are sceking. From the previous szetion we obtaig the
cxpression for the impulse response by taking the
sguace reat of cquation 22, Analyzing this fancticm,
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we fiad that it cloicly resembics an exponential func-
tion of ihe form P(r) = exp(~ar). ‘tha /¢ widil
of thz jmpulse responss Is given by

Ar = SV — 1)/BaC )

To simplify the Fourier transfocmation, we sssume
sa expoacalial impulsc respansc such that ar = /e
(whea we latroduce oaly & small ercor). The Four-
ker transfocm of tho exponestial impulse response
exp(—ar) Is givea by

Fe) = a4y (r3)]

‘The power spectrua s then given by
W) = Fiu)rtip) a0

- '+

+ ubsiltuting for o st oblained from (24) snd
sosnalizing tho rewlting equation for v = 0, wa
find that the 1/2 power widih of the power spectrum
isgivenby |

Ay = Ba'C N — 1) an
In Figure 1 the ‘messured quaniity,’ nawely band-
widih, is plotied versus the exponent n of the se-
toactive-lndex spectrum.

Now ket u3 compute the eutocorrclation function
In the frequency domain (R(aw). The volags V,
st frequency w bt given by ¥, = Flu) = (a + Ju)
Similarly, the vohiage ¥V, at frequcocy (w + Av) b
ghen by ¥y = Fu + 80) = [a + J(u + Ad]*.
The mormalired complex autococrelation of these
teg voliages is thea givea by

oy {1/ 4 1IN/ Ga — foo + ) e
B e /G + )] s en.

By solving this lntegral wo get the following ex-
peessivn for tke modulus of the sutocorretation

-function

(s = {1 4+ (Quf2af " a9

The width of this autocorrelation fuacilon ks ob-
tained by leting R{sw} = 1/2, thus abtaining

by = 150 CE N - ) (i)
Note that the widih of the sutocorrelation In the
frequency domain &5 2(3)% timas the 1/2-power
wilth of th: power specirum, When ploticd as in
Fizure 1, howsver {rocmalizing withy respect to i =
6), th: two cueves coincide.

3.3, Determination of 4{K) from measurement of
Doppler spread

In this scction we shalt very briehy discusy the
possibilitics of determinizg €(K) from measyrcment
of the fading specirum. Flrst, the post-detcction sig-
mal is subjecicd to & froqueacy snalysis, and then
the widih of the resulting power spscurum is maas-
ured.

M ks Is the wave pumber of the wave Incldent
on the scalicring elemeat the velocity of which is v
sod it k, b the wave pumbsr of the scattered wave,
thea the Dopplee shift of this wave is given by

F= /I, — k)-V = ()/2)K-V (1)
Since tha vector K Is determiaed by the position of
tho scaticelug element withia the tfective scattering
volums, the Dopples displacemeat s detcrmined by
the pasition of 1be scattering efement as well as by
its velocily. .
It all the scatiering elersents move with the same
velocity, thea ths width of the Doppler spectrum
is determined by the size of the scautering volume
contributing to the ficld sircagil at the receiver; L,
the width Is determined by the size of the eflective
scaticring volume, By using wida beams, this scat-
tering volue Is determined by the widih of the
#(K) function. For smzail values of 8, K s given
by K = 2c4/), such thet the vachation in K within
the efleclive scatiering voluine s 3 X = (2</2),
wherc 8 Is the cffective brarmwidth given by g =
(¥/d/2), aad IV is the effeciive vidth of the scat-
tering voluroe as measured n the ditection of wind
moticn [n a plane normsl 1o the path. The Tcngth
of the path s 4. Hence, with constant wind velocity,
the width of the Doppler specarum is

$Fm (VR on
The eftective beamwidth is calculated from the 9(K)
fuactloa as indicated in scction 3.5.

Now we will cansidzr the other extreme case
where e seaticring volums Is extremely small
(schieved by the usc of very narrow beams) such
that X Is a coostant. [f, then, 3V is the spread in’
velocity of the scattering elements, then the width
of the Doppler spectrurm resulting from the Buctuat-
Ing component of the air velocity is givea by

AF = (s¥NH) 33)

By condining (32) and (33), we find thal tie
Doppler broadzaning resuliing froin a mean wind
velocity on which a Muciuating componcat is supse-
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impaosed is given by
- SF=1/MVB+ bVD 4)

See Gjessing [1962] for detaily.

Thus we sce that it the 3V# wm s small com-
parcd with the ¥ term, then'ln principle we can
obmaia information about g, agd hence €(K), from
measurement of the Doppler spread and Lrom koowl-
edgs about the mean cross-path wisd velocity. This,
-bowsver, dozs not appear (o be a very promising
method (since the term 3¥2 o general cootributcs
considerably), snd will beoce ast be subjected to
adaiziled analysis ia this survey.

It shovid be emphasizcd that the cusrent treat-
meat of the Doppler problem Iacgely vefers to the
caso where we bave spatial bomagzoeity of wind s

Al as of relrociive index within the scaticring vol-
.. It radio beams that have a Jarge veerical extent
ore used, the mean cross-path wind velocity must
bo expecied to vary considerably within the scat-
teding volume. Similarly, the Intcosity of the scat-
itring clements may vary considerably with height.
The width of 1he Doppler specirum will thea wend
o bz dominated by some compromise between the
strongest scaleciog efcments (scaticring layers) aod
those baviag the lasgest cross-path wind velocity,

If the long-term frequency siability of the Socal
oscillators in the transmitter and the receivers s sul-
ficiently good 1o permit measurement not only of
Doppler spread but also of the exact Jocation of the
Dapplec specirum on the frequency axes, Thea the
potential of the curreat method a3 8 means of de-
tecmining ©(K) is greally improved [Birkemeler
el al., 1963b].

8. Deternination of alr welocliy from Doppler
measuremeris

Hitherta, the basis for our discumsions has been
tbe spatial reliacdve-index structure ©(K). We now
with 1o discuss what fnformation we can abtaio
pertaining 10 the 2ic motion, ic. the time variation
of the sefractive-index siruciuse (mcan wind snd
turbulence), Equation 34 sums up the nlormation
th2t can be obtained on the basis of measurement of
the Doppler spread, ie. from an avalysis of the fad-
ing envelopz. This equation can be gencratized to
includz the case of an anisotropic sic-velocky Beid
{Gjeising, 1962).

S(1) is the pre-detecilon spectrum (Dogples spec-
wum), then the measured Quctuation spectrem
{Aulas, 1969} I3 givea by

stn= [ sosu+ o

By denotlog ibe dircclion of the K wecto- as meas-
ured in a vertical cross-path plase by y relative jo
the veaicel direction, our expression Sor the Doppler
sprcad becomes

&F = IAVS + Ve 0n

By uslng narrow beams such that tha bemmwidih g
{5 a kaown quantity (indepcodant of the scatitring
mechanlim), loformation about ¥ (e mean
crass-path component of the wiod) and ths fuctuss-
Ing component of the wind §V(y) can be obtalacd
from beam-swinging cxperimenis varying # aod y,
sespectively, in a controlied fashion mnd by meas-
urizg the corresponding Doppler spectrum “Glessing,
1962].

Tt we havo access 1o the absolute frcqueacy at the
secelver, Le., it we can micasure tha Dopeter shift,
& s clcac from (31) that # the mecan acons-poth
wiad s cusentlally barizontal, the mean Doppler shifs
fs givea by

Fy = (I/25)K ¥V alny {36)
sloce y measures the disection of K refaths 1o the
vertical dircction and since the direction of V Is
assumed to bs 90* rclaive 10 the vestical,

Furthermare, since K = (25/A)4, the m=20 Dap-
pler shilt is given by

Fo = Q¥ an
whers o ls the azimuthal angle of the small scat-
tering volums from the great cleclo. By pointing
sarrow-beam aatenans off the great-circle beacing
by a kaown amount &, we can obtain Inbrmation
sbout the horlzontal cross-path componeat of the
meaa wind veloclty (Birkemeler, 1963a; Acas ot ol.,
1969a]. But to avoid the contamination duz to 8
possible horizontal speculsr surfoce, the aogls «
should be at keast a couple of beamwidiha,

1.9. The efiect of refracilon on the 4K} daductfons

We have scen that jn most of the expressians relat-
ing the slopa » of the refractive-lndex speztrum to

Note that the past-detection Intznsity-fi tion
sprcirom S{F} ¢elermed to is symmziricul around
rerd frequeacy where it has & pritnacy maximum, It

the I quantity, the minimum scaticrng angle
dfa s a parametes. But, sithough the pam leagth
dis generatly knowa azcurately, the effectivg canh'’s
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sadins « Is oot sioce it s strongly dependent on ro-
fracion. o order to deduce # from & pacticular
expzriment, therclore, wo need information about
the refraction.

. Figure T shows the effect of sefraction oo the
& deduction. The arrows indicate die shilt §a de-
duced n value resuliing from feleaction cotrespond-
ing 10 & 473 a eflcciive carth radius. We sce, for
sxamplz, that if a refractive-indzx spectrum #(K) ~
K-+ is deduced from measucement of the time-delay
specirum assemiog no sefliactioa, the actual relrac-
tve-index specirum is proportional to K- if we are
locludiag the elcct of the 4/3 eacthi-radius relraction.

3.10. The effect of spattal inkowmogenaity on the
¥(K) deductions

It Is genernlly obscoved that the seatiering ability
+t the almosphere changes with height, whereas the

Wfliﬁons a5¢ more constant horirontally (Gjessing,
‘Mn]. We therefore geagcallze ouc expression for
the scalicring cross section (refractive-index spec-
trum) toread

&~ rz)R(K)

where v(2) Is the homogencity function, z beiag the
verdical coordinate. We bave scca that most of the
experiments measure the combined effect of the &
sad ¢ [uoctioas, since for scattcring Ja a grealcircle
place, |K| is proporiionul to the belght of the scat-
tering clement, To ditecmine the & function, there-
fore, we must have Information about the » function.
This can be oblained by eaperiments of & more
speclatized nature [Giessing, 19640) and Iy thareloce
mot comsidered a3 being withio the scope of this
presentation,

* : Let us now discuss the lofluence of the » function .

e n deductions. To illustzate this influence lct
us base our discussion on the vertical beam-swinging
expeciment, bearing In mind 1hat the sesults obiained
are directly applicable 10 she deductions of n made
Arom the measurements of the pulic delay, the band-
widih, the coupliag Yoss, and tho vertical and hori-
zontal correlation distance. Jndeed, of the esperi-
oentz] tzchaiques that we have discussed it is only
ths multifrequency experlmeat that Is not directiy
affected by a Jack of spatial homogencity. '

Expecinients show (Dgrresen ond Glessing, 1959)
that In genesal the o function can be written in the
form ofz) = B0 where it cpressed in
db kn. Since 2,0 (d'2)0./2a0d 2 = N8, 4 )72,
our expiessian for e normalizsd angular power spc-

tevm lakes 1the furm

1PE ol = {1 + (a)/tdfe) 1074 ap)
By analyzing this expression, w3 Giad that it Is simi-
far to the lumiliar power law, We thus want to com-

pace the abovo cxpression with 2a expression of the
form

[Pe)/ P = 1 + (2o)/idfa))™ a9)

50 83 10 b able to find a relationship between a and
&. To obtaia Wis relationship we equats equations
38 and 39 for [Pla)/P)] = 1/10 when 2a/(d/a} =
(o~ — 1),

Tha result ks the following relationship

&= ut - (w0 ON — 1) 0y

The functlon aIOY~ — 1}, however, is'a slowly
varyiag funztica.

To sinplily Ure final expression we put 10" — 1]
=2.75, Introducing o negligible erroc if o'} > 6 aod
8 2095 crroc in the ATH0M — 1) factor for 3 < o' < 6.
Our relatiooship between m and o’ thea becomes n =y
a' =107 X 107" md®. Using, then, & typical valus for
, namely 3 db/ke, we find that the ecror 4a in ths
deduced value of » Ring from fnhomogeazity for
varlous values of the path lengih d is a3 giveo in
Tablc 1. )

It should be mentloned thet, whercas the resulis
from most forward-scatier experiments suggest an
exponcnlial fall-off with the height of the scaticring
Intensity, radae backscatier cxpeciments aften o~
dicate the occureence of discrcte scattering Jayecs.
U the atmospheric structure i3 predominaaty lay-
eced, the exponentinl v function adapied lu this
survey is probably not well justifizd,

4. DETERMINATION OF #(X) ON THE BASIS OF
SPECIFIC EXPERIMENTAL RESULTS

Ta this sxclios we shall consider some specibe
experimental results from which we shall d:duco
the relractive-index spectrum. The results have gep-
erally beeo mads avallabls by the appropriste ex-
perimentalist (cither through publications or by coc-
respondance) In their original form such thal we

TABLE L. Erroc {n doduzed » resvhing kom a verthoal
Iohannag :nsity of 3 db/km

dkm 300 ) 200 100 3
& [ 1.9 3 a,) .0
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have at our disposal, for exomple, the histogram
giving (ke freguzocy of occurtence of the vedtical
cocrelzlioa distanze for a givea path kagth and a
givea radio froqueacy. On the basis of these basic
sesalts 2ad on the basis of our sct of cquationm
relating the relractive-lndex spectrum 10 the meas-
ueed quaatity, we shall calealare the cunmlative
disuibution funciion foe ». Note that &, as belore,
is the expoacat in the power law #(K) ~ K=,

This treatmzat of cxperimental Endings (doduc-
tons) should sot be rcgarded as comprehensive aod
comptte. Results from many powerlut cxpecimeols
of & somzwhat sp¢ckal pature will not be mentioned.
Ths seasoos for omitting these ars the shortage of
space and the fact that some of the results (hat have

zea made available do Bot readily lzad themselves
» the deduction scheme adapted ia this survey,
Yeamplzs of such results are soma of those of
£ehllisber [1965). . Fehlbaber geazcafly works fa
physicel space rather than in K space, and he draws
coaciusions about the comelation distance in space
of the refractive jndex (scalc leagth fo the verticel
and in the cross-path horizontat ditection). He con-
cludes that the spatial correlation function of re-
Eractivity is & Nortoa function of the otder of 1/3
such that the onc-dimensional wave-number spec-
trum 1xkes tke form E(K) ~ K-,

4.1. Deductisns jrom beam-nwinging experiments

The cumulrtive disuributlon fuaction of Figure 2
shows the results from two reccat beam-s:ringing
experiments serving as examples [rom this group of
experiments. Table 2 shows the medisn valucs de-
duced from several other beam-swinging cxperd-
“n:ny. Refering to the results of Bull ond Nelsser

1958), we see that the probability distribution of
dpectrun slopz # is & morma? distribution with a
median velue of 4.1 and a raoge from 2.2 to 6. The
reschs of Giessing et al. [1969) slsc give a normal
probability distribution for # with a medizn value of
3.3. Note that ths eflect of relracton and the lack
of vertical homegencity on the s deductions have
bzea accougted for In this expesiment. This s made
possible by using radiosondes from which the ver-
6izal & profil: is deduced and by using a supple-
mntary bexam-swinging cxperimeat [Bprresen ond
Giessirg, 1969]. The radio frequency used bs 6 GHz,

Table 2, which summarizes the resells, presenis
two very recent n daductions made by G. Bull and
J. Websser (piivaie correspondence, 1269), where &
maa value of 1 = 3.8 is obiaiued from beam-

swinging cxperiments wiing & radio frequeacy of
2.4 Gliz, snd & mean valce of & = 3.6 is abialned

by using 9.4 Gil. Bull and Neisser are i the rocess
of refating their n doductivas w0 the Richacdson
number. H. Joske (privmio correspondence, 1969)
bas completed besur-swinging expiriments betwesn
Bremerhaven and Heligoland on two frequecciss,
namely 16.5 and 7.5 Gliz, obtaiving & median value
of 1 =2 3.6 for both wavelengihs. Cox and Vatarman
11968] conclude oa the basis of phass and sciplinudo
wmeasurements of lanshorizon mic.cwaves that »
vasles from 4 to 10. They Included caly cases that
& be desc.ibed by a model predicting & smooth
decreass of scattored power with scatiedag angle,

4.2. Deductions from maltifrequensy experiments

The deductions made from mulifrequency experl-
meots are shown In Figuro 3. Polpiono's [1954)
summes measurements give a meding n valus of 3.5,
whereas the winlce measurements give n = 4.7. The
wavelength depradinco is obialacd Irom m=asure-
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TADBLEL Drducrions of the slope o of 1hs refracthe-dadkx

Bcirum [4K) ~ K]
Thpe of Experimeat Ravestigatar [ ] No
Biam.su bnging Dol and pisr 362841 1
expecinens Ujessing et al, 3] 2
Jeske 1 |
Wuermmnelsl Verlisfrom 4
4010 1040 :
. Mubtirequancy Bolglano LS 4T 3
sxpeiments Ekiwnd and 4.4 ]
' Wickerts
Vertical fctd.
sueapth corrslatioa  Groukopl LR ] T
Couptiag low Qroiskopl and
Fehthaber 4.3 s
Geonkopl 5.0

Dalay specicum width  Barrow of sl Vaties from

(Fewexp, only) 27080 W
~godwisth Waterman et ol 3.8 1

* Nots that all m volues are nerdian values excrpl sesulty
no, 4 3ad 10,

mznls oa thres waveleagths: A = 3.3 cm, A = 10.7
cm, 3ad A = 35.7 cm. The exponent n is dedueed
by averaging the waselength dependence oblained
from _the ratio P{A = 10.7)/P{x = 1.3) and that
obizincd trom the ratio P(a = I5TY/P(A = 10.7).

Finally, the measurements of Etlund and Wickeris
[1966] give an » value of 4.4. Their results {shown
in Figure 3) are obiained by uiiag wo fadio fre-
queacies, namely | sod 3 GHz.

4.3. Deductiors from wertical fiatd-strength cor-
relation measurements

Whereas the relationship between measured quan-

-4ty #nd x in thz care of beam-swinging wed mnultl-
. Jequency experiments b very simple, sed the de-
ductions ace stzaighitarward with o high level of con-
fidence, we sce from Figure 1 that the cocrclation
distance is very loosely related o lic siope n of the
refeactive-indzx spectrum. We also see that refraction
eflczts are important. Oun the basis of some of Gross-
kopls expsrimintal scsults from measurements of
veatical B:ld-strengih corrclation distance {Gross-
kopf, 1963), the probability disteibusion of the slops
a s deduced. The results ace shown in Figure 2.

4.4, Deductions from measnrements of antenna-to-
medinn coupling loss

The question of selating the coupling loss o
2rainclers doscribing the atmospheric state appears

to bs & very comtrovershal topic. There aro severa
theorics and considerable disagreement. Widh this in
arud, the Wsk of deducing an atmospheriz structure
trom caupling loss mecasurem:nts does not appeas
to Lo a promising onc. For the sake of complete-
pess, however, and for thz purpose of Musiratiag the
vaciability of ths spectrum slope a rather than du-
termining Ws madiaa valus very accurately, we shall
include n deductions from coupling loss measure-
ments. The equation for coupliag koss given sbove
assumcs a smal-spertuce trapsoiitter aad a rezziving
aperture the dimensions of which are largz in com.
parison with the field-sirengh comrelation distasce
(l.c. pr > Lv and D' > L.. wheee D and L an
the anicnoa dimensioa xod the correlatisn distaazs,
respectively), These couditions mey not bs sztisfsd
for all values of a. For low values of n we may find
that the vertical corrclation distance of B=Td stezngth
is larger than the satenna diamater, whereas the
horizontal Is mot. This has to be takea juto con.
sideration when deduciog n Irom measurzments of
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coupliag Josi. To mecasure anicona boss in praclice,
we will bave 1o compare the power received on
farge anlenza with that reccived on a smaller one.
Th: sm2lizr soteana wsed as the refeccnce may
sulier a coupling loss fos Jowy valucs of a but not
tor high valuss. Finally, if we use a large uransmit-
ting aatenaa for practical reasons instcad of a small
ooe, this darge ontznaa may not have tic same clfect
o ths coupling loss of the two rectiving antcnnas.

The sesulis of Grosskopf [1968) and Fehlhaber
ond Grosgkop) [1968] wre uscd as the basis for the
# deducicas shown in Figure 2. The equation fog
couplizg loss givea above is used a3 the basis lor
calculaton of Joss oo both ke recciving satennas.
The mzasered quaatity, which ba this case is the
“ifizzznce jo coupling loss expericaced oa the two

ateaass, i thea obtalucd, Note the close agree-
heol-berveen the n dzductions mede fcom Gross-
kopfs vertice! comclation measusements with thoss
mads from his coupling oss measuements. “These
two sets of measurements were made on the same
path (Hambueg-Daanstadi) and st the same time.
No:z also that tha horizontal correlation distance
and e coupling Joss are affected by atmospheric
agisoropy, whereas thls is oot the caso with the
temeining expediments discussed. Since our n deduc-
tions from mzesuczments of coupliag loss assume
Isotcopy, it is probable that the ones we preseat In
Figure 3 zre jo emror,

4.5, Deducilons from measurerments of delay specira

The measuremeal of time delay (and Doppler
shilt) using the Rake waposcaticr techniqua {Barrow

al, 1963} looks very promising. Since this par-
Gicular experiment measures not only the pulsc
broadexlag (width of delay spectrum) but ahso the
absclute delay experienced on a givea path, we can
draw conclusions about the sefraction and thug im-
prove the azcutacy of the r deduction, Alihough,
as we have scen from Figure 1, the Influence of n
03 th.: measured quantity is aol smong the strongest,
th: {2:t that we can get information about the re-
fraction eflzcts adds substaniially to the poteatial
usz{cinzss of the technique,

Urfa:teaaiely, the amount of data avallable for
this survey is Mmited. Conscquentdy no complete
disuiibtiza feastion of the exponznt n in the pawer
taw can bz given. On the basis of the few scrs of
expzrimenial data available, it can be concluded
Lt the o vatuss deduced are in geural agrecinent

with aha other expedments favesdizated. Sco Tatke
2 foc details.

4.6. Dcduciions from measirernent of band widd:
{Irequency-sweep experinents)

In this suivey we shall confina ourscives to the
resulis from ooly one moce investigation, namcly,
ona based oo the measuremzat of correlation dis-
sance o the frequency domain. Several such experi-
ments have been performed, However, most of thesa
do not lead themsebics to a d=ductions, slace the
baadwidth Is governed by the ransmiuzc scd re-
celver beamwidth rather thaa by the &(K) fuactioa.

As an exnmple from the latze group of frequency-
sweep experiments, Waleeman's experiments will be
givea (Waterman «t al., 1961). Figure 3 shows the
cumulative probability distributica of n. Note that
s curve does not suggzit a normal distributioa,
This Is probably a result of a Jimited casexbie 37).
We sce that the range of variation of deduced n {s
la accord with the other experimental Tesults, aml
we &30 sce that the median value of n i3 3.8, Table
2 summarizes the esscadal data pertaining o the
n deductions.

3. CONCLUSIONS

Expresslons for the chasacieristic propestizs (meas-
ured quantity) of a scattered radio wave have been
derived fo terms of paramatecs describing the tropo-
spheck rofractive-index structurs. On the basis of
this sct of squations (which have been derived in
& uonified manner), deductions regarding the slope
A ol the relcactive-dodex spacirum [o({K} ~ k=]
are mado tom specibc measurements of

e Angulsr scatiered power spectrum,

b. Power teccived at different wavelangths.
€. Vertical corzclation of fisld streapth.

4. Aatenna-to-medium coupling foss.

¢, Widih of time-delay specirum,

). Bandwidth of scautering mechandsm.

Probablity distributions of the axponcat = are
ghven oa the basis of the distribution encilons of
the measurcd quamtity. It Is loued that the width of
the distsibution functions s very much she ¢3ma
irrespective of experimantal technique. The expo-
acnt n varkes from apzroximewly —2 o —6. The
miedian value varkes fram expzriment 1o experiment,
the rauge of variation teing from —2.3 {0 5. This
vaciation cam not be interpreied as being dus 1o
srran. utcoduced da the mcaurcments. By pectorm-
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Jog expzriments having 2 high evel of confidencs
and by accounting for {actors such as rclraction and
lack of spaiial humogeazity, It is found that the
wedian valuz of the cxpancat a varkes substantially
Irom summze lo wiater. It vacics also with geograph-
fcal poshtion, It thus scems manifest that the slope
# of the reiractive-index spectrum s Indeed a vari-
able quantity. .

It should bo emphasized, however, that we have
mot shown that homogcocous, isotropic turbuleacs
does pot always obey ths —5/3 Jaw {n = 11/3) Ia
what is believed o be the Inestial subrange portion
of ibe spectrum. It may well be that the deviation
from 11/3 In our p deduction §s a result of thia
turbulent sirata in the troposphers such that the
11/3 Ructuation spsctrum I3 supcrimposed o a
syatematic relraciive-indsx’ profile. I the layee Is
- and the changs in mean refractive indax through
or layer is lege, shea the contdbuiton from the
B.udn profile 1o the #(K) speetrum, that we measire
by radic methods may bc larpe [Giessing, 1968).
This mey well be the rcason that wintzriime and
noctummal measurements indicate larger n values
thao o sumser and daytimc obscrvations.

One may perhaps slio argue that intcrmittency-
{la time) of ao 11/3 law turbulcace Beld may lead
to n values such as those measurcd, or one may
iroduz: the cfizet of buoyancy and anlsotropy.
Aaswers 1o these questions, however, are beyoad
the scops of this paper.
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the bilp glven 1o him by a large group of Judividuals wha
bave mupplicd Iolormation o chis sorvey. Their prompt
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ON THE USE OF FORWARD SCATTER TECHNIQUES IN
THE STUDY OF TURBULENT
STRATIFIED LAYERS IN THE TROPOSPHERE

DAG T.GJESSING
Norwegion Defence Research Estublishment, P.O, Box 25, N- 2007 K jeller, Nurway

{Received 15 August, 1972)

Absiract. This review paper considers the potentinls of forward scatier radio techniques as a diagnostic
tool in the study of stratified turbulent layers. Scven classes of experimental techniques have been
considered (beumswinging, multifrequency, vertical and horizontal field stirength correlation, cou-
pling loss, pulse delay and handwidih measuremecits). All these techniques with ihe exception of
bandwidib and defay experiments measure directly or indirecily the irregutarity specirum of refrac-
tive index. Bundwidi hand delay distributions are determined by the vertical distribution of the refrac-
livity irregularitics. Thus for the purpose of oblaining information about a luyered siructuse where
our interest is focused an the vertical refraciivity distribution rather than on the averaged speciral
properties of 1he struciure, the lasi {wo caicgorics of experiments appear to represend a powerful tool,
If one is intcrested in the speciral properties, multifrequency and bewnswinging experisnents aye of
great potential value whereas other experiments such as that Micasuring coupling boss ure largely
influenced by pure refraction effects,

L. Istroduction

It is the object of this survey Lo discuss the potentials of forward scatier radio tech-
niques in the study of siratified turbulent layers. The survey represents (0 a large
exlent a comtinuation and an extention of the review given at the preceding [UCRM
Colloguivm (Gjessing, 1969). la 1hat previous review, emphasis was placed on the
study of an essentially homogeneous atmospheric structure in the sense that it was
assumed that the form of the refractive index speclrum remains invarianl within the
spatial atmospheric region under investigation. The variance of the refraclivity
fluctuations, however, was ussumed to be a function v of position in space (v, y, o).
Furthermore it was assumed that the three-dimensional spectrum of the refractive in-
dex Auctuations can be writlen in the form @{K)~K " such that the scalering
cross-seclion o is given by

o~v{x, yz) K"

Finally, the treatment was based on the assurplion that the mean refractive index
decreases systematically with height z such that this decrense can be 1aken into
account by introducing a parameler a (ctfective Earth rudius) given by

| I da

+
R a d

where R is the actual earth radius and dnfuz is the vertical mean refractive index
gradicnt.
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The previous review, on which the current contribution is largely based, considered
the influcnce on the quantities measured in trans-horizon propagation {correlation
distance of field strength, bandwidih, pulse distortion, ete.)} of the slope # of the
refractive index spectrum, the refractive index gradient @, and the inhomogencity
fuctor v. The relationship between the measured quantitics and u, @ and v was calculated
in & wnificd manner so as lo enable us 1o compare the values of a, g and v deduced
from the various experiments. Deducing Lhen the spectrum slope u from various ex-
periments, specifically beamswinging experiments, bandwidith measurements, mea-
surement of vertical correlation distance of ficld strength, anlenna coupling loss and
two frequency experiments, it was found that the widths of the essentiglly Gaussian
a-distribution curves were very much the same for the different experiments, These
distribution curves are shown in Figures | and 2.
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Fig. 1. Probabifity distribions of the specirum slope 4 as deduced from iwo-frequency and
{requency sweep experinwents.
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Fig. 2. Probability distributions of the spectrum slope a# as deduced fsom beamswinging, coupling
less and Beld sirength correlation experinwaly,

It should be emphasized that in order to review the rather large ficld under consit-
eralion within a reasonable number of pages and in order for the review 1o serve its
purposc in the prescnt context, the treatment will be limited to a statistical one. If
one were to inctude single isolated experiments or case studics such as the carlier
rapid beamswinging experiments of Waterman (1958b), the conclusion regarding the
potential of forward scatter techniques would be different and in some cases more
favourable. Since such a Ireatment no doubt would complicate the issue, it is not
considered justified in this review paper.

As we know, in forward scatier experiments it is a very particular spectral com-
ponent in the refractive index irregularily specirum that contributes and 1s responsibie
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for the scatiering of the eleciromagnelic wave, namely the wave number X given by
K 4r | o2
= sin .
A

where 1 is the radio wavelength and 0 the scaltering angle. Mosl Iropospheric ex-
periments, and certainly all those referred to jn Figures t and 2 make use of irregular-
ity spectral wave numbers within the region corresponding 1o the inertial subrange
portion of the turbulence spectsum. For isotropic and homogencous turbulence, we
should therefore be dealing with the —{ law portion of the spectrum such that our
specirum slope # would be —1)1,

Figures | and 2 show that although the median value of spectrum slope # is close
to that corresponding 1o the incrtial subrange, the variability in n is very targe. This
variability may indicate the deminance, or at leasi notable contribution, of stratificd
luyers in the troposphere. The current survey has the objective of serving Iwo purposes:

(i) To seek an explanation of the » variability shown in Figures | and 2, basing the
analysis on the assumption of thin turbulent layers embedded in a background of
lurbulence.

(ii) To investigale the relative potentials of the forward scatter techniques when
used as a disgnostic tool in the study of waves and turbulence in stratificd laycrs.

Following the procedure adopted in the previous review (Gjessing, 1969) and 10
some extent basing the work on the results of this contribution, we shall study 1he
major lechniques individually with a view 10 cstablishing to what extent a stratified
atmospheric siructure influences the quantities measured in the individual experiments.

First in Section 2 let us define what we mean by the term *siratified turbulent layers’.

1. The Atmospheric Structure Under Investigation

For the purpose of illusirating the physics and the fundamental principles of the
problem ol hand, we shall discuss 1he effect of three idealized atmospheric structures
on the characteristic properties of a trans-horizon scatter signul and restrict ourselves
to these structures. In this comext we therefore deline the term “stravified wrbulem
layers® as follows:

Referring to Figure 3 we have pictured;

[ 5 Law
51 Law YRREGLAL-
{RREGUL ARITIES ARITIES
EFFECTIVE EARTH 1
s RADIUS q & ——31; . an
2 5 T 9 T
x ¥ an T
REFRACTIVE  INDEY REFRACTIVE INDEX REFRACTIVE WDEX —
{a) (b) (c)

Fig. 3. The categorics of atmospheric structures under consideration,
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(a} A homogeneous — § law irregularity structure superimposed on a mean refractive
index gradient characterized by an effective Earth radius a.

(b) A laycr model wilh a flinear n-prulite, Luyer thickness is 4k, the change in mean
refractive index through the layer is 44,

(c} A spatial intermittent ircegulurity fieki. We have — { law irregularitics throughout
the depth under consideration, but large variance fluctuations are restricied 1o a small
height interval 4k The variance is 4a? within the turbulemt layer and ' outside,

In the real atmosphere we may have the superposition of all three structures. A
shear zone such as that in (b) wilt sharpen the boundaries of the turbulent layer, in-
crease the variance of # within the layer and ultimately decrease the gradient of the
mean refractive index within the layer. The contribution to the resultant scatter field
from the (a), (b) and (c) siruciures are randomly phased and can thus be added on a
power basis (Gijessing, 1969). It is therefore permissible 10 treat 1he structures in-
dividuaHy and add the individual resuits.

This we shall now set out 10 do.

3. Scattering from a Turbulent Layer Embedded in » Background of ‘l'urbulence

Although we have seen a very large number of Iroposcalter experiments perfuormed
with a view Lo obtaining information ahont the tropospheric refractive index structure,
most, if not all, falt within 7 muin calegories:

(1) Experiments involving beamswinging in horizontal and vertical planes,

(2) Muliifrequency experiments, ie., comparisons of time-averaged power on
several radio frequencies.

{3) Measurement of vertical correlation distance of ficld strength,

(4) Measurement of horizonlal correlation distance of ficld strength.

(5} Measurement of antenna-to-medium coupling loss,

(6) Time delay experiments (Rake technigues).

{7} Bandwidih measurements (Frequency sweep experiments),

Basing our work on the atmospheric structure referred (0 above, we shall now
investigate o what degree of detail and 10 what level of conlidence we can determine
the characteristic properties of this structure on the basis of the seven classes of for-
ward scatler experiments.

3.). STRUCTURE PEDUCTIONS FROM BEAMSWINGING EXPERIMENTS

Consider first the experiment involving the synchronous *swinging of narrow trany-
mitting and reveiving beams in a vertical planc in such a way as to change the scatler-
ing angle 0. With the beams in u vertical great-circk plune, it is the vertical component
of the three-dimensional refractive index specirum that coninibutes to the received
power.

We must therefore consider ihe irregularities slong the vertical direction within 1he
scatiering volume. This volume is that illuminated by the transmitting bean and
‘seen’ by the receiving beam, i.e., the volume common 10 1wo intersceting cones.
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We shall now investigale the relative conltribution to the angular power spectrum
from the three groups of structures referred to in Figure 3.

(a) The scautering cross-section per unit scallering volume defined as the mean
power in the scatiered waves per unit power density of the incident wave in the scatter-
ing volume, per unil solid angle in the scaltered direction ¢ is given by

.1
= 3';_|L(z)e'i"dz|‘ m
k‘
=7, o), @

where & is the wave number =2x/4 (1 being the radio wavelength), and J.(z) is the
variation of refractive index along a vertical direction z.

K=k -k

k\ = wave number of incident ficld

k, = wave number of scattered fickd

such that

4
1Kt =" sin0f2 )
A
since 0 is the angle between &, and &,
If then the random refractivily Auctuations (backgrouad turbulence) obey the
inertial subrange X ~*/ law, the threc-dimensional spectrum @ (K} will be propor-
tional 10 K ~'"? and the scaticring cross-section & given by

003 ¢t

a=i”“(sin012)””' “

where C} is Tatarski’s scalter coefficient. The power received from a scatlering
volume ¥ is then

P~@(K)V ~0 "y )

and since for nurrow beams ¥ ~8"', we have
PH_""H’III!). 'ﬁ'

As seen from Equation (3) above, we can probe the @ (K ) specicum in a range of
K determined by the minimum scaltering angle 0,,, and the maximum [/ -

The angle 8,,, is governed by the angle beiween the tangent planes through the
transmilter and the receiver, respectively, so that fi,,, =dfa where o is the path lemgth
and 4 the effective Eanth radius. The maximum scatiering angle 8., is determined by
ihe power level relative Lo the noise level at the receiver. Thus the relutive received
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power is given by
P(o) u IR ANFR])
= 7
pn~ (" an) o

and the power received at any given scattering angle is determined by C? and 1the
scallering volume. We see that in order Lo determine the influence of the background
random irregularities on the scattered field sirength, we must know the mean refractive
index gradient, i.c., the effective carth radius a. The validity of the — | law inertial sub-
range cannol be determined from beamswinging experiments without knowledge
about the parameter a. For details the reader is referred to Gjessing (1969).

{b) We shall now address ourselves 1o the problem of scattering (specular reflec:
tion) from a non-turbulent aimospheric layer. The discussion will be limited 1o & layer
within which the refractive index varies linearly us shown in Figure 3b.

The angulur power spectrum of the wave scattered (reflected) from a systemaltic
refractive index profile is oblaincd by simple Fourier transformalion of the refractive
index profile within the scatiering volume as indicated in Equation (1) above,

This procedure has been substantiated by several authors (e.g., Wait 1964, Gjessing
et al., 1964 and Gijessing, 1969). In this contribution we shail largely limit ourselves
to Wait's results, which essentially arc the same as those of Suxlon ef al. (1964). A
somcwhat gencralized treatment of Wait's results are shown in Figure 4.

For the particular layer profile under consideration (linear decrease of refractive
index 4n over a height interval k), the power reflcction coeflicient is given by

dn sin X
2 sin? 012( X )

el = . %

RELATIVE POWER (REFLECTION COEFFISIENT |db

0 ) @0 50 0 L] ]

' v SCATIERING ANGLE @ [MILLIRADIANS) ' ' '

o057 14 n ' ' i 456 s7
SCATTERING ANGLE @ {DEGREES)

Fig. 4. Angular power spectrum of 8 scattered wave resulling from a layer of thickness .
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where

24k
x=""sinop.
A

The two limiting cases are an infinitesimally thin Jayer (4h=0) and an irfinitely
thick layer { Ah=o0}. For 4h=0 it can readily be verified that the power rdlection
cocfficient is given by
2

An
T _
lel” =1 sintop2 o
ie, P)y~p . (0}

We see Lhat an infinitesimally thin layer (disconiinuity in #) gives rise (0 a sca fering-
angle dependence of scalicred power which is very close to the —2 law obtaized For
homogencous isotropic inertial subrange turbulence. A layer of finite thickness resulkts
in an oscillatory dependence of the refleclion coefficient on the scatiering ange. The
thicker the Jayer is, the more rapid are the oscillations. When the layer thockness
approaches infinity, i.e, when we remove the upper knee of the profile, the oscillater
angular dependence disappears since we no longer get interference between (1€ 1wo
boundaries. The result is a smooth angular spectrum given by

T CLUN A (1
€= \ansasin?0p2
e, P(i)~0°,

We may conclude, therefure, that 4 single atmospheric layer gives rise lo angulec
dependences varying from 04 - ¢ * depending on the layer thickness. The power
scaltered in a given direction is determined by layer thickness and by the change n
refractive index through the layer.

However, no single layer can give an angular dependence weaker than that corre-
sponding to the 0 " * law. Referring to Figures | and 2, we sec that the single luyer
assumption atlows us 10 explain approximately 50%; of the experimental results, The
resubts giving a scatiering angle dependence weaker than the 0 =% Jaw cannot 3¢ en-
plaincd on the busis of a single-layer model.

(c) Finally we shall consider the spatially intermittent type struclure shown im
Figure Je. We shall see to what extent such & structure influences the angulir power
specirum,

In order to simplify the trestment, we shall assume thai the variance of the refeac-
livity irregularities through the turbulent siratum is given by a (sin.x)/x rclationship
and that the spectrum of the irregularities can be written in the form X ~".

The resultant spectrum is a convolution integral where the K ™® spectrom is con-
volved with the spectrum of the (sin x)/x filler funclion. The spectrum of the {si1x)/ s
filter is a rectangular function. The width of this rectangular liller spectrum is taker:
to be 2K and the density A is taken as § X' such that the integral of ihe filer spectrur:

100

becomes unity. The power spectrum of such 4 turbulent siratum then becomes
Ktk
E{(K)= f ACK™"dK,
K-k’

Solving this simple intcgral we gt

E(K)= AC[2K'K"+ ;u (= n- 1) KK

+52![(I —n}{—n- I)(--u—ZH-n—])K"K""]].

Choosing then n=4 =4\ we get

sy =2 -4
E(K)=K"[I+IO]3(::,) +7(::,) +] (12)

Figure 5 shows a graphical representation of this cqualion. We see that unless the
thickness of the stratum is less than 2 or 3 times the projected wavelength A/sint)/2,
the spatizl intermittency of the refractive index irregularities has no influence on the
angular specirum of the scaltered wave.

Furthermore, we know that all irregulurities within the scatlering volume contribute
(o the scattered ficld strength at the receiver. A very thin turbulent layer must (therelore
have a very large variance in order to give a contribulion which is comparible with
that of the background turbulence in which the stratum is assunied 1o be embedded,

10 z

20 r
LAYER THICKNESS ¢

L]

08 10 14 18 22 25 10 34 3 42 6 %0 S5¢ s
w b LI i
o0s* oa* 4" 19+ 15*

SCATIERING ANGLE © FOR Son WAYEL ENGEH

Fig. 5. Angular power spectrum of a scatiered wave resulting frons a thin siratum of intense
urbukence.
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Finally, we see from Figure 5 thal the existence of one turbulent layer resulls in a
specirum slope which is steeper than that one would have with — § law homogencaus
turbulence. Thus we are still not able (o explain all the weak angulur dependence
results of Figures | and 2.

Belore proceeding to discuss the poiential of other forward scalier techniques
we shall investigate what beamwidth requirements are related to a beamswinging
experiment (angle of arrival measurements) for this 10 be meaningful. One require-
ment, obviously, is that the beamwidth of the probing anienna must be smaller than
the wiith of the scattered beam.

Il 1 be the exponcat of the ungular power-spectrum # ™ and a, o the 10-Jb width
of the scatlered beam, then this beamwidth i§ given by

d
"mn“za(mm' i), ()]

where d is the path lengih and a the effective Earth radivs. Taking d, as an example,
to be 200 km and a=6.3 x 10° km, we lind thal

a0 = 0.9(10" — |} deg.
Considering then a narrow angular spectrum corresponding (o n=6, we find that
dy0 = 05"

The relationship between beamwidth o and antenns aperture diameter D is given by

in order Lo achieve a 0.5° beamwidih, therefore, a 100-wavelengih aperture is needed.

However, as we have seen, it is likely that unless we make the vertical extent of
the scaltering volume comparable with the thickness of the layer that we wish o in-
vestigate, the background turbulence, or the inclusion of several layers, is likely 1o
mask the eflect of the phenomenon that we are investigaling. Therelore, in order 1o
sort out the single kayer by beumswinging techniques, we shail have Lo resolve a volume
the vertical extent of which is limited to perhaps a few tenths of mieters. With u 200-kep
path length we shall then need a beamwidih

Hm 107 * rad
4= = rad.
100 km

This will require a 10* wavelength aperture or an interferometer arrangement with
a J10* 2 baseline. Such an arrangement ohbviously is not very practical.

In conclusion, we note that the spatial resolution of o furward scalter beamswinging
experiment is very much inferior 10 that of a vertically pointing backscatier radar
arcangement where the vertical resolution essentially is determined by the pulse widih
of a pulsed radar (15w for a 0.0 ps pubse radar) and by the bandwidth of & random
noise radar or EM-CW radar.
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One important feature of the forward scatier system, however, is ils superior sen-
sitivity. The sensitivity of a forward-scalter system is a factors in"0/2 better than that of a
backscatter system. Here n again is the slope of the irregularity spectrum. For n=4
and a typical scaitering angle of a few degrees, we sce that the forward scatier system
can detect irrcgularities some 40-50 db weaker than those of a back-scatter system,
all fuctors being equal.

it should be pointed out that in so far as the above discussion is related to a practical
beamswinging experiment performed in the vertical plane, the discussion is somewhat
hypothetical. Obviously, in order for a simple beamswinging experiment to give in-
formation about the cross-sectional structure of a layer, this layer nmust be inside the
scatiering volume for all the scaltering angles employed. With regard 10 a purely
vertical beamswinging experiment, this cannot be achieved with one set of antennas.

The current discussion should therefore furgely be regarded as 4 discussion of the
influence of a given layered structure on the angulur power spectrum of the scattered
wave. As such, it forms the basis of the subsequent sections.

3 2. MULTIFREQUENCY EXPERIMENTS

Consider now the experiment involving simultanecus transmission and reception on
two widely separated frequencics und scaled anlennas. If the antenna beams are
narrow such that the scattering volume is determined by bean geometry and not by
the scatlering mechanisny, then the scaticring volumes for the two frequencies are
identical. Mcusuring then the satio of the power received on 1he two Irequencics,
we gel information about the refractive index specirum along a venical direction
within the scaltering volume. Writing (his spectrum as @ (K )~ K ™", the power ratio
is simply given by

P (AY?
P(m”(h) “4'

If the received power is normalized with respect o the free-space transmission loss,
the corresponding power ratio becomes

i (4,)

P i|).-.
—= 15
P 1

4
P,,-‘ 2)

We sce that atmospheric refraction does not enter the equation in this case. This
is u feature which makes the mulii-frequency experiment a very altractive one in the
study of the characteristic propertics of the irrcgularity structure. Note, however, that
as in the beamswinging case, we micasure the combined effect of background turbu-
leace, the contribution from whalever layer structure may be present within the scut-
tering volume and from localized strsta of inlense turbulence. Even il we employ
large antennas, the vertical region in the atmosphere inherently involved is large.
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1.3, FIELD STRENGTH CORRELATION MEASUREMENTS

We have a wide-beam transmitter radiating its power cssentially in 2 horizontal direc-
tion. The resalting scaltered wave is reccived by two nearly identical, small aperture,
feceiving antennas positioned beyond the harizon relative to the transmitter.

The antennas are spaced vertically or herizontally such that the centre line through
the receiving anlennas is normal to the line through the tsansmitter and the receivers,
We measure the normalized complex correlation of the voliages induced in the an-
tennas.

It can readily be shown (Gjessing and Barresen, 1968) 1hat this spatial field-strength
correlalion fanction is the Fouricr sransform of the angular power specirum of the
wave reaching the recciving antennas. Thus if the aniennas arc spaced vertically, the
correlation distance of field sirength gives us information about the sngle-of-arrival
spectrum in the vertical plane. Simitarly, horizontally spaced antennas give us infor-
mation about the angular spectrum in a horizontal plane.

It is important to note that in this experiment we cannol use narrow beams. If we
do, we shall essentially be measuring our own beamwidths. Referring 10 Gijessing
(1969) for details, it can be shown that the ventical correlation distance is given by

L. -
; =o.44;(z”'— 1) 16

and the horizontal correlation distance
Ly a. . -
Lm0 ¢ ) (17

where g is the effective Earth radius {i.c., refraction effects are important), 4 the path
length and n the slope of the irregularity spectrum within the scattering volume
(#(K)~K™"). The vertical correlation distance is determined by the vertical com-
ponent of the three-dimensional spectrum whereas the horizontal correlation distance
is governed by the specirum along a dircction which is determined by the kength of
the path. For a line of sight path (if a scatter experiment could be realized on such a
path), it is the horizontal component of the threc-dimensional spectrum that matters.
If the path length is lacge, it is the componenl along a direction which is close to being
verticat that has the dominating influence (Gjessing, 1962).

In cenclusion we note;

(3) Refraction eflects have a marked influence on the structure deductions in a
field-strength corretation experiment (see Equalions (16) and (t1)).

(b) A correlation experiment measures inherently the speciral charucteristics of the
structure averaged over u large volume in space. One single sharp discontinuity in
refractive index will, as we have seen, give a 0~ angular power spectrum and hence
?sscnlially the sume vertical correluion distance as that resulting from homaogeneous
isolropic inertial subrange turbulence.
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3.4. CoOUPLING LOSS MEASUREMENTS

From basic anlenna theory we know that the free space antenna gain is proportional
to the antenna aperture (G =4gAf1?).

When dealing with large antennas on a troposcaiter circuit the linear relationship
no longer holds. The reason is the limited correlation distance of field sirengih over
the receiving aperture. If the correlation distance of fieid sirengih is smaller than the
antenna aperture, the antenna no Jonger behaves as a normal aperiure antenna, and
we are experiencing & gain deficit. This apparent gain degradation is commonly re-
ferred to as antenna-1o-medium coupling loss.

It can readily be shown (Gijessing, 1969) that this loss is inversely proportional to
the product of the vertical and horizontal correlation distances. The gain loss G, is
given by
A 5(2111_ ])(4”-_ |)I“A

Gy =——

, I8
Li, (aid)* 23 (8

Note that this cquation is based on the assumption that the transmitling antenna
beam is broad both in azimuth and elevation and the receiving beam narrow in bath
planes. This condition is necessary for the influence of the atmospheric structure on
the gain loss to be 8 maximum.

For olher antenna configurations sec Walerman (1958a).

As regards the polential of this technique as a diagnostic lool in the study of
turbulent layers, the same arguments apply as those presented when discussing corre-
lation distance measuremenis. We note, however, that in the case of coupling loss
measurements, the influence of refraction is very marked (the efiective Farth radius
@ appears in the second power) so that it becomes imperative to know the mean re-
fractive index gradient in order to determine the spectral characieristics from the
measurement of coupling loss.

3.5. TIME DELAY MEASUREMENTS

The experiments we have discussed so far, all measure, directly or indirectly, the
angular power spectrum of the scaticred wave. We have seen that the two extreme
structure categorics, homogeneous — '! faw turbulence and single, infinitesimally thin
layer, give angular spectra which for all practical purposes are indistinguishable,

Admittedly there are special sets of c.g., beamswinging experiments, that at feast
in principle can reveal the differences (see c.g.. Gjessing, 1962) but on the basis of
simple single experiments and reasonable beamwidhs, it is very difficult 10 analyse
a single-layer structure.

The two remaining experiments to be discussed, time delay and bandwidih measure-
ments, do not rely on the angular power spectrum but on the delay spectrum. Using
wide-beam antennas on cither end such that the muliipath transmission is governed
by Ihe scallering mechanism rather than by beam geometry, we seek an expression
relating path length { and the position in space of the scattering clement {layer). Note
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that the loci of constant delay in a forward scatter experiment are concentric ellipsoidal
surfaces having the transmitting and receiving poinls as foci. Discussing then layers
which are predominantly horizontal, we see that those in the neighbourhood of the
mid-path point of inlerest in a forward-scatter experiment coincide with the constant-
delay surface. It is thus essentially the vertical distribution of scatlerers we resolve
in 4 pulse-deiay experiment.

Simple geometry shows that if 0 is the scattering angle corresponding to u gives
path length /, and d the length of the chord between the transmitler and the receiver,
then {and ¥ are related by the following equation

()

Diflerentiating this equation so as to Bet an expression for &/fdd, we find the follow-
ing relationship between At and Al :

4
A4 = 430 ar. (&)

Neglecting second-order terms and putling 40=Az{{d}2) and 0 =dfa, where Az is
the height coordinale measured from the intersecting point of the Iwe tangent plancs
through Fand R, und o, as usual, is the eflfective Earth radius, we get the followiag
expression

2
= Az. 2n
a

We sce that in a pulse-delay experiment (bistatic radar) the space resolution is a
factor 2dfa inferior to a backscutier radar cxperiment. Note however that the sensi-
tivity of the bistatic radur is a facior sin®0f2 (where n is the exponent of the three-
dimensional refractive index specirum ®(K) K™ *) better than backscatter rudar. Thus
the forwurd-scatter experiment will reveal much weaker irregularitics than the back-
scatter experiment. If then the refractive index irregolarities are himited (o a layer or
thin strata of thickness dz, then a deha pulse transmitted at T will appear as a broad-
ened pulse, or a spectrum of delia pulses at R, and the width of this delay spectrum is.
given by
Al
¢
2ud

= 4z, (22
ac

Ay =

where ¢ is the wave velocity.
As an example, consider a 200-km puth and a thickness of the turbulent strata of
10 m. From Equation (21) we then sec that path length differcnce 4/ will be

Al = L4z
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ic., the space resolution is degraded by a factor of 15 refative 10 4 back-scatter radar.
The widih of the delay spectrum Ay associsted with a 10-m thick stratum will then be

Ay 2% 107 s,

In order 10 resobve Jhis layer, we shail thus need a transmitted pulse which is shorter
than 2 ns. Using a randam noise modutated radar transmitter and coherent delection
techniques, we shall need a noise bandwidth which is in the order of

I
AF = =500 Mliz,
4y
Assumec now, as we have done previously, that the thin layer is embedded in a
background of turbulence and thal this lurbulence gives rise to a — 4 law refractive in-
dex irregularity spectrum. We have previously shown (Gjessing, 1969) that the Ife widih
of the delay spectrum resulting from a homogencous irregularily spectrum is given by
4= (" - 1) (23)
7= gatet® ’

where a is the slope of the irregularity spectrum. This should be L} for homogeneous
isotropic incriial subrange turbulence. Using the same path geomeiry as in the above
exumple, we find from Equation (23) that the width of the delay spectrum resulting

from the background turbulence is

4y =60 x 1073 ;s

This is a factor 30 relative to the delay specirum width resulting from a 10-m thick
layer. The background turbulence, however, will give a particular decrease in ntensity
wilh increasing delay whereas a thin layer of large refractive index variance will pive
# well defined peak in the delay spectrum. Given a sufficiently short transmitied pulse,
therefore, it should in principle be possible 10 identily a thin layer in a background of
turbulence.

The results from rake tropospheric scatier techniques are promising in this respect
(Birkemeier, 1972).

3.6, BanpwinTH MEASUREMENTS (FREQUENCY SWEEP EXPERIMENTS)

Our interest is now finally focused on the bandwidth properties of a scattered wave
in relation 10 the particuler atmospheric structures under consideration. The Irans-
mitter frequency is vasied over a small frequency band ai a sate which is large by com-
parison with the rate at which the atmosphesic structure changes. At the receiver we
incasure the power as a function of frequency, sweep by sweep, and we find that this
in generat is a strongly varying function.

The data thus obtained can be analysed in several ways. One method involves com-
puting the autocorrelation function in the frequency domain by using the ensemble
of frequency sweeps as a basis. Another involves measuring  sinwilianeously the
average power al a large number of frequencies within the range over which the
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frequency is varied, thus obtaining the average power-vs.-frequency relationship,

We have previously shown (Giessing, 1969) that there is a simple relatisnship
between the width of the delay spectrum and the bandwidih, if 4y is the width of the
rectangular delay spectrum resulting from a layer of thickness Az, then the bandwidth
Af is given by

| ¢
Af = =,
4 4y Al
From Equation (22) above then, we get
dac
Af = . 24
4 2d4z 249

On the basis of the previous example with a 10-m thick layer within the scat ering
volume limited by broad beams and a 200-km path, we find that the bandwidta

4f =500 MHz.

Thus, in order to resolve a 10-m ¢hick layer by a frequency sweep experimert, we
shall have to change the frequency rapidly over a 500 MHz band.

Then let us consider the bandwidth limitation resulting from the background tur-
bulence. Referring 10 Gjessing (1969) for details, it can be shown that this bandwidih
is given by

_ 8a'c
T et — 1)

For n=*;! (ineriial subrange turbulence) we find that the bandwidth correspoading

lo a 200-km path is

4f = 1.2 MHz

(25)

We sce that the contribution 10 the bundwidih of he background turbulence is
very small compared with that of a thin layer.

3.7. MEASUREMENT OF AIR VELOCITY FROM DOPPLER MEASUREMENTS

A discussion of the potentials of forward scatter lechniques in ihe study of turbelent
layers is nol complete unless Doppler mcasurements are included. Doppler measure-
menls are only discussed elsewhere (Otiersien ef al., 1973; Birkemeier, 1972) und wilt
therclore be mentioned very bricRy in this presentation.

When discussing Doppler measusements, one must distinguish between the post-
detection intensity-fluctuation spectrum S(F), which essentially is a measure of the
Doppler spread, and the pre-detection spectrum S( f Jawhichincludes the Doppler saift.

The retution between the 1wo spectra is given by (Atlas, 1969) as:

S(F}= f S{/S(/+ Fydr.

- n
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The Doppler spread gives us information about the combined effect on the Doppler
broadening of the cross-path component of the mean wind ¥ and the spatial variation
of the wind 5 ¥ within the scallering volume. It can be shown {Gijessing, 1962) that
the Doppler broadening is given by

5 = (VB +av0),

where B is the beamwidth if the scatiering volume is homogencously filled with scat-
terers. If the scattering is constrained 1o a thin layer of thickness 4z, then B is essen-
tinlly Az{(df2), where d is the path length.

If, however, we have access 1o the absolule Doppler frequency at the receiver, ic.,
we can measure not only the Doppier spread, but also the shift Fo, we can oblain in-
formation about the mean cross-path wind by pointing narrow-beam antennas olf
the greal-circle bearing by an amount @ which should be at least a couple of beam-
widths.

The horizontal cross-path component of the mean wind is then given by
F 2V

[+ Bl ‘l

On the basis of the rake delay and Doppler measurements, we can in principle
measure the Doppler shift (i.e., the mean wind) associated with any given delay (i.c.,
verlical position of scattering clement) and thus gel information about the verlical
velocity distribution of the scatterers (wind shear). The degree 10 which Lhis Doppler
technique is powerful in the study of 1urbulent layers depends on the dekey- and
Doppler resolution. New random-pulse Doppler radar techniques appeir (o be very
promising and coukj conceivably also be applied in forward-scatter experiments
(McGillem er al,, 1969),

4. Conclusions

Table | summarizes the theoretically obtained relationships pertaining 10 forward
scatlering from turbulence and from stratified layers,

We have scen (hal the first six groups of experiments (viz., beamswinging, mubti-
frequency experiments, correlation cxperiments and experiments involving the meu-
surements of coupling loss) al) essentially measure the angular power spectrum of the
scatiered wave. Furthermore, when comparing the effect on the scaticred wave of
background homogeneous — § law turbulence with that of the limiting case of a thin
layer, namely a step-disconlinuity in the vertical refractive index profile, we see thay
the angular power spectra are essentially identical (P(#)~0" """ and PO)~0 *,
respecively). Hence by means of the group of experiments in their simplest form
here discussed, one cannot distinguish between a thin kayer and homogencous tur-
bulence. Therc are experimental refinements, such as beamswinging refinements
(Gjessing, 1962) which increase the diagnostic potential of the simple techniques con-
siderubly. Siill, the six technigues do not appear to lend themsclves readily 10 the
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TABLE |

Some theoretical relationships pertaining to forward scaltering from turbulence and
steatificd layers

Type of structure Background turbulence Thin layer
Type of experinment

Measure angular Pl ( 0) sy f’lﬂ) ( 0) 1
puwer speclrum Beamswinging Pll) dia, Pt t dla.
of scattered
wive
Pily) 7(‘.)ma x p(ig_.(‘!)( 1
Muliifrequency Plasy e Pl \l
Vertical E-corre- Lo 044 Le 0442
lation AT dgm- AT d@pn
Hornzontal E<orre- Lu 044a Le 044a
lation 1 Tdgym - pn 1 dawe — s
Coupling loss G, -- Gy, --
SA‘IIIII - l.“llll - |llll SA‘IU‘ — l)(‘l“ — ')III
(ald)At ’ apdrar
Meusure vertical Pulse delay a4 e d
distribution of 45 g WD At
scatierers 200-km path 200-km path, 4b=10m
4t - 60 ns At 1Ins
Bandwidth o Su‘f ) 4 uc
f- 2md¥eraivy - ) I- Uth
H00-km path HW0-km path, & = t0m
4f- 1.2 MH2 45 500 MHz

study at hand. We have also seen thal increasing the fayer thickness (the wiay the layer
is defined in this presentation) leads to an increase in the spectrum stope. Making the
layer very thick in 1erms of the wavelength, we get a scaltering angle dependence ap-
proaching the 07° law.

The existence of a luyer, or layers, through which the mean refractive index varies
lineurly, will therefore explain sl the steep-slope spevtra obscrved experimentally
(Figures | and 2). Such layers will not, however, explain the specira corresponding
1o a scaltering-angle dependence weaker than that corresponding 10 the U * Jaw
Neither can we explain the weak slope on the basis of thin urbulent strala (space
intermitient turbulence) since such strata modify the spectrum oaly il the thickness
is comparable with the projected wavelengih and then the stralum adds to the sleep-
ness of the spectrum slope. In order 1o explain the weak scallering-angle dependences,
we st have components contributing to the high wave-number end of the specirum,
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i.€., intensity enhancement at scales 2a/k in the order of fractions of a meter. A large
number of layers with a predominani separation of less than a meter will resull in
slopes weaker than thal corresponding to the - § law. Whether such layers, from a
fluid dynamics point of view, can exist is 4 matier which is outside the scope of this
presentation.

Referring Lo Tabie I again we sce that the effect of atmospheric refraction in some
cases is of dominant imporiance (see e.g., horizontal correlution distance where the
influence of « is comparable with that of #). This means that unless we measure the
mean refractive index profile from Lhe ground up 10 the top of the scatiering voluine,
in some manner, we cannol draw delinite conclusions regarding the slope n of the
irregularity spectrum. The distribution curves of Figures | and 2 may therefure,
depending on Ihe value of the refraction parumeter &, have 1o be shilied along the
a-axes. However, the two-frequency experiments referred 10 in Figure 2 are not ai-
fected by a. Similarly, in the beamswinging experiments of Gjessing ef of. (1969) the
refraction effects have been taken into consideration. We arc therefore still faced
with the problem of explaining the resulis giving n-vadues which are smaller than 4
and sce from Figures ) und 2 that 50% of the resulis give such r-values.

The two last groups of experiments listed in Table | (delay and bandwidth measure-
ments, respectively) measure essentially the vertical distribution of the scatierers und
not the angulur power spectrum.

tn a study of layered siruciure where our interest is focused on the vertical refrac-
tivity distribution rather than on the averaged spectral propertics of the structure,
shis last category of experiments appears to represent # powerful tool. We have seen
that a 10-m thick layer will givc risc 1o a delay specirum the width of which is some
203, whercas that of — §law turbulence will give us 60 ns on a 200-km path. Similarly
a H0-m layer will give us & 500-MHz bandwidth whereas the background turbulence
is responsible for only some 1-2 MHe.

Therefore, il we can transmit very short pulses, or subject the transmitter 1o wide-
band frequeacy modulation, we can in principle resolve these layers in & buckground
aof wrbuleace. The limiting (uctor will probably be that of sensnivity. Unless the
receiver is turned in synchronism with the FM transmitter, we shall need a very wide-
band receiver and suffer a corresponding loss in sensitivity. Similarly, in order 1o
receive, by conventional techniques, 4 shorl pulse, we shall need u karge receiver band-
widih. Modein coherent, or correlation detection lechnigues, howcever, conslitule a
remedy for inany of these shortcomings.
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CHAPTER &

PRESENT STATE-OF-THE-ART
A DESCRIPTION OF A SET OF
ENVIRONMENTAL SURVEILLANCE METHODS

In Chapter 5 on methodology, we discussed general asepcts of
remote sensing. On the basis of a set of methods developed in the
field of radio science, we have presented a methodology for
remote sensing of environmental factors. To complete the picture,
a representative set of available environmental surveillance
methods must be presented. Obviously, to give a comprehensive
account of the techniques available today would require a great
deal of space. The objective of this chapter is to give a condensed
review of a selected set of important techniques, This does not
necessarily imply that a technique which is important from the
user’s point of view, in that it solves important problems, will be
given the greatest emphasis. The selection is made on the basis of
the novelty of the technique and on the degree to which it is excit-
ing to the author. Clearly then, the selection will be a subjective
one; some readers will no doubt search in vain for techniques they
consider important. The author hopes, however, that only a few
of the interesting remote probing methods have been omitted and
that the reader, like the author, will be fascinated by most of
those mentioned.

This author believes that the progress in the field of environ-
mental surveillance by radio science methods is remarkable and
most stimulating, probably because there is an urgent demand for
such methods and at the same time the means to satisfy the
demand have been acquired. The tools at our disposal are, to a

118

large extent, inherited from the radio scientist who addressed him-
seif to problems in the troposphere (radio meteorology) and
beyond into space.

Finally, it should be noted that the brief survey in this chapter
is not the resuit of a comprehensive literature study. It is based
largely on personal interviews with individual scientists who are
experts in this field. However, it is hoped that the chapter will
stimulate the reader and that it will be ot aid to environmental
researchers who are seeking powerful methods for enviconmental
surveiliance.

6.1 SEA SURVEILLANCE

Remote probing techniques aimed at measuring the conditions
at or in the immediate vicinity of the sea surface will be
considered.

6.1.1 Wind Close to Sea Surface

1. Multifrequency Radiometry
(Dr. T. T. Witheit, NASA Goddard Space Flight Center)

A nearly all-weather capability for measuring wind speed at the
air/sea boundary can be obtained using a set of multifrequency
radiometers at microwave frequencies. There are several factors
affecting the radiance as viewed with microwave radiometers: the
sea surface temperature, the roughening of the sea surface by the
wind, and the composition and temperature of the intervening
atmosphere. Each of these factors has its own characteristic spec-
trum and polarization properties,

This principle is to be exploited in the scanning multichannel
microwave radiometer (SMMR) to be flown on the SeaSat-A and
Nimbus-G satellites in 1978. These instruments will measure the
microwave radiance at 6.6, 10.7, 18, 21 and 37 GHz at a nadir
angle of 48° and in two linear polarizations. Sea surface wind
accuracies of better than 2 m/s at standard height (19.5 m) are
expected with a resolution of about 100 x 100 km. Aircrafl-borne
radiometric measurements of wind speed have been reported by
Wilheit and Fowler and Webster ef ol [30,31].
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Figure 6.1 Principle of the radiometer for sea surface investigations, Emiz-
sion cocllicient € is determined by sutface structure and surfacs
chemistry.  Relative dependence varies with frequency. T s
temperature and ¥ radiation frequency.

2. Scatteromerer

In addition to the radiometer techniques, an active scatterom-
eter is proposed for the measurement of surface wind speed
Whereas the radiometer system is most sensitive to wind speed in

.excess of 5 ms™ (it responds to foam cover), the scatterometer i:
useful for wind speeds in the range 3-15 ms®. A combined
scatterometer and radiometer will be flown in NASA SeaSat-A im
1978 [32].

The scatterometer opesates at 14.6 GHz and illuminates the sea
surface, The interference patterns received are analyzed in muct.
the same way as in previous measurements of ionospheric itregu-
larities. From this, wind speed can be deduced (range 3-15 m/s)
The scatterometer illuminates the sea surface with four lobes, twc
lobes on either side of the spacecraft. By means of these sets of
lobes information about the degree to which the sea surface
motion is “*frozen" can be measured.

6.1.2 Sea Surface Temperature
(Dr. T. T. Wilheit, NASA Goddard SPFC)
Microwave radiometers at five frequencies (6.6, 10.7, 18, 21
and 37 GHz) and two polarizations give a set of information on
the basis of which sea surface temperature is obtained. The
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accuracy in a satellite application is expected to be L.5°K. The
system ocffers all-weather capability. The sea surface resolution
cell will be determined by the lowest frequency (6.6 GHz) and will
be approximately 150 x 150 km. The five-frequency radiometer is
based on a direct mixing superheterodyne receiver (i.c., no RF pre-
amplifier) with a noise factor of 5 dB. Long period averaging of
received signals is essential. The sea surface temperature is essen-
tially that at the surface, down to a millimeter or so. The reflec-
tion and transmission properties of the atmosphere must be taken
into consideration (the emissivity of the sea at these frequencies
is approximately 0.5, hence the reflectivity is also 0.5) {31).

Sea surface temperature is commonly measured by high resolu-
tion IR radiometry in the atmospheric window regions. F igure 6.2
illustrates its high variability, spatially and in time [33]).

6.1.3 Sea Surface Salinity
(Dr. B. Kendall, NASA Langley Research Center)

NASA Langley (Bruce Kendall and H-J. C. Blume) measures
sea suiface salinity and temperature by the use of two airborne
microwave radiometers (§- and L-band, respectively). The bright-
ness temperature (power received at the radiometer) js a function
of molecular temperature and salinity. In the S-band (2.65 GHz),
temperature is the dominating parameter, whereas salinity domi-
nates in the L-band (1.43 GHz). Using both frequencies and com-
pensating for the influence of cosmic radiation, intervening
atmosphere, sea surface roughness, and antenna beamwidth,
accurate information about both temperature and salinity is ob-
tained. The spatial resolution on the sea surface is approximately
3/10 of the height of the observation platform (the aircralt).
Demonstrated absolute accuracy (by comparison with sea truth
measurements) is 1/1000 for salinity and 1°K for temperature

[34,35].

6.1.4  Atmospheric Surface Pressure Over Sea
(Dr. G. E. Peckham, Heriot-Watt University)

A method making use of the atmospheric transmission within
the 5-mm oxygen absorption band is suggested by G. E. Peckham
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Figure 6 2 Corrected sca surface isotherms from ART messurements, Moy 10 and 11, 1972, After Briscoc, Johannesscn and

Vincenei [33].
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and D. A. Flower, Heriot-Watt University, Scotland (information
from NASA). Intensities of signals at several frequencies in the
50 GHz region as reflected from the sea surface are used to allow
for the variation in surface reflectivity and cioud and water vapor
transmissivity. The method suggested could, when referred to
accurate in situ measurements of pressure at certain points on the
surface, give global coverage. Suppiemented with information
about atmospheric temperature as obtained by passive iR and
microwave radiometers, the entire atmospheric pressure field can
be deduced using the equation of hydrostatic balance. Based on
a rather crude instrumentation (source power 3 W, antenna 30-¢m
diameter, receiver bandwidth 100 kHz, noise factor 10 JdB) there
appears to be no fundamental reason why £ 3 mb should not be
achieved [ 36].

6.1.5 Precipitation Over Sea
(Dr. T. T. Wilheit, NASA Goddard SPFC)

Microwave radiometry viewing the sea surface from above
(Nimbus 5) at 19.35 GHz gives information about rain rate with
accuracy of about a factor of 2. The principle on which the
method relies is emission from precipitation using the cold sea
surface as reflector.

6.1.6 Surface Structure of the Sea

Present techniques for measuring sea state are centered on the
use of HF radar for measuring sea state over an area of approxi-
mately 2 x 10 km? from a single station. It is anticipated that
systems will be operational in the near future. Satellite techniques
(see Section 6.3.2 on wind speed) based on combined microwave
radiometer/scatterometer observations are under investigation,
but considerable research is stitl needed, and a 10-i0-15-year etfort
may be anticipated before this evolves inte an operational system.
About two years of experimental data gathenng are required to
complete the development stage of the HF system and to enable
a decision on whether to implement it operationally. The two
techniques are complementary in that the HF system has been
shown to be cost-effective, even on a short-term basis; hence it
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could fill in the gap before the satellite system becﬁéﬁus
operational {37,38].

1. Microwave Altimeter
{Dr. A. Loomis, JPL}

NASA SecaSat-A will be performing studies of the general ocean
current and dynamics. From these studies (dynamic topography}
ridges as high as 1.5 m above mean sea level are 10 be expected
(D. W. Van Arx, Woods Hole), ‘

An altimeter designed at JPL has the following characteristics:

» Frequency is 13.9 Gz

- Pulse compression techniques give a range resolution of 18 cm

* Beamwidth enables spatial resolution of 1-km diameter on the sea
surface. Taking the motion of the satellite into account, the resolu-
tioncellis | km x 7 km.

This system gives good waveheight statistics and absolute height
calibration.

2. Synthetic Aperture Radar (SAR) Imager
{Dr. A. Loomis, JPL)

The SeaSat-A synthetic aperture radar imager has been mounted
in a 990 Convair aircraft and has the following characteristics:

Frequency is 1,275 GHz
* The system is focused, ie, it corrects for wavefront curvature
- [ntegrates up to one second (300-1000 pulses)
Looks 26° from the vertical
Resolution is 25 m in both directions
Phase resolution is 3°
Range to object (sea surface) to be imaged is up to 30,000 f1.

A laser is used with this instrument to measure stope distribution
of ocean waves [32].

3. Land-Based HF Radars
{Dr. D. E. Barrick, WPL, NOAA)

The use of shore-based radars that propagate via the ionosphere
appears to be an ideal solution to the problem of wide-area routine
sea state monitoring. For example, a single backscatter radar
located in Kentucky could observe sea scatter over the entire
Atlantic coast out to a range of about 1200 nautical miles. The
dominant (first-order Bragg scattering) contribution to the echo
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from the sea surface at MF and HF arises from the ocean waves
whose wavelength is exactly half that of the radar wavelength.
Since these deepwater ocean waves have a phase velocity that
bears a direct relationship to the wavelength L ol the ocean wave
(v = +gL/2x, where g is the acceleration of gravity), there is a
particular Doppier shift Af associated with the particular ocean
wavelength L. This Doppler shift is given by
]
Af = ¢ Y
where A is the HF wavelength since L = A /2.

Finaily it has been shown [37,38] that the strength of the first
order echo (associated with a wavelength L = /2 and a Doppler
shift Af) is proportional to the height of the ocean wave. The fol-
lowing accuracies are expected: wave direction + 15°, RMS height
error 10%, wavelength 15%.

In order to obtain the whole spectrum of ocean waves, the HF
frequency will be swept over an appropriate frequency range. The
effect of the ionosphere is noticeable, all the frequency range to
be used is obtained on the basis of ionograms. The influence of
the ionosphere is under investigation. An example of a surface
wave spectrum thus obtained is shown in Figure 6.3 [29,39].

4. Two-Frequency
Microwave Radar

The principles of the multifrequency technique were explained
in Section 5.5. Dr. W. J. Plant, of the Naval Research Laboratory,
Washington, D.C., has recently published experimental results
using this technique. He used a coherent, dual-frequency CW
X-band radar. The frequency difference Af between sidebands
could be adjusted between 7 and 150 MHz. The power spectrum
of E,E; * (product of the two detected signals) shows a low-fre-
quency peak corresponding to the appropriate ocean wave com-
ponent, plus a broad background (~ 100 Hz width) corresponding
to the convolution of the single-frequency returns. The height of
the low-frequency peak is a measure of the amplitude ot the
comesponding water wave. Figure 6.3 shows the wavespectra
inferred. They correspond roughly to those determined by a wave
gauge.
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Before the multifrequency principle can be applicd to routine
ocean observations, a better quantitative understanding must be
gained about what influences the magnitude of the modulation
signal. The primary backscatter comes from the capillary waves,
Their interaction with the long gravity waves varies strongly.
Thus, in Figure 6.4b the open circles indicale measurements
after a change in wind direction. This change did not influence
the gravity waves, so the wave spectrum component studied
did not change. The modulated signal, however, increased by
more than a factor of 2 [27,28].

6.1.7 Sea Surface Currents
(Dr. D. E. Barrick, WPL, NOAA)

Surface currents cannot be determined today by using the ion-
osphere as the reflector. Direct waves (ground waves), however,
in the HF region, may be used (20 MHz). A small transportable
system for rapid evatuation of the signals received out to a range
of some 70 km has been developed. The spatial resolution is
3 km. This is obtained by range-gating (20 us pulse width) and by
measuring the phase and amplitude at four array elements of the
receiving antenna, thus obtaining direction. [t takes two different
stations placed along the coast of interest to obtain the magnitude
and direction of the current. The ocean coverage with a baseline
of 40 km is 70 x 70 km (see Figure 6.5).

The system, which is referred to as CODAR (Coastal Ocean
Dynamics Application Radar), has a peak transmitted power of
2.5 MW (average power 50 W) and the beamwidth is 180° with a
three-element Yagi antenna. The system is controlled by a mini-
computer (PDP 1134). To obtain good ground plune conditions
for surface wave propagation, the antenna should be mounted
close to the beach. This method enables measurement of the cus-
rent at the sea surface to a depth approximately ¢qual to A/8x.
With a frequency of 20 MHz this corresponds to 60 cm. The
Doppler resolution capability of the system is 1/100 iz, giving a
surface current resolution of about 10 cm/s. These amplitude and
current measurements open up the possibility of detailed studics
of the dynamics of the ocean.
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Figure 6.5 Remote probing of sea surface currents. Spatial resotution is
3 x 3 km; current resolution is approx. 10 cm/s.

6.1.8 Water Pollution

Several methods of potential interest will be presented.

1. The Laser Fluorescence Methods
{Dr. M. Bristow, EPA, Las Vegas)

The area under investigation is illuminated with blue or ultra-
violet radiation and the reemitted fluorescence is analyzed both
in time and spectrally. The method is powerful for many
applications:

* Study of plankion, algae and hence the effect of paollution due to
domestic use of water, i.e., phosphorus compounds,
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* Remote sensing of oil spills: presence, extent and identification and
characterization.

* Organic compounds in general in water. The total burden of organic
compounds is measured (TOC). The Raman backscatter from water
(which is relatively intense} is used as a reference standard with
which to compare the fluorescent backscatter from pollutants. The
fluorescence spectrum from pollutants in water does not possess a
detailed *‘fingerprint.” The spectrum is very broad and featureless.

« Water acidity (the pH value) can have an effect on the fluorescent
spectrum. [t could be that this is not a direct effect, but rather a
secondary one. Acidity affects the organic compounds, which again
are analyzed by laser fluorescence speciroscopy.

+ For the purpose of tracking the motion of poliutants in a given area
(effluent from rivers), fluorescent dyes are added to the water.
These can be traced effectively even at very smalt concentrations
with this method. The depth of penetration into the water is deter-
mined by the characteristic attenuation length and is generally about
one meter. The fluorescence from sea water is much less pronounc-
ed than that from freshwater. Examples of spectroscopic measure-
ments making use of the fluorescent mode are shown in Figure 6.6
[40-44].

SPECTRUM ANALYZER

ULTRAVIOLET
LASER

) = i
it

UV LASER

FLUORESCENCE
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I FILM AWATER
7 OLFILM PURE SEAWATE

Figure 6.6 Study of surface water pollutants by the use of laser-induced
fluorescence.

2. Detection of Oil Spills by Radar
(J. Nilsson, Swedish Defense Research Establishment)

It has been established experimentally that relatively small
amounts of oil distributed on the ocean surface have a pronounced
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effect on the ocean capillary waves and hence on the scattering of
microwaves from the sea surface. Specifically, modifying the
video processor in a conventional airborne weather and ground
mapping radar results in the following typical detection perform-
ance of the radar.

* With a sufficient quantity of capillary waves (wind speed between 3
and 13 m/s) oil films of thickness of 3 #m can be detected,

* Wind statistics from the North Sea (1970) show that wind speed is
less than 3 m/s 7.5% of the total time. For 11.5% of the time wind
speed is above 13 mfs. Under such conditions of high wind speed
most, if not ail, detection methods tail.

* The radar will operate satisfactorily under all cloud conditions. Fly-
ing at a height of 3000 it enables coverage of an area 100 km wide
in one flight teg when viewing the sea surface with a depression angle

greater than 1°. Until now, maximum detection range {or oil has
been 20-30 km.

Best contrast between an oil slick and pure sea water is obtained
with upwind iflumination favoring a side-looking radar configura-
tion. Detection criteria based on polarization and on the time cor-
relation properties and amplitude distribution statistics of the sea
echo are being studied by H. Parr and A. Kjelaas, who are working
with the author [45-49).

3. Alternative Methods for Oil Spiil Detection

Ultimately, surveillance of oil spills will be based on multisensor
systems because of the many possible interferents and the large
vafiations in environmental conditions. Such an instrumental
package may consist of:

« Laser fluorosensor

* High-resolution TV (an active, range-gated system is being developed
for the U.S. Coast Guard by Naval Air Development Center).

* Infrared linescan. IR-imagery of oil slicks relies on differences in
emissivity or temperature, Temperature differences between oil
slick and sea water may be due to absorption of sunlight or vapori-
zation of the lighter oil fractions,

* Dmaging microwave radiometer. The elimination of capillary waves
reduces the apparent emissivity in regions with thin (2m} continuous
oil slicks. Thicker portions of the stick will increase the emissivity
by acting as an antireflection coating. When the “optical” thickness
exceeds a quarter wavelength, the emissivity decreases again, and still
increasing thickness will give a periodic modulation of emissivity. A
two-frequency radiometer can determine oil thickness up to a
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Figure 6.7 Fluorescence profiie of pump mill settling pond and effluent channels. After M. Brisiow [41].
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quarter wavelength with adequate accuracy without previous knowi-
edge about the diclectric constant of the particular oil type.

1. P. Hollinger from the Naval Rescarch Laboratory, Washington,
D. C., has led the efforts directed towards practical application of
this principie. The NRL practical work is very advanced, Airborne
measurements at 19.3 GHz, 31 GHz and 9.8 GHz have been carried
out for a series of controlied oil spills [50]. Figure 6.8 shows the
apparent temperature recorded when flying over an oil spill. Notice
how the thick part of the spill shows up as a strong increase in emis-
sivity, while the thin, outer part of the slick yields a slight reduction
because of the missing capillary waves, Recently, the NRL operated
an imaging version of the equipment. Coupled with computer pro-

cessing, this permits rapid contouring of the thickness distribution
of the slick to about 0.1-mm accuracy [51].

<%

.- / \

Figure 6.8 De.tection of oil spills by sidedooking radar (SLAR). The oil film

Suppiesses capillary waves that have a dominating efiect on the
radar echo.

An IR Reflectometer, This unit is based on characteristic anomalous
dispersion in the index of refraction of both water and oil in the

2-4 ym band. Only stationary “across the river” installations are in
use [52],
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6.3 ATMOSPHERIC SURVEILLANCE

The atmosphere (troposphere and stratosphere) is the medium
that has been subjected to the most extensive investigation. When
studying techniques in connection with remote surveillance of the
atmosphere, the following aspects are of importance:

* Measurement of atmospheric pollutants

* Measurement of the mechanisms responsible for the spreading of
pollutanis in the atmosphere: mean wind and turbulence

* Measurement of the parameters describing the dynamics of the
atmosphere on which the spreading model relics: temperature dis-
tribution, precipitation.

These will now be summarized.

6.3.1 Atmospheric Constituents; Air Pollution

A laser has many advantages over a conventional thermal source
of radiation for spectroscopy. It is highly monochromatic, it is
coherent and highly directional, and its spectral brightness is
greater by a factor of about 10'%. In the past the laser has suf-
fered from a fatal disadvantage for many purposes—it could not be
continuously tuned.

Various types of tunable coherent sources are now becoming
available. In the visible and near infrared there are dye lasers,
parametric oscillators and semiconductor diode lasers that cover
the spectrum to about 30 um. It is possibie to mix the outpuis
in nonlinear media and thereby extend the frequency range. The
spin-flip Raman laser, operating at 5 and 10 um, is an exampie of
a tunable laser. It is excited by a CO or CO, pump laser, the
energy from which is directed into a cooled InSb sample. The
radiation is scattered by a Raman process in which electrons re-
verse their spins in a magnetic field. The sample forms a cavity
so that the Raman scattering takes place coherently with efficient
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Figure 6.11 Measurement of air poilution by the use of an aircrait.

energy conversion into the scattered beam. The output frequency
is controlied by varying the magnetic field in the sample.

6.3.1.1 A Brief Description of Some Important
Spectroscopic Techniques
(Dr. E. D. Hinkley, JPL, Dr. R. T. Menzies, JPL,
Dr. F. Allario, NASA Langley)

|. The differential absorption method is presently one of the most
powerful means of measuring small concentrations of particular
poitutants averaging over an appropriate path that may be approxi-
mately a kilometer, There are several methods on the basis of
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which the absorption coefficient, and hence the total gas concen-
tration over a given path, can be measured:
* A pulsed laser can be used. The laser transmits wavelengths A, and
A, aiternatively. Wavelength X, is in the absorption band, while A,
lies outside this band. At the receiving site (bistatic arrangament ox
a monostatic arrangement making use of a retroretlector) the ratio
of the power received at the two frequencies PR(A;)/PR(X,) is
measured. Today it is possible to stabilize the laser system 50 as to
be able to measure variation in P(X;)/P(A;) down to 0.3%. The
limiting factor with regard to detection sensitivity is then consti-
luted by atmospheric turbulence in the absence of interfering gases,
An example illustrating the potential of this technique is shown in
Figure 6.12 [55-57].
2. The derivative technique is based on a frequency modulated
laser (usually a diode laser). The laser frequency is centered on
the slope of the appropriate absorption curve or line. A small
frequency deviation allows the slope dP/dX to be measured. From
this the concentration is derived. Using a high sweep rate fmodu-
lation frequency) and real time compensation of extinction fluctu-
ations by monitoring the received power, the effect of turbulence
can be minimized.
Typical sensitivities obtained with 1-km path length are as fol-
lows [58,59]:
Gas co 0, NO 50, CiH,
Sensitivity, ppb 1.3 3 1.5 i5 08

3. The spectrophone (Figure 6.13) measures the gas concentration
at a point in the in situ manner. It js often referred to and should
therefore be included in this survey. The laser is normally pulsed.
The pulsed laser power gives rise to pulsed heat dissipation in the
absorbing gas contained in the enclosure (shaded area on the fig-
ure}. These heat pulses cause pressure variations that are measured
by the microphone, Optimum sensitivity is achieved by a coher-
ent detecting process. The advantage of this system relative to
many other spectroscopic methods is that the sensitivity is propor-
tional to the laser power. Typically 100 mW of power is used,
giving parts per billion sensitivities,

The spectrophone appears to be a simple, noncritical instru-
ment that presents an efficient solutijon to many problems. Where-
as it was previously claimed that an acoustically resonant system is
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Figure 6.13 The principie of operation of a spectrophone

essential for high sensitivity, there are now many highly sensitive,
honresonant systems operating with a variety of simple micro-
phone configurations {58-62]. The spectrophone will prubably
have an even greater impact on the spectroscepy of solids and
liquids. Powder samples may be used and information about ther-

mal diffusivity may be obtained by pulse rate response studies
[63].

4. Heterodyne receiving techniyues offer great improvements in
system sensitivity relative to that of direct detection (order of
10¢), in particular in the infrared. Considerable progress is being
made in heterodyne laser detection techniques. Limiting factors
appear to be the stability of the local oscillator if this is to be a
lunable one, in addition to various local oscillator noise effects.
With fixed frequency local oscillators, a mixing efficiency of 0.5
is obtained; with less ideal sources (e.g. a tuned diode laser) a
10 dB loss may be incurred. NASA Langley Research Center (Dr,
Allario), in cooperation with the Airborne Instrument Luloratory
in Melville, New York, lias measured the vertical profile of atmo-
spheric NH; from the ground to 15 km using a dual photomixer,
dual local oscillator, and Infrared Heterodyne Spectrometer (IHS),
The photomixers have a measured total bandwidth of 15 GHz,
and a multi-1F channel, Dicke-switched outpul. Fixed frequency
€O, lasers using the C'? 0} ¢ isotope were used as local oscillators,
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and the instrument was used in a solar pointing mode. The 1HS
was also used with waveguide C'20'*® laser local oscillators to
perform measurements of the vertical distribution (1040 km) of
stratospheric O, from an aircraft platform, the NASA CV-990.
Preliminary measurements have been reported [64] and final
reduction of the data is being compared to corretative O, chemical
measurements from simultaneous balloon launches. Laboratory
measurements are currently being performed at NASA Langley
Research Center to study degradation factors in the signal-to-noise
ratio and mixing efficiency when utilizing tunable diode lasers as
local oscillators. Measurements on heterodyne noise effects in-
duced by mode competition and cryogenic cooler instabilities are
currently being studied [64-67].

6.3.1.2 Some Examples of Practical Results Obtained

1.50;, N,0, 0y; lidar techniques (J. M. Hoell, NASA Langley)
The ditferential absorption technique using 3 UV laser system and
utilizing natural atmospheric particles as reflectors appears to have
a great potential. NASA Langley uses a commercial flashlamp-
pumped, frequency-doubled dye laser, a 0.25-m diameter receiver
telescope, and a minicomputer for control, data acquisition and
processing. The faser output is typically 100 uJ per pulse at 15
pulses per second for wavelengths coincident with the peaks and
valleys in the SO, absorption spectrum from 296.0 to 300.1 nm.
The difference in absorption coefficient for each pair of trans-
mitted wavelengths is monitored using a satellite beam from the
laser. The system is directed in 2 manner so as to record the SO,
emitted from a steam piant in the neighborhood With the wind
blowing in the appropriate direction, a suitable pollution source is
obtained.

Through the use of near simultanecus pulses, the sensitivity of
the system when averaging 100 pulses at each frequency in succes-
sion is about 10 ppb over a distance of 0.8 km. The system sensi-
tivity is expected to be improved so as to give a 4-ppb sensitivity
over a 1-km path. The only interferent gas is 0,, and the eftect
of this is small. See Figure 6.14 [68-70]).

2. Gases, €Oy laser (Dr. R. T. Menzies, JPL). A compact wave-
guide CO, laser system has been assembled at JPL for the



DATE 703, 1975
ON / OFF

DATE 702, ¢975
ON / OFF

139

{84d) JONVYH DL NOILVHINIINDGD 1DVHIAY

2 e 2 2 . 283, "
T T T T LI B e |
] | ] -
| | n
-
——— < - 1 e -
b [
a 13
1%
L | R el
2coa I L e L
MM N w w
SEE8 g 8 = 24e
SO oo - ' &
w888 i . | v [ I
PR R " - -
R3an g bog -
o » 1 < 1 4 | < |
o =4 1 1 = T = PO . | & e
L 2 8 » e T e
(NI -WAY-1TTIN) LNILNGD NWAT0]D
{044) IONYY 0L NOILVHINIINGD ITVYIAY
2 . 2 2 .
L] T L] T T -
I |
- - E 4
= =) —F
| | -
= I l =
| t
- e o [ S =
=233 [ 8 [
Sz3ge —— - 1=
.-.';m': = -] § E ~
EEE S - Jd
~388 " - i P
e o e ) . r4 by g'n
00 xaq 1 y S— = 1 = 4 i e [ 3
w a w a =_é_-1. - n e

{WI-WLY-1T1IN) INTLKDD NWN 103

TIME (EDT)

TIME {EDT)

Time history of atmospheric sulfur dioxide concentration al
1. M. Hoell er al. |68].

rigure 6.14

ong measurement path to three ranges. After

140

measurement of O,, C,H, and NH,, among others, using the
ground as the reflector. The laser has been vibration -tested and
clearly is remarkably robust (developed by Dr. R, L. Abrams,
Hughes Research Laboratory). By means of this aircraft-mounted
system the atmosphere will be measured using the ground as re-
flector. The system, which is based on heterodyne detection, is
expected to measure variations in atmospheric absorption (mea-
sured signal) down to some 3% [71]. This figure is to be com-
pared with the 0.3% obtained by Hinkley, MIT Lincoln Labora-
tory, using a ground-fixed installation with a retroreflector and
diode tuning [58).

A system based on two separate CO, TEA lasers is being de-
veloped for an airborne application. The laser will be fired down-
wards from the aircraft. By using the ground as reflector, the total
burden of a given pollutant (O,) between ground and the aircraft
is measured (Dr. Melfi, EPA):

* by direct detection method

* by transmitting the two frequencies in succession 12 #is apart in time

* by meusuring the ratio of the power received at the two frequencies.
Note: no averaging is performed before the ratios are taken,

It is very probable that this system will be highly susceptible to
the geometrical structure of the reflector, the ground. Since the
power at the two frequencies is compared almost instantaneously
in time (12 us apart), the effect of turbulence is not likely to be
important. A cassegranian telescope receiving system with a
heterodyne detector based on a CO, waveguide laser is available
commercially (Honeywell, Inc.).

3. Particles; temperature inversions: luser scattering (Dr. J |
Eckert, EPA). EPA, Las Vegas, use an aircraft-mounted pulsed
ruby laser looking downwards. The Lidar receiver echoes scat-
tered from particles in the air and from the ground. This method
localizes the boundary layer (lemperature inversion) by increased
backscatter due to its trapping of atmospheric particles, The
system is also able to track plumes originating from industrial
areas. The laser is pulsed st a rate of | pulse every 20 seconds,
The spatial resolution is about five meters, A very detailed struc-
ture (isolines of reflectivity) is obtained; these look very similar
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to the isoplates of temperature obtained from acoustic back-
scatter systems (Sodars) (see Figure 6.15). The system is bulky
and heavy (600 pounds) [72].

A new compact system (90 x 30 x 40 ¢cm) based on a dye laser
that can be {ired once every second has now been developed. This
system displays the data in real time on board the aircraft, making
the device particularly useful for tracking plumes.

Finally, a neodynium YAG laser is under development. This
will give spatial resolution of some 15 ft and it will have facilities
for two-frequency operation. This will make it possibie to obtain
some information about particle size distribution.

NASA Langley is investigating techniques for the measurement
of particle size distribution up to a height of some 20 km in the
atmosphere. The experimental scattering cross section versus
frequency relationship shows a fine-scale structure (interference
effects) that is not fully revealed by the Mie theory (Dr. Allario).

To learn something about the mechanisms involved, microwave
simulation techniques are used. Objects with shapes and dielectric
constants similar to those of natural acrosols are produced (scaled
from laser wavelengths to microwave wavelengths). The results
of these scatter modet experiments are scaled back to practical
luser cases. These simulated results are then compared with the
results from atmospheric laser experiments. Based on this method
the atmospheric particle size distribution is synthesized.

4. Stratospheric hydrochlorides (C. R. Farmer and Associates,
JPL).  Farmer uses a high resolution Fourier transform inter-
ferometer spectroradiometer (FTS) in the 1800-5600 cin™ with a
spectral resolution of 0.13 cm™ [73].

An aircraft is used as the platform at 60,000 ft and limb scan-
ning is performed (Concordes in cooperation with UK and France,
and U2 in the USA). Measuring the profile of HCl from the
ground and up to 21 km revealed that the concentration de-
creased {rom approximately 1 ppb near the ground to a very
much smaller value at the height of the tropopause. From this
height the concentration increased again and reached 0.6 ppb at
2t-km height. Later balloon experiments have confirmed this.
At 37 km the observed mixing ratio is 1.7 ppb.
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6.3.2 Atmospheric Wind

Remote measurement of the atmospheric wind field has been
the subject of investigation at many research establishments for
more than a decade. [n addition to serving the pollution transport
modellers, wind probing techniques are of importance in aviation.
Consequently the effort in this field of science is considerable and
the number of different techniques of significant potential is large.
In this brief report only a few will be mentioned.

1. Laser Doppler Techniques

The NASA-MSFC has developed laser Doppler systems for re-
mote measurement of atmospheric wind velocity and turbulence.
These systems utilize the Doppler frequency shift of the laser light
when it is scattered by minute particles suspended in the atmo-
sphere. The velocity is determined directly from the measurement
of the difference in frequency between the scattered and reference
laser encrgy and the geometry of the system. The Doppler cre-
quency is directly proportional to velocity. The feasibility of
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Figure 6.16. The principle of laser scintillation anemometer. The relyac-
tivity irregularities blown through the beam cause the laser
signal to scintillate. The spatial correlation of these fluctua-
tions gives information about wind speed.
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measuring atmospheric wind velocity and turbulence, using a
CO; -laser Doppler system, was demonstrated at NASA in 1968.
Since 1968 this technology has been directed toward ( 1) the
development of a laser Doppler system for the detection and
measurement of clear air turbulence in an onboard aitline
waming system, (2) the development of laser Doppler systems
for detection, tracking and measurement of aircraft tailing vor-
tices, and (3) research measurement of particular atmospheric
wind fields. -

Lidar (or *laser radar”) provides a unique technique for obsery-
ing the temporal and spatial variation of the atmospheric aerosol.
Both particles and the atmospheric gases elastically backscatter
pulsed laser energy at optical or near-optical wavelengths and pro-
vide information on the presence, location, and, with qualifica-
tions, the concentration of the scatterers.

Such observations are valuable in their own right, showing the
structure of the atmosphere as revealed by the degree and varia-
tions of its particulate loading. Lidar measurements can also be
valuable in conjunction with other observations concerned with
radiative energy transfer in the atmosphere—especially of the
passive type—since they provide data to complement and support
information obtained on the basis of the radiometric instrumenta-
tion alone [75]).

An IR Doppler System has been developed by Dr. R, L.
Schwiesow and others of WPL, NOAA. The radial component is
measured with a CW-CO, laser. The signal backscattered from
aerosols is mixed with an infrared local oscillator. The heterodyne
beat frequency is proportional to radial wind speed. Range resolu-
tion is achieved by beam focusing of the 30-cm coaxial optics.
The range resolution is 10 m at 100 m and degrades as the square
of the range. Angular resolution is 0.1 milliradians. Transmitted
power is 3 watts CW. A spectrum analyzer yields a complete
velacity-component spectrum as often as every 10 ms.

A system mounted in a light truck has been used for boundary-
layer wind profile measurements to a range of 1 km. A similur
system in a light aircraft has been used for the study of water-
spouts and cloud dynamics. Closely-spaced multiple beams have
been used to demonstrate the measurement of all three compo-
nents of the velocity at a single point in space [76].
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2, Optical Scintillation Methods
(Dr. R. S. Lawrence, WPL, NOAA)

‘The present methods involving line-of-sight measurements with
two transversally spaced receivers and cross-correlation measure-
ment give essentially the path average cross wind. The system may
either be a oneended system using a naturally illuminated scene
(hiliside, forest or buildings) as the source, or a double-ended sys-
tem with a laser as the source. In the passive mode {(one-ended
system) the two-dimensional spatial spectrum of the scene, which
in general is not the same as the white spectrum of a point laser
source, has to be specified {77,78]).

3. Seintillation Method Using Spatially Filtered Apertures
(Dr. R.W. Lee, Dr. A. T. Waterman, Stanford)

The idea of this wind-measuring technique is by the use of
spatially filtered apertures to measure the transverse wind velacity
as a function of the position along the path. Using two spatially
filtered apertures (both transmitter and receiver) it can be shown
that the observed variance at receiver output is associated with the
intensity of a particular Fourier component of the refractivity
irregularities located at a known distance from the transmitter.
Measurements of the fluctuation frequency then iead immediately
to the determination of the wind velocity through the use of
Taylor’s hypothesis (2af = VK). The available space resolution is
high, approximately 1% of the path length, which again may range
from 10 m (optical and acoustic frequencies) to tens of kilometers
(millimeter waves) {79].

4. FM{CW Radar System
{Dr. E. E. Gossard, Dr. R. B. Chadwick, WPL, NOAA)

Great advances have been made in this field largely due to new
and very effective data reduction methods which give both the
distribution in space of the scattering cross section (scattering
caused by irregularities in refractive index) and the distribution in
space of wind (systematic as well as the turbulent component, the
variance). The technique for separating the Doppler information
from the range information in short is as follows.

The signat from the homodyne mixer (frequency contains infor-
mation on range + Doppler) is A/D converted. The Boppler
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velocity spectrum (Doppier shift as well as Doppler broadening) is
obtained from each resolution cell by computing the power spec-
trum from a sequence of consecutive sweeps. Target range is ob-
tained from the signal frequency by means of the usual FM/CW
technique. The technique offers a unique solution to the problem
of all-weather velocity measurements in the atmosphere up to a
height of some 2 km.

The vertical profile of mean wind and of the wind Nuctuations
can be obtained along any line in the atmosphere within the region
of the radar (hemisphere of radius 2 km). Days with little refrac-
tivity variations present a problem. In order to take care of such
conditions an extra 20 dB sensitivity is desirable {80].

5. Meteorological Doppler Radar for Measurement of Storm Struc-
ture by Measuring the Raindrop Distribution

(Dr. E. E. Gossard, WPL, NOAA)

Two radars are used to obtain direction of particle motion.
Chaff has been used with great success in daytime with convective
activities holding the chaff up and causing good mixing and
spreading of the chaff. Recent developments indicate that the
system may operate also in clear air conditions [81]).

6. Acoustic Radar Techniques
(Dr. F. F. Hall, WPL, NOAA)

The acoustic Doppler radar (Figure 6.17) is also a powerful
tool. By this, wind velocity and wind variance protiles can be
obtained up to a height of some 500 m. Under conditions ot high
wind speed over the antenna, acoustic noise and drift of the
acoustic wavefront are a hindrance. Wind shear investigations are
routinely carried out at Denver Airport using the technique [82].

6.3.3 Atmospheric Temperature Distribution

In connection with the study of the dynamics of the atmo-
sphere, information about temperature distribution (vertica pro-
file) is imperative. Consequently, considerable effort has been
invested to establish remote probing techniques. This has proved
to be difficult. Although, as we shall see in the following, remote
probing techniques have been developed, they are at present
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Figure 6.17 The acoustic Doppler radar for measurement of wind speed.,

considered inadequate because of insufficient height resolution.
However, a few methods should be mentioned,

1. Passive Radiometry

A passive microwave radiometer is tuned to the frequency cor-
responding to an absorption line (emission line) of a particular gas,
such as O,. The signal that the radiometer receives (ground-based
or placed in an aircraft or a satellite) is determined by the temper-
ature of the gas and its concentration, Knowing the concentra-
tion, which in general is the case with Oy, enables deduction of
the temperature, However, our interest is not the mean tempera-
ture through the whole depth of the atmosphere, but the temper-
ature profile. Therefore. one wilt have to make use of another
characteristic feature of the radiating gas. The width of the fre-
quency spectrum (line width) that a given gas emits is determined

148

by the pressure and the molecular temperature. Accordingly, if
the emission is measured at a set of closely spaced frequencies
around the emission line, the temperature profile may be obtained
by solving the integral equation (inversion technique) provided
the pressure profile is known. [n practice, however, this does not
give very good height resolution due to lack of knowledge of pre-
cise pressure profile [83].

2. Active Raman Backscatter Technique

The Raman backscattered intensity is proportional to the
molecular density of the particular gas (e.g. N,). The backscat-
tered power in the Raman process is distributed over several rota-
tional and vibrational emission lines. The relative strength ot these
lines is determined by the temperature of the N; molecules.
Hence, measuring the distribution of line intensity, the tempera-
ture can be obtained. Unfortunately, however, also this method
suffers from comparatively poor spatial resolution and poor
sensitivity,

3. Radio Acoustic Sounding System (RASS)
(Dr. A. T. Pedersen, Stanford)

An acoustic grating whose velocity is determined by air density
(temperature dependent) is “‘chased” by a radio wave with wave-
length twice the acoustic wavelength. The RF wave is scattered
back (Bragg scattering) and the Doppler shift is measured. Thus
the velocity of the acoustic wave is measured and hence the tem-
perature.  This method suffers from destruction of the acoustic
phase front as a result of wind, but is in other respects effective.
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