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Scattering of Radio Waves, and the Nature of the
Scatters

In the following pages, | am going to examine the process of radio wave
backscatter. | am going to assume that you are already familiar with the concepts
of "volume scatter”. "Sgecular Reflection” and Fresnel scatter. | want to take out

investigation to a deeper level.

To begin, I am going to look at SPECULAR reflection, and develop appropriate
mathematical tools to study it. Then | will consider non-specular scatter - both
from isotropeé and amisotropic irregularities. In the initial stages, | am not going
to be too concemned about why these different structures exist, - rather, | will just
assume the PHYSICAL reasons for those structures until later. That will then
naturally lead to a discussion about turbulence and other small-scale
phenomena. | will then discuss the dynamics of these motions, and show how
they interact with radio waves. | will also combine this information and then show
how the properties allow radars to be able to be used to actually measuring

things like turbulence strength.



Scattering Mechanisms in the clear air and lonosphere.

A e B
The nature of scattering mechanisms in the clear air and ionosphere is a complicated

subject. Scattering is NOT simply due to turbulence, and there are many subtle features
about the subject which are even now unanswered.,

The figure on the next page gives an example of the sorts of complications.

You would expect that if turbulence-induced fluctuations were the sole cause

of radio-wave scatter, then the received power would not reaily depend

»n the direction in which you point your radar beam (af least in a statistical sense).

sut this figure shows that the signal strengths in this case are much stronger when the
xeam is pointed vertically than when it is off-vertical.

Indeed, in this case the signal almost disappears when the radar beam is pointed about

1.6 degrees off-zenith. It appears that the scattering entity is not an isotropic body,
it is behaving like a reflecting mirror-

though with perhaps a few gentle unduiations on it.
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hen if this is so, vertically incident radiation will be reflected back to its source, whereas
f-vertical radiation will be reflected away. as in the above diagram.

is type of behaviour is well-known in ionospheric scatter, where the heating of the sun
wses the electron density to be approximately stratified.

owever, It also occurs for clear-air scatter in the mesosphere, sfro’rosphere
d mesosphere. The reasons for this behaviour (when it does QCCur) is
Il not uderstood. We will consider possible causes shortty.

wever, the fact that these stratified reflectors DO occur means that we need to
rn how to deal with them. It turns out that this is moderately simple, because
» back-scatter equations reduce to a 1-dimensional problem. -

7o cbtain hacgscattersdpossers The most carmmen @passsion for the back-scattered power

. essentially sum$ . the backscattered "Huygens’ wavelets" from each scattering
ctron in the scattering medium. v.2 -
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Example of Aspect-sensitive Scafter

Buckland Park Radar

Vertical Beam

Tx off

Off-vertical Beam

Altitude (km)

0

Central Standard Time
Day 151, 1977.

This graph shows meon' powers as a function
of height and time measured with a 2 MHz radar.
The beam used was moderately narrow

(+/- 4.5 degrees half-width), and was pointed first

y vertically, and then off-vertically.
) It was possible to prove that the decrease in
- power was not simply a temporal change

by monitoring the singal strength vertically
on a second, broader beam throughout
the whole period.

. (from Hocking, JGR, 84, 845-851,1979)
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This alfernative formulation is often easier to work with than the earlier equation.
It can most easily be developed by considering the reflection coefficient if a
wave as it passes between 2 media separated by a flat surface.

You will recdall that the reflection coeffient for radiation incident perpendicular
to the surface is given by (n;-n,)/(n,+n,). We can consider the atmosphere to be

a series of such striated layers, as shown below.

z (height)

~

N()

Let us see how ’rhege consic;lero’rions lead us to a new formulation of the
scattering problem in one dimension.

(It is also interesting to demonstrate mathematically why the procedures we
Jevelop here are in fact the same as equation (79) - | will leave that as an
3xercise for you. We do not have time to deal with it in this lecture.)

Cat- 82 ccdr
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The nature of the scattering/reflecting entities

The interaction between the radar pulse and the scatlering environment.

Horizontally stratified structure

Consider first, and for simplicity, a horizontally stratified atmosphere whicl has fluctuations in
the refractive index in the vertical direction but none horizontally. In fact this is not an unreasonable
model to represent the specular reflectors already discussed.

A puise of the form ¢,(t — z/¢)cos[w(t — z/c)] is transmitted, where Jo = we/(2x) is the carrier
frequency. At z = 0, this is a pulse which varies in time as g1(t)cos(w.t). This can be written as
9(€) = g-(€)cos(kf) where k = 2w/e = 4n /) (A being the radar wavelength) and ¢ = ¢1/2 is a length
coordinate which closely matches the height of the scatterers (e.g. HOCKING and ROETTGER,
1983). Let the refractive index profile be described by n(z). Imagine a step-like change in refractive
index from ny to ny. The the reflection coeflicient experienced by a radiowave incident on the step is

; ny — g
= — l
r'(2) T, (n

In the limit of small chauges, and using the fact that the values of n; are close to 1, we can write
this as ,

z) =5~ = ——zdz (2)

We therefore let r(z) = %%’f be called the reflection coefficient profile, and the reflection coefficient
over a slep depth dz is r(z)dz (also see HOCKING and VINCENT, 1982a}. We will assume that all
refllection coefficients are very small, so that by far the bulk of the incident pulse passes right through
the reflection level, and only a small portion is reflected.

As the radio pulse approaches this reflection level, the front of it is partially reflected back, and
then the trailing bits are reflected until the whole reflected part of the pulse looks like an image of
the incident pulse, but turned around and returning to the ground. If there is an other reflecting
layer above the first, the same process repeats itself but with a slight time delay compared to the
first. Thus the nett reflected echo is the sum of these two reflected pulses, but with a small time
delay. If there are multiple reflector levels, it can be readily seen that the resultant amplitude profile
is a convolution between the pulse and the reflection coefficient profile.

The reflected complex amplitude as a function of height is then given by

() o« (%2} g g(x) ®)

where @ stands for convolution. (e.g HOCKING and ROETTGER, 1983, and references therein).
To begin, it is of interest to examine what happens when reflection occurs from a single step of
sowne finile thickness. The easiest step to deal with is one of the type with
x— X 2
r(z) < el™—a ), (4)
In this case the refractive index profile is a step of finite thickness, as shown in the following diagram.
Note that although d is a measure of the step depth, it is probably not the best measure of this

depth. A better measure of the step depth might be thic distance between the Lwo points where the
reflection coeflicient falls to one half of it maximum value, or

w=2vin2.d



Figure.

The convolution can be done numerically, but it is instructive to examine the process using a
slightly different approach. From Fourier theory (e.g. BRACEWELL, 1978) the convolution can be
done by Fourier trausforming cach of g(z) and r(z), multiplying the Fourier transforms G(k) and
R(k), and then re-Fourier transforming the product. The process is illustrated diagramatically in the

following diagram.
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Note that the Fourier transform G(k) of g{(z) exists in a narrow band centred at k. = 4w /A
Notice also that the narrower the step (smaller d) the wider the function R(k) and so the product of
the Fourter transforms is larger. In fact the peak amplitude of the product is

e _ue?a
Alk) x e 7T xe A2 (9)

- s0 clearly once d exeeds A, the backscatiered power is very small. In fact even if d = A/4 (w =
0.422), the reflected amplitude is 0.08 times that for a step of zero width (ie a sharp discontinuity).
The power will therfore be reduced by 22 dB compared to a single step. Many authors have taken
this to infer that only steps much less than about a quarter wavelength in thickness will ever be
scen by radar, and this may well be true for say MF radars. Ilowever, with colierenl integration
and the greater sensitivity of modern radars, particularly VHTF radars, it is not so easy to adopt this
arguinent; VIIF radars can often see such steps even if reduced in efliciency by 20 d33, and they are
indeed capable of detecling layers with a depth d of about A/4. However, il is true that beyond this
depth, the elliciency falls oll remarkably quickly; for example, if d = A/2, the power is reduced by 80
dB, and even VIIT radars would not normally detect such a step. HOCKING (1987a) has discussed
this point and suggests Lhal some "specular reflectors” seen by VIIF radars have typical depths with
2d = 3 - 4 m, or w between 2.5 and 3 metres; in other words, the steps are right on the edge of the
region of detectability.

Another useful model is that of "Fresnel Scatter”, a model known for many years in D region MF
studies, (eg AUSTIN et al., 1969; MANSON et al., 1969; GREGORY and VINCENT, 1970), but
given renewed popularity by GAGE et al (1981} in respect to VI studies. In this model, horizontal
stratification is again assumed, but n(z) is assumed to vary randomly, so the atmosphere can be
thoughit of as a series of thin slabs sitting atop each other, each with slightly different refractive
indices. Despite some initial controversy, it is relatively easy to show, using similar procedures to
those discussed above, that in this case the backscattered power is proportional to the pulse length
(HOCKING and ROETTGER 1983), and if one includes the decrease in reflected power as a [unctlion
of height z then one finds that the power received by a radar takes the form

O'QPIAE

—12
"o (FOH] (89) ©)

Pp =
where Pp is the received power, a is the array elliciency, /% is the peak transmitted power, A, is
the array effective area, A is the radar wavelength, z is the height of reflection, M is the mean
generalized refractive index gradient and £7(A} is a "calibration constant” which must be determined
empirically for each radar. The term Az represents the radar pulse-length. In the case that A7
varies substantially within one pulse-length this formula need some modilication, as described by
HOCKING and ROETTGER (1983). Later developments of this model have been discussed by
GAGE et al., (1985) and GREEN and GAGE, (1985).



Complications for the case of MF and IIF radio waves

Although approximately applicable in many instances, the above theory does have some serious
limitations, which are especially a problem at MF and IIF. These complications include the dispersive
nature of a wave pulse when the electron density gets high, and also the effects of absorption on the
wave packet. In order to address these issues more precisely, we look back al a previous paper by
HOCKING and VINCENT, JATP, 44, 843, 1982). This paper shows a more general formulation
which enables us to deal with these {and many other) complications.

L mﬂwd%m it affnda«vyﬁ«%ﬁ»x
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Non-specular scatter.

In the previous section, we looked at specular reflection. We did this for two
reasons - firstly, because it really happens in the atmosphere, and secondly
because it d?mofhemo‘ricolly fairly easy to deal with.

We will now turn to consideration of non-specular scafter. Scatter due to
iregularities produced by turbulence is an example of non-specular scatter.
Non-specular scatter is in fact more common than specular reflection,
and it is somewhat more complex to deal with. It is complicated by the fact
that even turbulent scatter can have some aspects of "specularity" about it -
we call this feature "aspect-sensitivity".

We will look at turbulence in more detail next lecture, but for now we want to
look solely at its properties of directionality of scatter. Before that, though, it
is important to look at what a "typical" turbulent irregularity 1ooks like.
Turbulent iregularities are in fact very distorted, elongated, string-like features.
The tearing motions of the wind shears produce this type of effect. The figure
on the next page demonstrates how such irregularities form.

However, despite the fact that we know that turbulent irregularities are distorted

like this, we know that if we do a 3-dimensional spatial auto-correlation of the
turbulent region, we will get a broadly smooth fall-off in all directions.
Generally, we assume that the autocorrelation function falls off in a Gaussian
manner in all directions, with (possibly) different rates of "decay"” in different
orthogonal directions.

Because of this, we often REPRESENT turbulent iregularities (and indeed
other quasi-isotropic irregularities) by Ellipsoids which fall off in density
in a Gaussian manner as one moves away from their centre.

A 2-D cross-section through such an ellipsoid is shown below. Note that it has
been drawn to be longer than it is high. If the ellipse were a circle, then it
would indicate isotropic scatter,

h |

—

L

We let the vertical distance over which the refractive index perturbation

« reaches 1/e of its maximum be h, and the corresponding horizontal distance
' be L. We will employ this "typical eddy" as a model in our discussions.






\_ o/

If we have a model like this for our. scatterers, it permits us fo predict quite a

lot about the scattering properties of the medium. We may then make measurements

of the radio wave backscatter to "work backwards" and learn
information about the scaflterers themselves. :

Probably not surprisingly, it turns out that when the scafterers are stafistically
isotropic, backscatter strength Is independent of beam direction, but if the
scatterers are "stretched out" horizontally, then the backscatter is

strongest when the radar beam is pointed vertically, and becomes weaker as
the beam is pointed further from off-vertical. The fall-off often follows a near-
Gaussian shape as a function of filt-angle.

-3

The more stretched out the ellipsold is horizontally, the more quickly the

power falls off as a function of angle.

We represent the power fall-off as a function of angle by

B(®) a expf- (sin“8)/(sin’8)}

where 6, Is a parameter called the "'aspec’r sensitivity" parameter.  (Note that if
you measure this parameter, the measured value will be a combination
of the effects of the scatterer and of the radar beam.

By meosuringf;"rhis parameter uéiﬁg beom-sWinglng methods (among others), it
is possible to therefore measure the shapes of the scafterers in the scattering

reglon.’

The following paper deé_cribes some of the mathematical principles behind these
determinations. Notice that the radar is also very selective about which scatterers
cause backscatter. - ,

We will work through fhis paper; and "pick out" the most important pieces of
Information. Notice, however, that equation (1) in the following paper is not
derlved - this Is a complicated derivation.

To see the sort of mathematics involved In producing this relation, you need to
r?‘f'(rehrl Tcla Thf% appendices and see the paper by Briggs. This is beyond the scope
of this lecture. T
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Radar measurements of aspect sensitivity of atmospheric scatterers
using spaced-antenna correlation techniques

B. H. BricGdas

Départment of Physics ind Mathematical Physics, Universitly ol Adclaide,
South Australia 5000, Australis

(Recoived in finad forn: 25 March 1991)

Abstract—The (heory of spaced-antenna lechnigues for the measurcment ol aspeet sensitivity of radar
backscatter from the atmosphere is considered. Corrclation measurements made on the wave ficld can be
used to determine the angular power spectrum of the returned cnergy in much the same way {hat aperiure-
synthesis techniques arc used in radio astronomy. After correction for the antenna polar diagrams, this
yields the aspect-sensitivity function for the refractive-index fluctuations which are responsible for the
scatter. Allowance is made lor the possibility that the backscattered power may viry with azimuih angle
as well as zenith angle. 1t is shown that commonly available data from three spiced anlennac can give
usclul information about aspect sensitivity, and can also be used to estimate the effective pointing angle
of an off-vertical beam. A methad is suggested which may provide increased angular resolution, based on
the fact that a single antenna can observe a very long cross-scction through a moving ground, patlern. The

method would be analogous to a synthetic-aperture radar.

1. INTRODUCTION

Much is still unknown about the scaticring mech-
anisms which cause radar cchoes from the atmospherce
al'MF, HF and VHF. It is known (hat the scallcrers
are often aspect scnsitive. They do not scatler iso-
_sropically as spheres would, but give the strongest
cchoes when the radat beam is direcied fo the zenith.
This suggests that the scatterers have horizontal scales
larger (han their vertical scales. Somc obscrvitions
have suggested that weakly reflecting horizontal layers
which bchave almost like mirrors may also occur
(RoTroer and Liu, 1978 Rasrod and ROTTIGER,
1982). In this case, the zenith-angle dependence of the
scattered power would show a narrow ‘spike’ at the
zenith, perhaps supcrimposed on a broader distri-
bution. On the other hand, some theorics ol the pro-
duction of the irrcgularities predict a sharp minimum
or even a null in the scattering at the zenith (VAN
ZANDT and VINCENT, 1983 ; HOCKING et al., 1991).
Improved mecasturements of the aspect sensitivity are
needed 1o investigate these possibilitics.

In the present paper we consider the theory ol vari-
ous radar techniques which can be uscd to measure
the aspect sensitivily, and suggest some new mcthods.
Allowance is made Tor the possibility that the scat-
tering may vary with azimuth angle as well as zcnith
angle, and the term "aspect sensitivity’ will be used Lo
describe both of these ellects.

The most dircet method of measuring aspect sen-
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sitivity is Lo usc a very narrow radar beam and scan
it in azimuth and clevation. This method is only prac-
ticable at VI and higher [requencics because only
al these frequencics can sufficiently large antenna
arrays be built. At MF and HF, and oflen even at
VHF, the required information must be obtained
indirectly. A method which can be used employs a

* broad transmilling beam, directed to the zenith. The

returns from scaltercers in various, dircctions interfere
with cach other to form a random distribution of
compléx wave field over the ground. The statistical
propertics of this ground pattern are measured using
arrays ol recciving antennae, cach of which has a
broad polar diagram dirccted to the zenith. Cor-
relation measurements between pairs of such anten-
nie can be used to derive the angular distribution of
the cnergy arriving nt the ground, as discussed in the
following scctions. This use of small spaced aniennae
rather than a large llled array, together with measure-
ments of correlation of the wave ficld, is analogous
1o the aperturc synthesis techniques used in radio
astronomy. The methods to be discussed in the present
paper are based on this idca.

In order to find the correlation between the complex
wave liclds at two spaced points in the ground patlern
it is nccessary to compute the average value of the
product of the two fields. In practice the ficlds arc
continuilly changing duc to systemalic and random
motions of the scatierers. Therelore lime averages ol
the products can be used. The predominant cause of
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the time changes is usually a stcady motion of the
patlern over the ground due to a wind af the scallering
level. It can be shown that the pallern moves at twice
the speed ol the wind (e.g. BriGGs, 1980).

In Scction 2 we consider some basic ideas con-
cerning Lhe radar equation, the scatlering cross-scc-
tion and the addition of powers from randomly pos-
itioned scalterers. In Scctlion 3 scallerers are assumed
to be randomly distributed throughout the volume
probed by the radar, with & particular range intcrval
being selecled. The spatial correlation function of thic
complex wave field over the ground is determined ; it
depends on the antenna polar diagrams and the degrec
ol aspect sensitivity of the scalierers. Conversely, the
aspect sensitivity can be lound [rom corrclation
mcasurcments madc on the wave field. provided the
antenna polar diagramsare known. In Seclion 4 these
calculations arc repealed for the case of scallerers
which arc confined to a thin horizontal layer. This
might occur it there were a thin layer of turbulence in
the atmosphere atl a particular height. This casc was
treated by Bricos and Vincinr (1973), but it will be
shown thal there is an error in that paper.

A common lechnique is Lo usc a triangle of threc
spaccd antennac Lo measure the velocily of the ground
pattern and hence the wind at the scaltering level. The
method requires computations of the cross-cor-
relation functions between the signal Auctuations for
the three pairs of antennas. A further anulysis called
{ull correlation analysis (c.g. BRIGGS, 1984) is then
used Lo determine the vclocity of the pallern over
the ground. Although the primary objective ol this
analysis is usually lo measurc winds, it also gives as a
byproducl some statistical parameters which describe
the scale of the irregularitics in the paticrn. in Scction
5 il is shown how these paramelers can be used to
delermine the angular distribution of Lhe received
encrgy, and so also the aspect sensitivity of the scal-
terers. Then, in Scction 6, it is shown how these resulls
can also be used to detérming the true pointing angle
of an ofl-vertical anlenna beam, as oflen used in Dop-

pler and other radar techniques. The novel feature ol

Sections 5 and 6 is that aliowance is made for the
possibility that the scallerers may show aspeet sen-
sitivity with respect Lo uzimuth angle as well as zenith
angle.

Il the pattern over the ground can be shown Lo be
moving at a constant velocity, and without significant
changes as it moves, it is possiblc (o obscrve a very
long ‘section’ through it with only onc antenna. In
Scclion 7 we discuss how obscrvations of this type
might be used Lo obtain greatly increased angular
resolution. The technigque would. be similar to that of
a synthclic-aperture radar.

2. ECHO POWER FROM A COLLECTION QF
SCATTERERS

The polar diagram of scattering [rom a ccriain vol-
ume of an irrcgular medium depends upon the three-
dimensional corrclation function of the refractive-
index fluctuations, and-the magnitude of the scaticred
power is proportional Lo the volume. The cquations
which {ollow could be derived on this basis. However,
for casc of visualization it is oflen usclul to imagine

. that the irregular medium is buill up from a super-

position of randomly positioned identical scalterers.
[t can casily be shown that the three-dimensional cor-
relation function of the resulting medium is the same
as that ol the onc of the scatlerers, while the number
of scalterers it a given volume will be proportional to
the volume. We will follow this approach. 1 should
be pointed oul that it does not imply that Lhe real
scattercrs all have exactly the same shape, but only
that they can be characterized by a certain mecan
shape, which also characterizes the corrclation funce-
tion and the scattering polar diagram of the medium.

A single scatterer will relurn a power given by the

~“radar equation’

L I S o 2
P, = ! "'C,"’f(.""ﬁ ,‘.7‘ (N
odn' R
where
P, = received ccho power
P; = transmilled power
G, = gain of transmitting antcnna
G/, = gain of receiving antenna
A = radar wavclength
R = range '
a = scalicring cross-scction of scailerer for back-
scalter. '

-

For isotropic scatierers o will be conslant, but in
general it will depend upon the direction of the inci-
dent wave relative Lo the scatlerer. To specily direc-
tions the dircction cosines (/, m, #) will be used. That
is, il a given dircction makes angles (0,, ., 0,) with the
(x, 1 ) axcs, then / = cosl,, m = cos@,, n = cos{..
Then 24m?+n? =1, and ! and m are sullicient (o
specily a direclion. Anisotropy is allowed for by writ-
ing ¢ = o({, m). This function may also be called
the ‘aspect-sensitivity lunclion®, or *polar diagram for
backscatier’ and the main aim of the present paper
is to show how it may be determined experimentaily,
using various radar technigques.

Often, when using the radar cquation, it is assumed
that the antennae are pointed direetly at the larget, so
(hat G- and G, arc maximum values, This will not be
so in The present work, however, as the anlennac arc

di
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directed vertically, while the scatter comces {rom vari-

ous ofl-vertical angles. We must therefore regard Gy

and Gg as functions of angle, that is, as polar dia-
Arams:

Gy = Gy(f,m),
Gp=Gpllnm.

Note that these are power polar diagrams.
We will not be concerned with the constants in
equation (1), and so for present purposcs il may be

wrillen
K
Pu= pu G (1, )G ol nya(l, ). (2)

When there arc many scatlerers they arc assumed
(0 be in random positions so that the phascs of the
received cchocs are random, and scatlered powers
may be added. The total received power will therelore
be TP, a sum of terms like (2), one for cach scallerer.
If the scatterers arc all identical, the total power will
just be P, multiplied by the number.

1. VOLUME DISTRIBUTION OF SCATTERERS, WITII
RANGE GATING '

Assume that the scatterers arc uniformly dis-
(ributed throughout the volume probed by the radar,
with density N per unit volume. The radar is assumed
to have a range gate such that power is received
only from scattcrers which lic in the range interval
Rto R--dR. In cquation (2), R is then a constant, the
same for cach scallerer,

In order o make usc of equation (2) we must first
find the number of scaticrers which lic in directions
from { to I+dl and m w0 m+dm {sce Fig. 1). The
radar *scaltcring volume’ is dV = R dQ dR, where
dQ is an clement of solid angle. The relation between
dQ and didmi can be obtained by rnoting that the
area of cross-scction of the:clementary cone, at unit
distance from the origin, is d. This arca projects Lo
an area dédm on the horizontal plane, and s at an
angle 0, to the horizontal. Therefore

dfdm
dfd = d/ dl”/ﬂ = a':il_—-—nl-i)-i"_j. .. 3
The number of scatterers in the range [ to [4+d/ nr to
m4-dm is therclore

! NRZdI
NRYdQdR = -~ dmdR @

(T

The returned power from the range / (o /4-d/, nr (o
m+dm will be denoted by WL m) df dm. W(l,m) is

the angular power spectrum. From (2} and (4)

KNdR
Wil nt) didm = -_}—3_2—

y G {1, m)G (L, n)a(l,m)
(1= =mH'?

didm. (5)

The total reccived power is therefore

o KNdR
J. j W(l.m}ydidm = - R§ -
| 1

x["f"GALnnGRUJMaUJm
B |

| (l —_.Ir‘!"—mz.) e

cdfdm. (6}

The spalial correlation function of the complex
wave licld /(x,») over the ground is defined as

S P +Gr+a)

LA N '
where (he angle brackets denote a time average and
the siar a complex conjugate. 1t gives the correlation
for an antcnna pair with separation £ in the x-direc-
tion and 5 in the p-direction. With v, y, § and #n
measured in wavelengths, it is the two-dimensional
Fouricr transform of W(/, n) (RATCLIFFE, 1956). Thus

) e )

1
pE J J W(t, m) exp Rri(iE + )] df dm
1 1
(8)

B (| 7 ’_'_";;1“5')"!72

aJH J’4 ! q’.([, )G (1, n)a(f, nr)
.

1
x exp [2ai(lE +nap] df dm. (9)

To be identificd mathematically with Fouricr irans-
forms the limits of the integrals in (8) and (9) should
be + o0. However, the dircetion cosines cannol exceed
+ 1 and so these limits have been used. The distinction
is of no practical importance because W/, m) will
have fallen to a very small valuc before limits £ 1 are
reached.

To obtain the correet normalization which makes
p(0, 0) = 1 the expressions (8) and (9) should be di-
vided by the expression (6)) However, to include these
normalization factors [which would convert the pro-
portionalitics in (8) and (9) to equalities] makes the
cxpressions very cumbersome. The normalization will
be omitted, since it can always be reintroduced at any
stage by dividing p(<, 1) by p(0, 0).

Provided the antennac are directed (o the zenith,
and a(/, m) salislics o/, m) = a(—={, —m), i, m)
will also satisly W(/, m) = W(~1, —m), that is, the
angular power spectrum s centre-symmetric. This
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Fig. 1. The geometry Tor the case of & volume distribution of scatierers, with a range gale extending from
Rio R+dR.

means that p(&, ) will be real, even though it is com-
puted from complex amplitudes. Not all scattering
irregularities will satisfy this condition, however. FFor
example scatterers aligned along the Earil’s magnelic
field may give & maximum return at some angle away
from the zenith, and p(&, i) will then be complex.
Another example would be irrcgularitics situated in
fayers lilted by a few degrees to the horizontal, as
observed by ROTTGER ef al. (1990) in the troposphere.

Equations (8) and (9) show how p(¢, i) can be
found when W(/, 1) is known. Conversely., W/, ni}
is the reverse two-dimensional Fourier transform ol

P& m:

w({l,m) = J‘ ) I - (€

x exp [ — 2mi(iE + )] & di. (10)
When W, m) is known, a(/, m) can be found lrom
(5) giving
(=r—n)'?
oll, e G, )G gll, 1)

x.[ ) Jd p(&.n) exp [— 2mi(/é +mip}dd dy. (11)

o -

Constants have been omitted, because we are inter-
ested only in the form of a(l. ni), not its absolule
value.

Thus il p(&, ) can be found experimentally, and
the antenna polar diagrams arc known, the aspect-
sensitivity function a(/, m) can be found from (1 1). 1T
the ofl-zenith angles ol scatter arc small enough, the
fuctor (1—F—m?2)"? will be very closc to unity. 11 is
then u good approximation to find a(/, n1) by dividing
Wi, )y by the (two antenna polar diagrams.

The above treatment is guite general, and allows
for the possibility that W(/, m) is a function of bolh
zenitlitangle and azimuth angle. This secems to be a
likely possibility, becausc the scale of the irreguiarities
could be different in different dircctions in the hori-
zontal planc, perhaps related to the wind direction,
or the dircetion of the Earth’s magnetic ficld. It is
possible for W/, m) Lo have ils maximum value al
some off-zenith angle; the above treatment will still
apply. but p(&, 5} will becomic o complex lunction.

For simplicity, previous (reatments have usually
assumed thut W, m) is u lunction of zenith angle
only. that is, scattered power is independent of azi-
muth angle. This special case will now be considered.
[¢ implics that the scattering irregularilies arc on the
average isotropic in the horizontal plane, but their
vertical and horizontal scales may be different.

with this assumption the scatlering cross-scclion
o(l, m) depends only on the zenith angle .. It is
therefore a function of sin 0. = & = (4w M the
antenna polar diagrams arc also symmetrical around
the vertical they will also be functions of only. Thus
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a(l,m) — a(s)

G (L) = G{s)

G, m) = Grls)

Wi, n) — W)

P o by

The total reccived power is now
1 fa | .l
J: | J | W, nydl dm = 2= J:' Wis)sds, {12)

This follows from Fig. 1, sincc df dmr = s de¢p ds, and
the integral with respect 1o ¢ is 2. Thus cquation (6)
for (he tota! received power becomes

! 2nKNdR
In| W@sds = PE
{t]

1 . ] JANARY
) J G (NGuals)sds — q

(1—sH)"?

Equation (8) becomes a Fouricr-Bessel (or Hankel)
transform (BRACEWELL, 1965, RATCLIFFE, 1956} :

|
plra j W(s)J, (2rrs)y ds (14)
j (’ '!I‘)(;.Rj(‘l)g.('}) . -’,,(21”'.\').8' d.\', ( l 5)
. (1=5)7 _ :

where p(r) is Lhe correlation for a separation r, mea-
sured in wavelengths (independent of oricntation),
and J, is the Bessel function ol zcro order.

As before, a(s) can be found from the inverse trans-
form for W/(s), and cquation (11) becomes

{I ___.\.J)l"!

T o ()G al)

I P, Qrrs)r dr. (16}
1

I[ the ofT-zenith angles of scatter are small enough the
factor (1 —#)'"? will nat beimportant. 1tis then a good
approximation to find a(s) by dividing H(s) by the
polar dingrams. )

To observe p(r) it is sullicicnt o hive a row ol
recciving antennae along & line. (in practice others
would be required to test whether the assumption of
isotropy with respect to azimuth was correct.)

4, SCATTERERS CONFINED TO A TIIN HORIZONTAL
LAYER

A different possibility, in which the scatlercrs cxist
only in a thin horizontal layer, will now be considered.
In the atmosphere this could occur if, for cxample,
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there was a thin horizontal layer of turbulence. It was
the casc considered by BriGas and VINCENT (1973).

Lt the layer be at a height /i, and assume that the
scaltcrers arc uniformly distributed over the layer with
a densily M pér umit area. The gcometry is shown in
Fig. 2. As before, we musl first find the number of
scatterers which licin the range /to /+df, mtom+ dnt.

Consider an clement of solid angle dQ in the direc-
tion ({, m). This will intercept the horizontal layer in
an area A given by

A = R*dQ/n.
As bicfore, dQ is related to d/ dm by
d2 = d/ dmfn.
Thus

o

 R*dldm R*
A= “—"‘E"-'r‘-*‘ = —y+dfdim,
n* I
since n = cos 0, = I/ R.
The number of scatterers in the range / o [+di, m
o m+dm is therefore
MR
MA =~ el df dm. (7
This, together with cquation (2), gives

Y

KM
W, mydldm = e G, mYG g, m)a{l, m) didm.

(18)

Nole that the range dependence I/R* has been
removed by the R in equation (17). For this case the
form of a({, n1) can be found without approximalions
by simply dividing H{/ m) by the antenna polar
diagrams.

The total received power is

A+ [ "
I _[ W, mydi dni = A:’
rod- i’
41

[ .
X J J‘ G, (LGl nna(l m) didm. (19)
| 1

It is assumed here that the range gate of the radar is
wide cnough to accept all the returned encrgy.

As before, the two-dimensional auto-corrclation
function of the complex wave ficld over the ground
cun be found as the two-dimensional Fourier trans-
form ol W/, m):

PR |
I /) j I G {1, )G (l, mya ({,m)
] -1

x exp [2ni(/E 4 nup)] df dm. (20)
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Fig. 2. The geometry for the case of scuticrers confined Lo thin layer at a height A

Conversely, W(/, m} is the reverse two-dimensional
Fouricr transform of p(&. i), and on dividing by the
polar diagrams we obtain

I -+ r- -+ ;
OIS G244, )G ) f f L e
xexp [—2nilfl +mp)] dS dy. (21)

For the case in which all the functions have sym-

metry around the zenith, and depend on zenith angle

5 only, thesc cquations become:

! 2rKM | .
2ny MAs)sdy= i G (DG a(Sa(s)s ds
L1 3l
(22)

I
pira J. G ()G p($)a(x)d, (2nrs)s ds (23)

"(‘")"CE;L('.s')IG;'(s)‘J; PO (24

BriGas and VINCENT (1973) gave numerical results
for the case of scalterers which scatléred isotropically
in both azimuth and clevation, that is, o(s) = con-
stant. Physically this would require them (o have on
the average spherical symmectry, or to be very smalt
comparcd with the wavclength, The zenith-angle
dependence of the returned power H/(s) is then deter-
mined by the anienna pokur diagrams alone. To oblain

iflustrative numerical results it was assumed that these
were of Gaussian form, cach with a /e hall-widih, s,
that is

G () exp(—s?/s))

G exp(—s?/s2),
s0 that

W(s)a cxp (~ 253 /s2).
Then, from (23)

¢
,;(r)atj exp (= 25°[sD)J,(2rrs)s ds. (25)
[}
Duc to an incorrect definition of W(s), Bricgs and
Vincent (1973) obtained

1
plre J exp (— 28 s2),(2nrs)s? ds. (26)
1

[H/(s) was found by assuming that the total power
was proportional to | W (s)ds instcad of | W(s)sdv ]
The correct resull (25) gives

plr) = exp(—nisir'). (27

In Fig. 3 the results from cquation (27) arc com-
parcd with thosc oblaincd from cquation (26). The
oscillatory naturc of the results obiained from equa-
tion (26) is duc to the extra 5 faclor, which places a
null at the zenith.

W
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Fig. 3. Spatial correlation lunctions p(r} for isotropic scatterers, and with transmiiler and receiver polar

diagrams both given by exp (— s/v0), where sy = sin &, Curves are given lor O, values of 10, 20 and 30,

The solid curves are from cquation (27}, while the dotied curves are from Briaas and VINCeENT (1973) and
ire incorrect, r is in wavelenglhs.

Similar cquations can be used to find a(s) when it
docs have a dependence on zenith angle, provided the
dependence is Gaussian. 1T

a(s)acexp (=s¥s?)
G(w)acxp (—x2/53)
Gy(s)aexp (—s?/s3),

then
W(x)a exp (— /5D,
where
AP (28)
Y3008 &35
Then
Py = exp(—nisir?). 29

Note that measurement ol p(r) with Jjust onc pair
ol antennas (i.c. for a single value of r} is suflicient (o
determine s, from (29}, and 5, can then be found from
(28) if the polar diagram half-widths are known.

A useful resuft can be derived from cquation (29)
lo relate the antenna separation in wavelengths, Yo s
for which p(r) = 0.5, 1o the angle 0, measured in
degrees (where s, = sin ;). This relation .is, for 0,
smallfry s = 15.2/(0)] If a similar result is derived
from the incorrect equation (26); the constant
obtained is 12.0 rather than 15.2, As the value 12.0 has
been quoted and used in the literature fe.g. MHocking
(1987, 1989); HockinG e al. (1989)] the required
correction should he noted.

fos™ 1575
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5. METFIODS FOR DETERMINING p(Z, 5)
EXPERIMENTALLY, AND A GAUSSIAN
MOBDEL

al case, with no assumplions becing
out itsNorm, experimental observations of

In

civers. [owever,
nsitive detectors,

connccled o 89 scpara
the reccivers did not ha

amplitude pattern. ,

If the primary objective is (o dedermine p
usc of a filled array is not the optimym confi
for a given number of antennae, bicause m ny of
the vectorial scparations (&, i) of antknna pai
duplicated. A morc cflicient arrangeme
array in the form ol a cross, as oflen u
astronomy. This allows increased angular esolutio
of the derived a({/, m1) for a given number of Rulennac.
Such a conliguration does not appear lo havg been
used for the prescut purpose, except in small versions
such as that used by KeLisimg {1966).

(Tha pot 72 fofin by Bogy o
pielonclod
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8, CONCLUSIONS AND BISCUSSION

he theory of spaced-antenna radar techniques for
measuremcnt ol aspect sensilivity has been
swed and generalized. In particular, it has been
v that the commonly used three-antenna tri-
alar configuration can provide usclul data for the
rimination of the dependence ol the scaltering
s-section on both zenith angle and azimuth angle.
acthod which may bc able to provide greatly
sased angular resofetion under suitable con-
ms has been described.

or some purposcs the aspect-sensilivity lunclion
‘interest in its own right. For cxample, il has been
vn how it can be used to determine the cffective
ting angle of an off-vertical beam. Howcever, a
¢ fundamental characlerizition of the scatiering
ium wotld be the average shape ol a scallering
ularity or, cquivalently, the form of the three-

dimensional correlation lunction of the medium. A
discussion of the relation of the latter to the aspect-
sensitivily function is beyond the scope of the present
paper, but we may comment here that there is no
one-lo-one relationship between them. However, with
certain assumptions and approximations some useful
deductions about the horizontal scales in the scal-
tering medium can be made when the form of the
aspeet-sensitivity function is known. This has been
discussed by BriGas and VINCENT (1973), HoCKING
(1987, 1989) and HOCKING et al. (1990).
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ABSTRACT -

The characteristics of radar backscatter from the height region 60 = 100 km are examined in
order to try and better understand the nature and origin of the scatterers. In particular,
the evidence for quasi-specular &catter, in which the signal returned from the zenith is
found to be much larger than from off-vertical directions, is examined, and some recent
results are used to quantify the aspect ratio of the scatterers. The evidence 1s used to
show that both turbulent and quasi~specular scatterers may exist throughout the atmosphere,
and it is shown how the radar wavelengths used may selectively single out one or the other
type of scatterer in different-height regimes. Some models are discussed which may explain
the existence of specular scatterers.

INTRODUCTION

In the early 1900's, when transmitter povers were weak and receiver sensitivities poor,
studies of the atmosphere with radio waves concentrated almost exclusively on ionospheric
total reflection experiments, generally using ionosoandes. Nevertheless, evidence was
occasionally found for the existence of very weak scatter from heights below 100 ka /1,2,3,
4/. The first detailed study.of these “partial reflections", was performed by /5/ using a
single frequency (2.28 MHz) radar system specifically designed. to observe these weak echoes,
rather than the ionosondes which had been used previously. )

The observations of /5/ were made »t a site near Sydney, Australia. They found that’
scattering layers existed in the range between 60 and 100 km, and that these layers had
voltage reflection coéfficients- varying between about 105 at 60 and 70 km up to about 102

at 90 kim altitude. They noted that often echoes appeared consistently at particular heights
and could persist for periods of hours at thoése altitudes. The echoes faded with time
scales of a few seconds. Below 80 km, the echoes were only seen during daylight hours, but
abave 80 km they were present st night as well. These workers utilized this scatter to
measure the electron demsity as a function of height in this so-called "ionospheric D-
tegion", by comparing back-scattered signal strengths measured using two different modes of
polarization of the radip waves: This was the foundation of the Differential Absorptien

Experiment.

SAMPLE POWEF_! I'RANGE PROFILES
BUCKLAND PARK , NARROW BEAM
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Following the work started by /5/, /6,7/ used a site in New Zealand and a frequency of 1.75
MHz te locok more carefully at seasonal variations, and concluded that the echoes were
stronger, and occurred more frequently in non-summer months. It also appeared that the
echoes occurred preferentially at certain heights, notably around 95 km, 85 km, 75 km, 65-70
km, and occasiconally even at 56-57 km, although these preferred heights did appear to vary
with season. Other studies /8,9,10/ showed the existence of these scatterers elsewhere
around the globe. B

Typical height profiles of mean power, recorded with a much more recent system near
Adelaide, Australia, are presented in figure ! /33/. These profiles show the tendency for
echo strengths to increase with increasing altitude, and also the tendency for echoes to
come preferentially from particular height ranges on any one day. Similar characteristics
have also been noted wore recently by, for example, /31,33/.

The very existence of these scatterers, and the reason for the preferred heights, were
difficult enough to explain, but an extra property soon became apparent which introduced
extra problems. It was observed that at times the fading times could become as large as 10s
or more, particularly below 80 km altitude. Phase path measurements /[I1,12/ showed that
individual scatterers were sometimes extremely long-lived and very stable in height, varying
by less than a few hundred metres {nm height over time intervals of a few minutes or more,
Scatter from any set of irregularities produces a diffraction pattern over the ground, and
measurements of the pattern scale of this diffraction pattern /l2/ suggested that the
scatterers had horizontal dimensions much larger than their vertical extent. These
observations implied that the scattering layers should not necessarily be ascribed to
turbulence, and that at times the echoes were due to single, well-defined "partial
reflectors”. Mumerical calculations showed that these reflectors would have to have
relatively sharp changes in refractive index at their edges [13,14/. Some authors
/11,12,14/ suggested that the scatterers acted like partially reflecting "mirrors” which had
large horizontal dimension, possibly greater than 1| km across but with sharply bounded
horizontal edges. Such horizontally extended structures are often called epecular, quasi-
specular, or even diffuse-specular reflectors in the literature. The existence or otherwise
of "specular" reflectors was for some time a point of debate in the literature, but cthe
consequences of this debate have led to a2 much greater understanding of the nature of the
reflectors, and so this point will be discussed in some detail in the next section. To
begin with, only the evidence collected with relatively long wavelength radars will be
discussed (MF and HF). In the 1970's, VHF systems became capable of observing these
structures, and the observations made with these radars will be discussed in due course.

EVIDENCE FOR "SPECULAR" REFLECTORS AT MF AND HF

Although the issue of whether specular scatterers exist was at one sLage a controversial
issue /15,16,17,18,19,20,21/, a large volume of evidence now exists in their fsvour. Dften,
for parameterization purposes, the scatterers are assumed to take a shape such that the
power returned to a3 monostatic radar as a function of angle from the zenith, 6, takes the
form exp {—sinzsfsinzes}- If 8, is large, then the scatterers are nearly isotropic, whilst
if 8, is small then the function falls off rapidly as a function of §, and so the scatterers
are said to be specular.

A detailed study of the values of 9, at Adelaide, Australia was performed by /22, 23/, who
cross—correlated echoes received at separated aerials on the ground and found that §_ varied
between about 2% and 4° at 60 - 70 km, whilst above B0 km 6, tended to values more lfke 10°~
15°, Some studies (eg. /19/) showed that much of the time a layer actually comprised
several specular scatterers within a horizontal band of narrow vertical extent, rather than
a single scatterer, but sometimes the reflectors did exist as single stable extended
reflectors. The layers were in general less than & knm deep, and were often less than | km
deep, particularly below B0 km altirude. Individual scatterers often seemed to be less than
one radar pulse-length in extent.

Working in Ottowa, Canada, /24/ compared signal strengths received with two radars of very
different beam widths to estimate values of 85+ They obtained values of around 9° at 60 — 80
km, and up to 20° at 90 km. Clearly this is evidence of non-isotropic scatter below B0 km,
although the anisotropy is not as severe as at Adelaide.

Statistics about the pattern scale of the diffraction pattern of the scatterers on the
ground at Adelaide were compiled by /25/, and these can readily be converted to estimates
of 8_, as shown by /f13/. That ig to say, if the spatial correlation function across the
ground Is taken to consist (on average) of circular contours, and is given by the function

p (£), where £ 15 the spatial lag, then

P e {4775 8] w



v oA M~ QM m A

—

Radar Studies of Small Scale Structure (i0)329

h___:s_‘h //%zfalfl Bicay 177 2
where sg = sin Bg» - By plotting

this function for various es values and finding where it falls to one half of its value at
zero lag (£4 5}, it is possible to obtain a graph of £45 ¢ as a function of 8g. When the
pattern scales wmeasured by /25/ are converted to values of 8., it is found that 8 is
typically about 4° - 6* at 80 km, and 9% - 12° at 90 km. These values are consistent with

those found by /22,23/. Pattern scales for heights below 80 km were not presented by /25/.

Using beam-swinging techniques with a radar at Adelaide, Australia, /26/ showed that the
power received with off-vertical beams from altitudes below 80 km was weak compared to that
received with a vertical beam, whilst above 80 km the scatter was generally more isotropic.
Similar results were obtained when comparisons of signal strengths at frequencies of 2 angd 6
MHz were made /41/.

It is also possible to use the fading cime (or equivalently the spectral width) of the
received signal to determine upper limits on the parameter §_. It has been shown /27,28/
that a major cause of fading can be horizontal motion of the scatterers through the beam of
the radar; the range of radial velocities present because of the finite beam=width causes a
spectral broadening. For scatterers moving horizontally through the beam, and with no other
motions, the spectral half-power-half-width is equal to
f1/2=(]-0) %.V. 81/2 (2)

where V is the horizontal wind velocity, 61/2 is the half-power-half-width of the combined
polar diagrams of the radar and the scatterers, and A is the radar wavelength. For a
Gaussian spectrum, the fading time Tg,5 of the complex data series is related to B9
through the relation £yy2 = 0.22/1y5 5 | so that the parameter

B 0.22 A
B o.0.22 3 (3)
0.5 AR 91/2

is the fading time expected due to beam-broadening alone. The experimental fading time

Tg,5 could be less than 1g.5 due to randem vertical motions (eg. due to turbulence), but
never more. Thus if T).5 and V are known, it is possible to deduce an upper linit to

B|jo- At some experimental sites, experiments such as beam swinging have not been performed
to measure 8., but estimates of &, can still be made by using equation (3). A radar st
Townsville, justralia has been used to study the upper mesosphere /29/, and although 8, was
not specifically measured, the fading times and wind speeds were. Taking data from March,
1979, as an example, [ading times during strong bursts of power at around 70 km altitude
generally exceeded 5s, and often exceeded l0s. Wind speeds were generally greater than

20m s™t, Thus 8 2 was certainly less than 10°, and often less than 5°. At 90 km, typical
fading times were Js or less, and typical 672 values were more like 153°. The half-power-
half-width of the combined polar diagrams of the radar and the scatterers is given

by 8777, where
sin 2 8172 = sin™2 g./ln 2 + sin2 CJN (4)

and Br is the half-power-half-width of the radar beam /30/. For the Townsviile system, the

radar polar diagram was very wide, s0 6_ = 61/2 / ¥TuZ . Thus at Towasville too the

scatterers are certainly not isctropic below ﬁO km.

Measurements of fading times have also been made at Tromso, Norway /31/ in spring and
summer. Typical fading times in summer were about 6s at 60 km, 3-4s at 70 ko, and as swmall
as l-2s above BC km. At 60 -~ 70 km, typical summertime wind speeds at the latitude of
Tromsgo are greater than 40 m s™!, so that an upper limit of 8177 at 60 kn is 3® and at 70 kn
is 5°. The radar polar diagram used was wide, so upper limits for 6_ are 4° at 60 km and 6°
at 70 km altitude. At higher altitudes (B0 km) the wind speeds are generally less and B
may be larger. In spring, fading times were even longer, although the wind speeds are
generally wmuch weaker, and so 8_ values are probably comparable to the summer values. The
trend of small 8; values at ﬁéiTO km inecreasing to larger values above 80 km is again
evident. Similar calculations for Saskatoon, Canada, using fading times from /74/ and mean
winds from /75/ give upper limits of 8g of 4° Ffor January 1978 and B® for July 1977.

In connection with fading times, some authors have occaslonally looked for correlations
between strengths of back—scattered signals and the fading times, in the hope of learning
something about the scatterers. However, such data must be treated cautiously, particularly
if the beam-broadening contribution to the fading time has not been removed, for this term
can be a major cause of the fading, and can make such correlations meaningless.

The main point to emerge in this section is that D-region specular scatterers do indeed

exist over a wide range of locations, particulariy below heights of 80 km. The general
picture is that the specular scatterers exist between 60 and B0 km, whilst above that height

the scatterers tend to be mere isotropic, at least when observed with HMF and HF systems.
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DETAILED SHAPES QF THE SCATTERERS

When trying to explain the nature of these scatterers, it proves useful to begin with simple
models, and add wore cowmplexity as needed. To begin, then, two very simple models will be
proposed, and these will be used to try and learn a little more about the scatterers using
the observations discussed thus far. These models will be called models A and B.

The first model (A) surmises that the refractive index in an individuwal scatterer varies in
& Gaugsian manner horizontally, and varies in some equally smooth manner vertically. It is
assumed that the gross structure in a vertical plane is ellipsoidal, with circular symmetry
in the horizontal plane. Importantly, it is assumed that all scatterers have the same ratio
of depth (h) teo horizontal scale (L), although scatterers of varying size may exist. Such
structures might, for example, represent an "average" shape produced in anisotropic
turbulence, and there will be many within the radar scattering volume. .

The second model (B) is one in which the scatterers are proposed to be flat partially
reflecting "mirrors" which have developed undulations and “wrinkles" on their surface.
Such scatterers have been described as "diffuse reflectors" /32/.

Model A

-t

The csse of ellipsoidal scatterers, 15 w@?ch fhe2 refractive index f{over and above the
background) takes the form exp -[({x /L + z°/h“] has been considered by /13/

{see figure 2a). They found that if such scatterers are uniformly distributed over the sky,
and are observed with a monostatic radar, then the backscattered power density as a function
of zenith angle 8 is proportional to [n3/2.(L2h)]2, P' , where

' 8x? 2.2 4 B2
P’ = exp{- v (L2g? + K2 (1-82)) . (5}

and where s = sin 8. Similar studiés have also been performed by /72/. This formula does
not, however, include a term to consider the variations in refractive index for scatterers
of different sizes, and nor does it contain a terw describing the number density of
scatterers; for example small scatterers might have smaller cross—sections of backscatter
individually, but if greater in number than the larger ones, they may have a large effect.
50 assume that the peak refractive index above the background value in any scatterer is a
functfion of h and L/h, n, (h,L/h) say, and that the number density of scatterers of vertical
ecale h and aspect ratio L/h is D (h, h). dh.dCL). Then the power back-scattered from zenith
angle 8 by scatterers with vertical scales in the range h to h + dh and aspect ratios in the
range L/h to L/h + d(L/h) is proportional to /l4/

P = n.i. (h, -:;').n ¢h, %}. B, (6)

where ny (h, L/h) = n,(h, L/h).walz.L?h is the total integrated refractive index of the
irregularity. The term L?h will often be comsidered as (L/h)2, h?, since it will be assumed
that the ratio L/h 18 a constant. - A profile of this type, with a Gaussian variation in the
vertical direction, 1is not necessarily the best to  use, and others will be introduced
shortly, but the present case is very useful for illustrative purposes.

{c)

la) (b)

ni{z)ex

niz) niz) o ue-llx&y’lﬂ.’l_]ﬁ /‘ 5N %

HZoohii2 22
coe Iy 23001 | [t g

Fig 2. Some hypothetical refractive index variations across scattering irregularities.
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Fig. 3. Normalized scattered power for an
overhead irregularity of Gaussian form as a
function of the vertical scale parameler h
measured in wavelengths 2. The sharp
resonance centred on b= 0.2% indicates
that irregularities of this vertical scale

NORMALIZED SCATTERED POWER
=

-3
LY are preferentially selected by a probing
wave of wavelength A.
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is clear that if, in an experiment, an angular variation of signal strength of the Lype
p (-sinze/sin2es) is found (as discussed earlier), and if the scatterers have a shape as

seribed by fig. 2a, then

sinZe 8 2 2 . o

<in as = 57T (L he¢) . sin<¢ (73
AN 1

o TRRAS R o e

s if it is possible to measure h, then 8. can be used to estimate the ratile of the width
, the depth (i.e. the aspect ratio L/h) o? the scatterers. Can h be determined? In fact
. can be shown that efficient backscatter omly occurs over a limited range of h values, and

1is will now be done.

yt a fixed value of L/h, and for vertical backscatter, (6) is a maximum when its derivative
Assume that the term nd (h,L/h).D(h,L/h) varies as a function of

©

Lth respect to h is zero.
in the manner h”. Then (6) is a maximum when

h N
(I) max f{6+8) fém .

(9)

rf we Py Y ‘58 = P then (6) is a maximum when hix = JB/4r = 0.195. A plot of
against h/x is shown in figure 3, and it is clear that P Falls to very small values within

narcow range of h/A values — say between .l and .3.

model which regards turbulent scatterers as an ensemble of spherical irregularities with
has recently been developed by /34/. For Kolmogovoff inertial range
d assuming that na(h.L/h) is independent of h, the numbes gensity of
rregularities per gnit volume in the range h to h+tdh is proportional to h / In that

aussian cross-section
aurbulence /35, 36/, an

°d91157§h’L/h) is proportiomal to h”, and if D is taken to be approximately propoctional
o h~™ then 8 =—19/7, and (h/x) pax 0.§3¥ 1nwore extreme circumstances, no(hi might

ncrease with increasing scale, but even {f 8 is as high as 4, (h/J\)m < = /TI0/4n, or about
.25, Clearly, over a wide range of B values, the maxinum backscatterei power occurs in the

ange of h = 0.154% to 0.3i.

cefractive index profiles with height have also been considered by /[33/,
1] assumed that the scatterers had circular shapes hotizontally and fell
JFf in refractive index in a Gaussian manner in the horizontal direction. Such cases are
‘hown in figures 2b and 2c. Figure 2b represents a scatterer which exists in a region where
he refractive index increases linearly with height, but tends to be more mnearly constant
jcross the scatterers Notice that by multiplying dfdz(expl~2z2/0%}) by h, it has been
msured that the maximum excursion of the refractive index from a straight linme 1s
.ndependent of the vaiue of h. Likewise in figure 2¢, the total change in refractive index

cross the scatterer {s independent of h.

ither possible
1though it was sti

‘he backscattered power as 4 function of L, h, and & is found by Fourier transforming the
can

x function /13/. The Fourler transform of the derivative of a Function

-afractive inde

ye found by multiplying the Fourier transform of the function by 2niv, where Vv is the

wppropriate spatisl frequency /37/. lience for figure 2Zb, the received power 1is proportional
spatial

expression in equation (53 2 where v3 1s the vertical
ls still taken as Ng- 7 /2.12h, although In this case
{ve index over the scatterer.

M) n%.D.(2n103)2 times the

‘requency 2 cosd/A. The term R
v does not have as Lts physical meaning the integrated refrace

Ao n, £
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Fig. 4. Aspect ratio of scatterers, L/h,
as a function of 8;, for h = .15% (upper
L"|., 8 curve}, .195%, .25\ and .32).
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For the case described by figure 2c the power received is proportional to n%.D(Zniua)z. P,
where P' is the expression in (5). For 8 less than say 15°, this multiplicative cos® can be
ignored. Thus for a power law form for n%.D, (i.e. W), it can be shown that

o) = /(548)/4n for figure 2b, (9a)

and (%Jmax = Y {7+8)/4n for figure 2c. (9b}

max

Over the range of B values 0 to 4, as used previously, (h/r) may Still lies in the range
0.15 to 0.3. 5o clearly for these three quite different scatteter profiles, the optimum
scatter depth for backscatter lies between 0.15% and 0.3\. Swaller values are inefficient
because they are associated with smaller L values, so that the total cross-section is less.
Note that all the functions discussed thus far are continuously differentiable; if a
discontinuity exists in n{z}, or any of its derivative, the picture changes totally, but it
has been assumed that visecous cffects will prevent the formartion of discontinuities.

Thus although h is not kpown precisely, limits on it are known, and these can be wused in
equation (8). The relation between L/h and 6., as described by equation (8), has been
plotted in figure 4 for various values of h in the range 0.15% roe 0.32). It will be noticed
that all the curves look similar, and although it is not possible to relate L/h to Bs
precisely, it is certainly possible to give a range of L/h values for any specified 8
value. For example, at 90 km altitude 6, is typically 12°, and it can be seen from figure 4
that such a value corresponds to a range of L/h of between 2 and 4. This seems quite a
reasonable aspect ratio for anisotropic turbulence, and so scatter from around 90 knm
altitude could be due to turbulence in which buoyancy forces have introduced some asymmetry
between the vertical and horizontal scales.

However a value for &_ of 4° implies an aspect ratio of between 6 and 12, and 2° gives an
aspect ratio of between 9 and 1B, For exawple, if a radar wavelength of 150 m is used, the
optinum vertical scale would be about 30 m, and the horizontal scale would be between 300
and 600 m. It seems most unlikely that even anisotropic turbulence could create such large
irregularities, unless perhaps the turbulence were well into the decay phase.

Model B

Model A seems at least superficially appropriate to describe the scatterers above 80 km, but
was not appropriate below 80 km, so model B is now introduced to try and better explain
these lower scatterers. In this mwodel, it is assumed that the quasi-specular scatter is due
to one or more horizontally stratified steps, possibly with undulations and “wrinkles". The
vertical profile of refractive index might lock, something like that in figure 2c, but there
would be little change in refractive index in the horizontal direction, save for the effects
of undulation and wrinkles. For such a step, in which the vertical variationm in refractive
index 1s proportional to exp{-z2/h?}, the backscattered power is proportional to

[An. exp{-n2.(2/2)2.02} )2 /38/. Here an is the total change in refractive index across the
steps. Notlce that narrow steps where h is much smaller than A reflect most efficiently, and
the reflected power is reduced by 20 dB if the step size is about A/4. The existence of
undulations and wrinkles on the layer, of say root mean square depth d, will tend to spread
any incident radialion over a range of angles. The layer can be treated as a phase screen
containing random fluctuations of phase with root mean square value uMs =2d/x /39/, where d
is the RMS depth of undulation.

Calculations have shown that a change in electron density across such a step of about 5%-10%
of typical clectron densities in the region around 70 kw altitude is capable of explaining
the observed echo strengths /14, 40/. The major arguments usually proposed against such a
model revolve around the problems of forming and maintaining such steps. What would cause



them? Would they not diffuse apart quickly? These questions will be addressed in due
course; for the present, ip isg simply necessary to state that the experimental evidence
presented so far is consistent with the scatterers below 80 km being such steps, at least at
several different locations around the globe. Indeed /l4/ proposed that the step size
should be less than 10 m in vertical extent. Further evidence for this statement was
supplied by /41/, where comparisons of observations at 2 MHz and & Mz suggested that the
step sizes were less than one tenth of a wavelength for the & MHz radar, or about 5m.

Turbulence

To Finish this section, a discussion of the backscattered power expected due to turbulence
proves useful. In some ways, this will simply represent a different approach to model A.
Given typical energy dissipation rates and typieal electron density profiles, the potential
refractive index gradient /28/ cam be found and so the backscattered power expected due to
inertial range isotropic turbulence can be calculated. This has been done by /33/, and for
scatter from below 80 ko the estimated backscattered signal for the Adelaide MF radar are
over 100 times less than the powers actually observed. However these calculations used a
"typical” electron density profile /68/ which had relatively poor vertical resoluticn. £
the small scale electron density gradients can be considerably greater than those assumed,
then of course the expected backscattered signal will be greater than that estimated, buc it
is unlikely to increase so much as to explain the echoes below 80 km. For neights above 80
km, the calculations are comparable to the experimentally determined values. This
emphasizes even further that the scatter from below 80 km is not just due to turbulence,
whilst for the higher altitudes turbulence may well cause the scatter.

VHF OBSERVATIONS OF D~REGION SCATTERERS

In the early 1970's, D-region echoes were observed with radars working with Frequencies of
about 50 MHz /42,43,51/. These echoes showed several features in common with the scacterers
observed with HF and MF radars, including some preference to occur at heights of about 70-75
km and sometimes at 80-85 km, and similar variations of mean power with time. VHF systems
generally use shorter pulse lengths than MF and HF systems, and these VHF studies showed
that individual scattering surfaces were often very narrow, often less than 300 m deep /32/
and sometimes less than the pulse resolution. However, they also showed some
characteristics which were different from the MF and HF observations. In particular, the
scatter did not always show a sharp drop—off in power when the radar beam was tilcted off-
vertical. Certainly in some cases /64, &7/ there was an aspect sensitivity, /44, 47/ found
that the powers measured when the beam of the Jicamarca (Peru) VHF radar was pointed to 3.5°
off-vertical were between 5 and IS dB less than those observed with a vertical beam. However
/45, 30/ found that powers observed with a beam of the S0USY radar in West Germany polnted
te 7% off-vertical were very similar in magnitude to those found with the vertical beam.
Furthermore,/30, 46/ calibrated their radars and made absolute measurements of backscattered
power, and found that these values were consistent with turbulent scatter. Thus while IIF
and MF radars observe specular echoes most of the time, VHF radars see specular scatter only
occasionally, whilst at other times they see turbulent scatter.

Thus it must be speculated that neither model A nor model B completely describe the
situation below 80 km. Perhaps both turbulent and specular scatterers co-exist in similar
regions of the atmosphere, with the turbulence being too weak to be seen by HF and MF
radars. If the specular reflectors have step depths h comparable to or greater than the VHF
wavelengths, then they would not be seen by VHF radars. Possibly on occasions the Step
depths may narrow so that VHF radars might be able to derect specular echoes, which might
explain the observations of aspect sensitivity found by /44, 47/,

It 1s also possible that the turbulence may be anisotropic, and indeed /47/ has sugyestad
that all the aspect—sensitivity of scatter observed at all frequencies can be ascribed to
anisotropic turbulence. The fall off in power as a Ffunction of angle measured with VHF
radars by /44, 47/ suggest aspect ratios for the scatterers of between 7 and 20 (figure
4).  This would certainly require highly anisotropic turbulence. /24/ found 8. at 2.7 MHez
to be about 9" at heights below 80 km at Ottowa, Canada, ifmplying values of L/h of about 4,
s0 1t might be possible that anisotropic turbulence could explain these particular
observations. It isg very unlikely, however, that such turbulence could explain the HF and
MF observations made at Adelaide, Townsville and Tromso discussed earlier.

Model B certainly produces both a vertical component of scatter due to stratificacion as
well as an off-vertical component due to the undulations. As the radar wavelength is
decreased it can be anticlipated that the signal returned from vertically overhead will
diminish because of the finite step depth, but the off-vertical scatter may not decrease so
rapidly. Hence model B alone could perhaps explain the observations. Nevertheless, it
seems likely that any irregular structure of the step would arise as a result of turbulence,
so Lt might not be surprising if both types of scatterers co-exist. The idea that the off-
vertical scatter component is due at least in part to turbulence is reinfocrced by the Ffact
that absolute measurements of backscattered power at VHF seem consistent with those expected
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Thus it is proposed that both model-A type scatterers and model-B

due to turbulence /30/.
There may be geographic and

type scatterers co—exist in regions very cleose to each other.
seasonal variations in the relative importance of each.
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Fig. 5 Spectra recorded with vertical and off-vertical beams of the Buckland Park 2 MHz

radar.

Experimental Test of Dual scatterer medel

As a test for thie model, it was decided to look more carefully for evidence of turbulent
scatter with the 2 MHz radar near Adelaide, Australia. As discussed, calculations /33/ have
shown that the turbulent scatter should be at least 10 - 20dB weaker in strength than the
observed specular echoes if this radar is used. Extrapolation from VHF observatioms of D~
region turbulence /30/ suggest that the turbulent scatter seen by the Adelaide radar should
be 25 times less than the specular component and data presented by /26/ showcd about a 10-15
dB drop in signal when the radar beam of the 2 MHz radar near Adelaide was tilted by 11.6°.

The following experiment was performed with the Adelaide radar. The radar was configured
into two separate receiving beams, one pointing vertically and the other pointing at 11.6°
off-vertical in the eastward direction. The angle of 1i.6° ensured that the first null of
the radar pointed vertically. A very wide beam transmitter array transmitted radio pulses
into the ionosphere, and the back-scattered signale were simultaneously recorded with both
receiving beams. The time-serles were Fourier-transformed into power spectra, and figure 3
shows @ comparison of two such gpectra recorded simultaneously., The powers recorded with
the off-vertical beam were about 15 dB less than those with the vertical beam. Two features
should be noted in connection with figure 5. Firstly the parts of the spectra around 0 Hz
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are almost identical in shape, even to quite fine details, and secondly the off-vertical
beam has a spectral component significantly offset from zero, which 1s not present in the
vertical beam spectrum. Although only a limited data set has been analysed, several
examples like this have been found. Clearly the component around U Hz for the off-vertical
beam is due to leakage of the signal from overhead leaking in through the sidelobes and the
edge of the main beam, since 1t so closely matches that for the vertical beam. This was
further verified by examining the actual data time-series, and indeed the signal received by
the off-vertical beam 1looked Just 1like that on the vertical beam, but with a higher
frequency component added. The spectral component shifted from 0 Hz and recorded with the
tilted beam can be ascribed to more 1sotropic scatterers producing backscatter through the
ma2in lobe of the off-vertical beam, with a Doppler shift due to the large eastward component
of the mean wind which existed at the time. Indeed the frequency offset is consistent with

this idea. These data thecefore represent evidence that specular and quasi-isotropic
(possibly turbulent) scatterers do simultaneously exist at 70 km altitude. Specular
49/. These

reflections from the stratosphere have also been observed by VHF radars /48,
have not been discussed here because of lack of space, but it is worth noting that /50/
presented observations which suggested that turbulence and specular reflectors co-exist in
the stratosphere. The above results are the First to show that this is true for the lower
D-region.

If it is assumed that the quasi{-specular scatter observed with MF, HF and VHF radars is due
to stratified steps, and the off-vertical component is largely due to turbulence, it is now
possible to estimate the depth of these scabtering steps. The power received by a radar due
to inertial range turbulence is /28/

e Se A an 2.2 1P v
PRt Ty (Ti-i\“) -CN. X *Tn7 - B.f , (10)

where N represents the electron density, G2 {s the electron density structure constant,

G, is the gain of the transmitter, A, is the receiving area, z is the height of the
scatterers, V i{s the radar volume (- . (z 8 L. 2, (0.5 L )), and [ i{s the fraction of the
radar volume fiiled by turbulence. The térm ey is ‘the half-power-half-width of the

transmitting and receiving 'polar diagrams combined, L_ is the pulse length, and n the
refractive index. The term Pt represents the transmitted power, and B represents
ionospheric absorption along the ray paths. The power received for specular scatter due to
a single sharp step in electron density of change AN across the step is /4l/

Pr. C& Ar dn AN
= —_y2 2732
Pes = Wany? (qw)? - ()2 - B . ()

Thus the ratio of specular to turbulent signal returned from a given height z should be

173

Pre - a2 2/ Y (12)
: oy L =
Pee ton £ 87, (0.5 LP) L

Now compare this ratio for the Adelaide 2 MHz radar and the Jicamarca 50 MHz radar. For the
Adelaide 2 MHz radar, 8l is 4.5°, and the pulse-length {s about 4 km, whilst for the
Jicamarca radar 8|, is aboat 0.35° and L_ about 3 km. The pulse lengths are similar, so it
may be expected tgt the fraction [ will be similar in each case, since turbulence seems to
occur in extended striated layers. So if the ratio (AN)zlcﬁ is similar over each radar then
the ratio of specular scatter te turbulent scatter for the Jicamarca VHF radar should be
about 70 times that for the Adelaide radar. In fact /f46/ has proposed that often VHF
turbulent scatter comes from irregularities within the viscous range of turbulence, and in
this case the ratio should be even greater. However, even assuming that VHF scatter i{s from
the inertial range, the ratio of specular te turbulent scatter for the Jicamarca system
should between 30 and 135 dB, based on the observed ratio for the Adelaide radar. This {5 15
to 25 dB more than actually observed, and suggests that the "step"” observed with the VIF
system is not as narrow as one quarter of a wavelength or less.

viz, TIE€ the Step size is  we 347;?.‘&) wihase Phe refircfien cona®Cr< anfk
profile ;s re2) o W[‘“(Z"Zo)z/ﬂf} (e MM&_)’ THae, 1fa
reflcated Qumplifuds in X 2xp -4 RYP, and the oot pusac
is W{“Sﬂ%%’j_ éa'_mes ’f_?_'s Hhan Mer a Qf‘p ol "'ck"’”
much mock less Aan A4 Then vsing tRe above observation

that the actual observed apecular component {s 15-25 dB less than would be expected for a
very narrow step allows determination ofVW, and gives a value of batween Zand 3 m.  The
commnn assumption that the step must be less than one quarter of a wavelength Ln depth ls
not applicable because VHIF radars are such sensitive receivers that they can detect scatter
even from the very weak Fourler component of a quite thick step. Recently /52/ has compared
powers received by a MF and VHF radar at the game site, and came to a similar conclusion;
namely that VHF scatter, could not be due to scatter from a step of depth as narrow as a

fraction of a metre.

s
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The above calculations suggest a minimum step depth of ~3-5 m. It is possible that at times
the step depth is more, in which case the only significant VHF scatter would be from
turbulence. It is also possible that at times this turbulence could itself be anisotropic
/47/, in which case the aspect sensitivity at VHF could be entirely due to anisotropic
turbulence. 1In still other cases there might not be any specular reflectors present at all,
as in the case of very active turbulence. But undoubtedly the steps do exist, and occur a
considerable fraction of the time. A step of depth h can be maintained against molecular
diffusion for a time scale of about h?/v, where v is the kinematic viscosity. At 75 km,

v is about 0.3 m? 5_1, so that a step of depth h = 4m would have a lifetime of about | min
before being destroyed by wmolecular diffusion. 1f, on the other hand, the reflector was a
step of depth less than a quarter wavelength (at VHF), then the lifetime would be about 7sg
or less, and it would quickly be destroyed. This serves as further evidence against step

sizes as swall as 1 m.

Coexistence of specular and turbulent scatterers

Given that turbulent and specular scatterers co-exist at around 70 km altitude, it must be
asked why they should not co-exist together everywhere. 1Indeed, /33/ has proposed a model
in which it is assumed that both types of scatterers do exist at all heights, and has
assumed that the size of any step is comparable to the inner scale of turbulence. As the
altitude increases, the kinematic viscosity increases exponentially, and so the depth of any
specularly reflecting step increases wmarkedly. Hence the steps become less efficient
reflectors with increasing height. The turbulent component of the backscattered signal does
not fall off so rapidly; at very high heights scatter from turbulence occurs at scales
within the viscous range, but this situation only arises at heights much higher than the
heights where the “specular” reflections become inefficient. For any radar there is ar
upper altitude limit, above which specular reflectors become very inefficient and nc
reflected signal is detectable. For a 2 MHz radar, /33/ has shown that the transitior
occurs somewhere around 80-85 km, and because of the exponential increase of the kinematic
viscosity with height the cut-off is quite abrupt. The cut—off for a VHF radar is lowe:
down, being somewhere between 70 and 75 km, and so specular scatter at VHF is confined tc
altitudes of about 70-75 km or less. Thus with a MF system like the Adelaide radar,
turbulent scatter should dominate above about 85 km. At heights above 70-75 km the inner
scale of turbulence exceeds the Bragg scale for VHF radar wavelengths, so that generally VHF
scatter from above 70-75 km is due to irregularities within the viscous sub—range of
turbulence /46/. At heights above B5 km the Bragg scale is so far into the viscous sub-
range that very little VHF backscatter is seen at all.

It therefore seems reasonable to propose that both specular and turbulent scatterers exist
throughout the D-region, with the radars preferentially selecting one type or other,
depending on the radar wavelength and the height of scatter. Variations in the intensity of
turbulence and the background electron density profile may vary the relative roles of
specular and turbulent scatter, and this may explain why sometimes quasi-specular
reflections are seen with VHF radars; a change of the step depth to about 3=4 m is all that
is required for VHF radars to detect the step. At other times, when the steps are wider
than about 5m, they would not be seen by VHF radacrs, although a MF or HF radar would stil’
detect them.

CAUSES OF THE SCATTERERS

There seems little doubt that the scattering layers are associated with gravity waves o
tides. Occasional observations of downward propagation of the layers /30, 53/, and o
correlations o©of gravity wave motions with backscattered powers, have been made in th
wesosphetre and indeed the stratosphere /30,54,55/,

The details of the creation of these scatterers are as yet elusive. One popular model ha
been that due te Bolgiano /56, 31/, in which the turbulence is assumed to mix a backgroun
refractive index gradient to be nearly constant within a layer of strong turbulence, and &
produce sharp changes in refractive index at the edges. However this model is not entirel
appropriate because it should only produce specular scatter; the turbulence ig assumed t
mix the atmosphere so well that the potential refractive index gradient tends to zero withi
the layer, so that no turbulent backscatter should be received. Furthermore, it {s no
clear in this model what would constrain the turbulence to a narrow band in the first place
Indeed /[71/ has shown with a series of laboratory experiments in stably stratified fluid
that the boundary between turbulent and non-turbulent regions 1is generally not sharp
although it contains large gradients and & substantial spectrum of internal buoyanc
waves. [/57/ have proposed that the scatter may be due to inertial period buoyamcy (gravity
waves with wavelengths equal to the Bragg backscatter scale of the radiowaves, For 50 ME
radars, this requires gravity waves with vertical wavelengths of 3m. Such waves should t
highly damped by viscosity effects at 70 km, although it is perhaps conceivable that thos
generated in-situ might survive just long enocugh to have a weak cffect.

Fine steps In density are also known to occur in the oceans /58, 59/ and even in fresh wate
lakes /60/. A review of some of the processes which contribute to the steps in the oce:

was given by /61/ and while many of the proposals were based on the different rates of
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diffusion of salt and momentum (double-diffusive effects), one interesting point emerged
from that discussion. It appears that for mechanical turbulence generated in a fluid whieh
was originally statically stable, turbulent mixing tends to eccur more 1in the horizonctal
direction than the vertical, and when the energy source of the turbulence is removed, mixing
becomes almost two—dimensional. Thus in the decay phase of such turbulence, highly
elongated structures arise, often with very little horizontal variation in refractive index,
but with more rapid irregular variation in the vertical direction /61,62,63,64,65,71/. 1In
one model of the production of turbulence due to the breakdown of Kelvin-Helmholtz waves,
/66/ found evidence for the formation of long hotrizontal "braids" within which the

refractive index was fairly constant.

power. Such a model also requires that the turbulence be generated by mechanical rather
than convective processes. Inertial scale gravity waves with vertical wavelengths of [-2 km
might be a possible candidate /67/, and since such waves have nearly horizontal wavefronts
they might enharce the tendency for horizontal spreading. The reflectors might align
themselves along the wavefronts, which might explain observations made by /73/ that the
reflectors often have tilts of the order of 1° or 2°. A possible correlation between a
strong scattering layer and an inertial scale wave has been noted on at least one occasion
/30/.  Such a model could be tested by looking for events of strong turbulence followed by
strong specular scatter. In this model, the specular and isotropic scatterers would not be
in exactly the same volume of space, but would certainly occur in the vicinity of each

other.

Gravity wave - mean flow critical level interactions can also produce reasonably sharp steps
in refractive index, although whether sharp encugh to cause specular reflections is
uncertain. Other models have been discussed by /6%/, but until now no conclusive evidence
has emerged to support any particular model. It is imperative that experiments are
carefully designed to test these models, in order to determine the origin of the
scatterers. A clearer understanding of the nature of these scatterers will also be aided by
closer studies of seasonal variations e.g. /70/, and also by more investigations into the
reasons for preferred heights. Carefully performed beam swinging experiments, accurate
measurements of backscatter cross—sections, and studies with better height resolution are

also important.
CONCLUSIONS

Both specular reflectors and turbulence can co-exist, possibly in close vicinity to each
other, throughout the upper middle atmosphere. There may be geographic, seasonal, and day
to day variations in the relative strengths of each type of scatter, and it is possible at
times that one or the other type might exist alone. The turbulence itself may exhibit
anisotropy. The specular reflectors may take the form either of "steps”, or perhaps groups
of horizontal two-dimensional planes of differing refractive index overlying each other with
"steps" between successive planes. Because of the exponential increase in kinematic
viscosity with increasing height, the steps have Increasingly larger depths as the altitude
increases, and become very Inefficient reflectors at the higher altitudes. The "ceiling"
above which no more specular reflectors are seen depends on the radar wavelength, being
higher for larger wavelength radars. At 70 ki, the steps are typically 3 - 10 m thick; they
are not as narrow as im thick, 3s has been assumed in the past. Turbulent scatter can also
be observed throughout the region with MF, HF and VHF radars, but radar scatter for VHF
radio waves occurs from scales in the viscous subrange once heights of greater than about 75
ka are reached. MF and HF turbulent scatter can also be detected in the entire region 60-
100 km, but below 80 km is often swamped by the much stronger specular reflections.
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Velocity Bias

One important side-effect of anisotropic scatter is that it leads to biases
in velocity methods when the so-called "Doppler method" is used for wind

determingations.

We have thus far treated primarily the case of vertical beams, but when an off-vertical
beam is used, the effect of anisotropy is to "pull" the peak of the beam back
towards overhead. This means the beam is not pointing where

the user “thinks" it is, as fllustrated in the diagram on the next page. As a resulf,
the radial speed measured is less than it should be, and Doppler estimates of the
mean wind are underestimates. Thus knowledge about the aspect-sensitivity parameter

is important for proper determinations of wind speeds by radar.
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Appendix A: Effective pointing angle
and beamwidth for anisotropic scatter

As pointed out by ROETTGER (1981), an anisotropy in the scattering mechanism allers
the effective pointing angles for an ofl-vertical radar. Such anisotropy also'slters the effec-

tive beamwidth and this is important for the work in this paper. Let the polar diagram of

backscatter for the scatlerers be , )
s

Pu(0) ox ¢ sine,

and the two way polar diagram for a vertically pointing radar be (A))

'
Pr(0) o e (A2)

Then for a radar pointed off-vertical by angle fr in the azimuth direction ¢ = 0, the polar
diagram at angle (, ¢) is 2
_{einteing)? 4 (sinteosg—vinry)?
Prr(0,4) e{ [ naTly ” 43

(Note that the expression czp[-—-‘al'n’(ﬂ — B7)/in?0;) (which has in the past becn used to
represent a tilted beam) is NOT a good approximation, as that describes an annulus around
the zenithal point at a mean angle 67.) Whea the effects of the polar diagram of the scatterers
are included, the effective polar diagram is the product of (Al) and (A3}. This is a maximum
when the derivative of the exponent with respect to sind is zero, or al

. ) . sin?6,] "
ainley s = sinbr j1 + ———

S, A6

For 85,6, less than about 10°, this approximates to
. : i
sinbyy; = sinfy [1 + a.;

Thus the eflective poinling angle is given by (A4), and horizontal wind speeds will be
underestimated by the factor \ .

Ri= [1 + :—g (as)
if one uses say equation (12) without any correction. This is in fact only approximate - to
properly determine the actual measured radial velocity, equation (35) of HOCKING (1983a)
should be integrated (including an aspect sensitivity for the scatlerers) Lo produce the expecled
power spectrum; this will not have & maximum at the exacl point described by (A4), but jt
will be close. s

The hall-width of the eflective beam can be found by finding the angles (9, #) where the
effective polar diagram [i.e. the product of (A1) and (A3)] falls to one half of the value at
(0,¢) = (8es4,0). Consider only the line ¢ = 0. Then the product of (Al)and (AJ) gives

(-l w1 . (AB)

2.
fhé"-si’\éb -
& B e ¢ LML a T,

e ' ff.h,é.



and we seek the two angles (8;);; where this falls to one halfl of the value at § = 6,;;. Some
algebraic manipulation soon shows that a quadralic in sinf results, which has two roots at

- 921~}
(831 = sinGyyy & Vin2.sinfy [1 + E‘; __ (A7)

(for 6,86, less than about 10°), and this shows that the eflective half-power half-wigth is

AN A8
R = [1 5 (A8)
times the balf-width of the radar alone, Notice thatl this ratio is independent of the radar tilt
direction, al least out Lo angles of 10-15°. - )
Equivalently, we can write that the effeclive half-power half-width 6, i obeys the relation

sin™(8,;11) = sin~(8;) + sin"(6,4), (A9)

where 9% is the ball power half width of the radar beam and 0,.‘1_ is the hall-power half-width
of the backscatler polar diagram of the scatterers.

Now let use address the issue of how the power received by the radar changes as 4 function
of tilt angle r. The power received by the verlical beam can be found by integratling over
the beam, and for a Gaussian polar diagram this integral is proportional to (0 ”)’ where
0114 is the eflective half-power half-width of the combined polar diagrams of the radar and
the scatterers, When the radar beam is phased to look at an ofl-vertical angle 07, the peak
powet will be reduced by a factor '

(0ess—2r)
Il:e{-——’”—;—.‘ )

because the peak returned power is relurned from 6, ts and not @7, and then by a further factor

o
Iz = c("_;stl
bacause of the reduction in power due to the polar diagram of backscalter of the scalterers.
Thus the total received power will be proportional to the product of f1 and f2, and then
mulliplied by the eflective beamn half-power half-width squared. Thus the received power on
the ofl-vertical beam divided by that received on the vertical beam is equal to

f1.12.6,, 1)

_(‘Ln})’
or '
R(0r) _ Oy =01y 02 (A10)
P(0) f”"{_[ % +7¥]}

Note that this final expression corrects an error in the original derivation of HOCKING el
al, (1986), in which the factor f2 was neglected.
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Aspect sensitivity of the scatterers ~ possible physical causes

We have seen several times throughout this text that a better understanding about the shapes of the
scatterers is necessary in order to better interpret measurements of wind speed, electron densities,
and turbulence intensities. It would also naturally help in understanding the cause of the scatterers.
The shape of the scattering irregularities has been the subject of active debate over many years.
Models have ranged from flat, mirror-like partial reflectors to ”pancake-like” scatterers to
inertial-range isotropic turbulence, and in this review we will not dwell too much on these
arguments. Rather, we will first describe the main models, and then concentrate on the sorts of
techniques which might be, and have been, used to determine the shapes of the scatterers.

If it is assumed that the polar diagram of backscatter of the scatterers is of the form

sin?e

B(8) x ¢ »nTe, (1)

then @, gives a measure of how rapidly the backscattered power falls off as a function of zenith
angle. If 8, tends towards 90 ° , it indicates isotropic scatter, whilst if 6, tends towards 0° then it
indicates highly aspect-sensitive scatter.

There are a variety of models which have been advanced, but they basically fall into 2 categories.
(e.g. LINDNER, 1975 a,b; BRIGGS and VINCENT, 1975; ROETTGER and LIU, 1978; GAGE
and GREEN, 1978; HOCKING, 1979; FUKAOQ et al., 1980a, b; ROETTGER, 1980b; GAGE et al.,
1981; DOVIAK and ZRNIC, 1984; WATERMAN, 1985, amongst others).

(A) The first class assumes that individual scatterers are (on average) ellipsoidal in shape, which
may vary in their length to depth ratio as a function of scale, The extremes are spherical shapes
(isotropic scatter) and highly elongated structures.

(B) The second class of model assumes a horizontally stratified atmosphere consisting of variations
in refractive index in the vertical direction, so one can think of this as a series of "sheets” of different
refractive index. Such structures, if truly stratified, would have 8, = 0, but if we imagine that these
sheets are gently "wrinkled”, then 8, will become non-zero (e.g. RATCLIFFE, 1956). In this case,
the range of #, values relates to the range of Fourier components necessary to describe the wrinkles.
Proponents of model B do not claim that the whole atmosphere is like this, but that it is like this in
some places at some times, and use the mode! to describe particular observations.

Sometimes hybrids of the two models are invoked and other, more complicated, models have also
been proposed, but they are generally based on the above models. To illustrate these later models,
as well as give a feel for how they are explained physically, some examples of such more complicated
models are shown below. The first (see over) is due to BOLGIANO (1968), and assumes that an
intense turbulent layer might mix the layer so that the potential refractive index across the layer is
constant, with sharp edges at the side. These edges might be able to explain the model B reflectors,
for example, although doubts about the possibility of a turbulent layer maintaining sharp edges
exist.

The second model shown over the page proposes that scatterers near the edges of a confined layer of
turbulence are more anisotropic than in the centre. The model has been discussed by HOCKING et
al. (1984), noted by HOCKING (1985), and also proposed independently by WOODMAN and
CHU (1989). Such a model is physically likely because turbulent layers are often more stable near
their edges (e.g. PELTIER et al., 1978; KLAASSEN and PELTIER, 1985}, but for the purposes of
this paper these models are simply noted as the type of extension to the simple models proposed
above which should be borne in mind.
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Figure,

Another model which may give a physical basis to model B is the proposal that the specular
reflectors might be damped gravity waves (e.g. VANZANDT and VINCENT, 1983; HOCKING,
1987a and references therein) or even viscosity waves HOOKE and JON ES, 1986; HOCKING et al.,
1991), the latter being capable of existing at very short wavelengths. HOCKING et al. (Radio Sci.,
“Viscosity waves and thermal-conduction waves as a cause of ’specular’ reflectors in radar studies of
the atmosphere”, Radio Sci., 26, 1281-1303, 1991), have examined the possibility of viscosity waves
as specular reflectors in some considerable detail, both at MF and HF in the D-region and at VHF

in the stratosphere,
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Fig. 6. Collection of diagrams from several sources, all showing cvidence in some way of anisolropic

turbulesice. The left hand side diagrams show experimentally determincd velocily and lemperature
fuctuations through a turbulent Iayer in the siralosphere, from DALAUDIER and StDt (1987). The middlc
section shows 8 proposal (sce text) describing the expected mean degree of lurbulent anisotropy
within a turbulent layer, and shows greater anisolropy al the edges. ‘The right hand side profile shows
the shape of the mcan temperature profile in a turbulent layer at two stages of cvolution, as predicied
by the model of KLAASSEN and PELTIER! £I985n. b), and adapled for comparison with the experimental
results shown on the lelt. The broken Tinc in this last graph shows an initial lemperature inversion,
and the solid line the profile expected after dynamic turbulence has existed for some time. The
straight solid line shows an adiabalic temperature profile for reference. The agreement with
experiment is quile remarkable, even in some of the fine detail. The eccurrence of very stable
temperalure gradients at the top and bottom Is very pronounced, both in the experimnental resulls and
the prediction, snd it is in this region that the mosi anisotropic turbulence is expecled. One would
also expect the sirongest radio-wave backscatter [rom these sections at the top and bottom, wherc the
fluctuations in temperature as a Tunction of height are the strongest.

The Effects of Middle Atmosphere Turbulence

on Coupling between Atmospheric Regions

W. K. HOCKING

1. Geomag. Genelecir., 43, Suppl., 621636, 1991
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THEORY

Equations of fluid motion with viscosity
and thermal conduction inclided
The (two-dimensional) eguations of motion for
small perturbations in & Boussinesg viscous fluid
are (for example; HJ): ‘
du' I ap’
(ta}

— = ——— vV
&t g dX

v L
__.-.-= —-—L - E“—g"l'l' ;'Vzu" (Ib)f

Eh Pa ML po

- TN T

_p — = (1c)
a.x -1 :
ag’ ap
—P— + w' e = xvzp' (1)
ar az
die’ At
-5;- = p 37 (2a)
' alw' ;
a - az? @h
Assuming a solution of the form
u' =gy exp {itkx + mz — wi)}
and substituting in (2 a) gives
iw
m= gfe~ (3a)
v

or

miz = (.\—l/-; \/%+ ﬁ \/%) on
(Vi)

The solulion «' thercfore describes a heavily

damped sinusoidal varialion in the vertical with
wavelength

Ay = 8 w(\/viw) = 2‘\/;('\/0_7] (4)

and with an exponential decry, In this case, Tis the
period of the wave, = 2w/w.
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Fig. 5. {«) “Amplitude’” (which- may represent velocity,
lemperature, density, €ic.) as a fonction of height for a lypical
viscosily wave. () A similar wave supcrimposed on a mean

gradient.
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Having now established that both models have some physical basis, let us concentrate on the simpler
models, since these form an excellent basis for later discussion of any of the more complex models.
With regard to model A, it should be noted that 8, gives a direct measure of the length to depth
ratio of the scatterers. The following figure, from HOCKING (1987a}, shows this relationship.
What techniques, then can be used to determine the nature of these scatterers?

% .
- . A:pect ratio of scatterers, L/h,
a functien of @ for h = ,}5
curve), .195%, .25% Snd .32, (upper
7L
a
Llh 8
&
1 ¥ " I ]
0 0 20 3 &0 ] 60

Fig.

ﬂ -/ Experimental techniques to determine the nature of the scatterers
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In the following section a variety of techniques which may be used to determine information about
the nature of the scatterers are described and some of the resuits obtained so far discussed. The list
is not, however, exhaustive.

#+/+/ Methods utilizing different beam configurations

One of the simplest methods to investigate the aspect sensitivity of the scatterers is to simply point
a narrow beam vertically, and then at several off-vertical angles. The variation in power P as a
function of beam tilt angle @, is then related to 6,. In fact it can be shown that

. - (% "BT‘)2 ’3
P(lr)x e [_%3_.'-—'?] (2)

where 8.7/ is defined by equation (16), 61 is the beam tilt direction from the vertical, and the polar
diagram of the radar beam is assumed to be of the form ezp{—(sin?8)/(sin?6y)} [e.g. appendix A;
HOCKING et al (1986); note that the derivation in appendlx A corrects an error made in

HOCKING et al 1986, in that the important term -—{L was neglected in the exponent of e in that
paper}.

A typical experiment which might be performed is to compare the powers received with a vertical
and an off-vertical beam, and use this to deduce 8,. Utilizing equations (A4) and (A10)),it is
possible to derive the following simple relation between P(87)/P(0), 67 and 8. If R is defined to be
In{P(0)/P(67} (or R = 0.23026 Ryp, where R4p is the ratio of P(0)/P(67) expressed in dBs), then
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Radar Observations of Stratified Layers ( /)UZA'ﬂe )
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Fig. 8. Values of 85 observed at MF and VHF at a number of locations. MF symbols represent the following
studies: asterixes (Tromse, 69°N), closed diamonds (Townsville, 16°5), closed squares (Adelaide, 35°S), all
from /7/; open squares (Boot Lake, 40°N ) /24/; closed circles and continuous line /86,87/, open diamond
/88/, apen triangles /89/, all from Adelaide; closed triangles (Ottawa, 45°N) /90/; crosses /91/ and open
circles /94/, both from Adelaide. VHF symbols represent: cross (Arecibo, 19°N) /1/; open and closed circles
and squares (Jicamarca, 12°S) /62,63/; open and closed triangles (Kyoto, 35°N) /95/; and continuous line

(Andenes, 69°N, summer) /85/.
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y,

\ave shown that if the powers on 2 beams, pointed at angles 01

Hooper and Thomas (JATT, 1995) 1
d, then the value of 8, can be found as

and 6, from off-vertical, are measure

: in20, — sin®0
g, = sin™! {""‘ 2 L _ i 20} 3
i\ mPEPEN ), ®)
Typical variations of P(8) show an approximately Gaussian fall-off out to about 5° - 10° , and then

an approximately constant value beyond this, indicating possibly isotropic turbulence with more
anisotropic scatterers either embedded or nearby (e.g. DOVIAK and ZRNIC, 1984). Typical values
of §, are often in excess of 8° in the troposphere, whilst in the stratosphere at VHF values can be

as small as 3° - 4° .
In the mesosphere, 8, is typically 4° for VHF scatter below 75 km, although on occasions isotropic

scatter is also seen. Above 80 km, VHF measurements give 8, to be about 6° - 8° . At MF, 8, is
typically 2° - 5° below 80 km, increasing to about 8 - 15° above 80 km {e.g. LINDNER, 1975a,b;

VINCENT and BELROSE, 1978. REID (1989) has summarized the various mesospheric

measurements.
An alternative means which may be used t

wind speeds deduced using the DBS metho

o determine 8, is to utilize equation (16). By comparing
d for a beam pointed at say 5° off-zenith to one at say
15° off zenith, it is possible to deduce 4, from (Ad), assuming that the value deduced with the

15° beam is the true wind speed. An slternative is to use spaced antenna methods to determine the
true wind speed, and then comparisons with the DBS measurements may allow determination of 8,.
Another interesting determination of §, was made by VINCENT and BELROSE (1978), who
compared the powers received on two beams of different polar diagram widths, and used the
resultant ratios of powers to determine @,. The method yielded results consistent with
determinations made by other techniques discussed in this section.

L}
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Applications of these theories in the D-region “7

Measurements of 85 are moderately straight-forward, once the above procedures are applied. it is
also possible Lo convert these measurements to other useful parameters, which will now be listed.

The spatial lag al which the autocorrelation of the refractivity structure falls to one half of its max

15 (‘D
7.GA )
£o5 = g, ) (8)

where 8, is in degrees.
If we think of the scatlerers as clhpsonds then their horizontal e=1 full-length is

011
L= sind,’ Co (9)

One of the most importal}lf parameters is the length to depth ratjo of the scatterers, and this is

L\? A2/R?
(E) - (81r2.sin20, + 1) (10)

given by

The most comprehensive practical applications of these theories for D-region (MF and H ) work
have been produced by Lesicar and Hocking, JATP, 54, 295-309, (1992) and Lesicar et al., JATP,
56, 581-591, (1994). Related works for the VIIF include Ilocking et al., Radio Sci., 25, G13-627,

(1990).
Note that the above theory breaks down when the reflectors become highly distended (0, of the

order of 0.5°), and in this case the more elaborate I'resnel theory of Doviak and Zrnic (Radio Sci.,
19, 325-336, (1984)) can be used. However, the simplicity of the preceding formulations often makes
iheir application much more straight-forward.

Examnples are given here and in the following diagrams.
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The following references may be used to track down at least some of the papers cited in the text
- the list is nol complete, and probably also contains references not cited - but makes a good starting
point, : '
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1. Introduction.

Radars depend on scatter or reflection from perturbations in radio refractive index in order
for them to be able to function as tools for atmospheric studies. One primary cause of such
fluctuations is atmospheric turbulence, both in the neutral atmosphere and in ionized parts of
the air. Because the processes which produce this radar scatter are often turbulence-related,
it must also be true that, over many years of studies, radars should have contributed
substantially to our understanding of atmospheric turbulence. Our intent here is to review the
various contributions which radars have made to this understanding. We will discuss here
only turbulence in the neutral atmosphere. Scatter from plasma turbulence and plasma waves
in the ionosphere will not be treated; we refer to Sahr and Fejer (1996) for a corresponding
review of ionospheric turbulence.

Radars have been especially good for looking at the larger-scale nature of atmospheric
turbulence, and these results will be described here. However, despite the strong dependence
of radar backscatter on turbulence, it has in fact been rather difficult to deduce certain other
types of information about turbulence from these radar studies. This is especially true with
respect to studies at very small scales, particularly at sizes less then the pulse length used by
the radars. Therefore, many of the most useful studies have incorporated a mixture of special
radar observations, in-situ studies, and careful deduction.

In this short discussion, we will highlight some of the main advances in radar-related
understanding of atmospheric turbulence, and incorporate in-situ studies and modeling where
they are required to support the radar studies. We will concentrate on the period up to the
mid-1990’s, before the advent of large three-dimensional computer simulations (e.g. Fritts et
al., 1994; Werne and Fritts, 1999). Those 3-D modeling studies essentially heralded a new
(but not unprecedented) emphasis on three-dimensional modeling efforts in studies of
atmospheric turbulence, but we will not consider them in this review. Rather, our objective
here is to summarize what was known up until the beginning of these particular modeling
developments, since these earlier developments have not been adequately represented (and
indeed have even been largely ignored) in the more recent literature. Yet these earlier studies
still have much to offer in helping us to understand atmospheric turbulence, and it is
important that the concepts developed in these earlier works be properly recognized. It is also
foreseen that new developments and continuous refinements of these valuable radar concepts
will significantly contribute to further understanding of atmospheric turbulence in the future.

When we talk here about scales of turbulence, we need to recognize that radar backscatter
results from scales in the turbulence spectrum (which in turn determines the radio refractive
index variation spectrum), which are equal to one half of the radar wave length (the so-called
Bragg scale). The backscattered power is the ensemble average over the total illuminated
volume, often (but not always) consisting of a multitude of such so-called “scatterers”. Such
scatterers can be quite arbitrarily and inhomogeneously distributed in the volume. The
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volume and the distribution of the scatterers is usually much larger than the Bragg scale. The
radars can never really resolve turbulence structures at the Bragg scale itself, but they can
resolve larger scales which are still much smaller than the volume filled by the turbulence.
The actual resolution is often defined by the radar pulse length, but on occasions, with
suitable special techniques, it is possible to do better. These special techniques are
summarized in this article, together with the description of the radar-observed turbulence
structures and their morphology.

2. Large-scale studies (> 100m).

Perhaps the most obvious feature that is clear from radar studies is the very horizontally
striated nature of turbulence in the neutral atmosphere, at least at scales of more than a few
hundred meters. Fig. 1(a) shows some radar observations of the mesosphere carried out by
Czechowsky et al., (1979), for both summer and winter conditions, and the stratified nature
of the scatter is quite evident. This is very common. For comparison, fig. 1(b) (from
Bondarev et al., 1992) shows some in-situ smoke trails released by 4 rockets simultaneously
into the atmosphere (in this case the results refer to the stratosphere). The layering in the
wind-field is quite evident, with adjacent trails being very similar in shape. Fig. 1(c) shows
more radar observations of thin layers, also called sheets or laminae, in this case for the
troposphere and lower stratosphere (from Hocking and Réttger, 1983). It is clear that layered
and stratified phenomena are common in the atmosphere. Similar results have been observed
using rocket releases in the mesosphere (e.g. Blamont and Barat, 1967).
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Fig. 1. (a) Hlustration of stratification of radar echoes at VHF in the mesosphere (from
Czechowsky et al., 1979). (b) Evidence of horizontal stratification of atmospheric winds
using in-situ techniques (smoke trails). (c) Stratification of persistent thin sheets in the
troposphere and lower stratosphere (from Hocking and Rottger, 1983).

Radars have played an important role in demonstrating the prevalence of atmospheric
stratification. When combined with suitable modeling studies, it is even possible to make
some estimate of the expected degree of stratification and structure in the atmosphere. Fig.
1b shows not only a high level of stratification, but also evidence for wave-like structures in
the wind field. These are associated with a spectrum of gravity waves (e.g. VanZandt, 1982;
Hines 1991a,b). The interactions between these waves, and with the background wind-field,
are often responsible for the generation of turbulence in the mesosphere and stratosphere.
(Indeed, radar studies of wind fluctuations played a very important role in establishing the
importance of gravity waves in the atmosphere, but that topic is not within the scope of this
article). If it is assumed that these waves satisfy a so-called “universal spectrum”, and that
there are many waves propagating up and down with various (random) phases, then the
velocity and temperature fields associated with these waves will add in such a way that, on
occasion, they will produce a regime in which turbulence will naturally develop (Richardson
number less than 0.25). It is possible to produce a statistical investigation of the likelihood of
such levels developing, and thereby obtain a statistical summary of the likely depths of these
layers, their frequency of occurrence, and their likely vertical spacing. Fig. 2 shows an
example of such statistics (from Hocking, 1991, after adaptation from Desaubies and Smith,
1982). Similar calculations have been performed by Fairall et al., (1991) for the troposphere,
and by Hines (1991a,b,c) for the mesosphere.

Radars have not only been useful in helping us understand the distribution of turbulence, but
have also been useful in helping to describe and parameterize the processes of diffusion in
the atmosphere. They have been used regularly, for example, to determine the energy
dissipation rates associated with turbulence (e.g. for reviews of these methods see Hocking
and Mu, 1997; Hocking, 1999). We will not consider this application in any detail here,
since the focus of the paper is related to the structure of turbulence.
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Fig. 2. (a) Another example of stratified radar echoes. (b) Typical profiles of Brunt-Vaisala
‘ frequency, wind shears, and resultant Richardson numbers, for a sample gravity wave field.
‘ (c) Distribution of the thicknesses of layers of turbulence expected in the stratosphere.
‘ Scales are only representative, and somewhat larger in the mesosphere than in the
stratosphere. (d) Expected layer spacings. This graph has been adapted from Hocking,
(1991).

Radars can also be used to study the rates of turbulent diffusion in the atmosphere, and again
we will not consider this in too much detail. However, there is one aspect related to the issue
of diffusion that we do wish to discuss, and this is the mechanism of diffusion itself, since it
relates closely to the issue of the spatial and temporal morphology of turbulence in the
i atmosphere.

- Particulates and chemicals may diffuse across a patch of turbulence in the classically
accepted manner, being driven along a “random walk” by the velocity field embodied in the
turbulence. However, this only permits counter-gradient diffusion across the layer itself.
What about diffusion over vertical scales much deeper than a typical layer thickness — how
can diffusion occur over such large scales? To understand this process, we must return to
fig. 2. Layers of the type shown in fig. 2a form at various intervals of time, and have various
lifetimes. Diffusion can occur across such a layer, but once a particle diffuses to the edges, it

‘ can go no further. It then waits until, purely by chance, another layer forms on top of the

! particle, but displaced vertically relative to the previous nearby layer. Diffusion may then

‘ occur across this new layer, until the particle reaches an upper or lower edge (depending on

- the direction of diffusion) or until the layer dissipates. Thus the rate of vertical diffusion

) over scales deeper than the typical layer depths depends on factors including the depth of the
layers, and the frequency of occurrence of the layers, (as well as the strength of turbulence
within the layers). More details about this process can be found in Dewan (1981), Woodman
and Rastogi (1984), and Hocking (1991, 1999) (among others). This understanding of
turbulent diffusion has been developed in part due to the contributions of radar observations,



and radar observations offer one of the best tools to implement calculations of diffusion in
this manner, as described by Woodman and Rastogi (1984).

3. Intermediate-scale studies ( 10m — 100m).

While radars have made important contributions to our understanding of the large-scale
structure of turbulence, they have also made contributions at smaller scales. Interestingly,
this has been a difficult challenge, since it often involves examination of scales which are
less than the radar pulse length. Various specialized techniques must be employed in order
for these scales to be observed with high resolution, including techniques like frequency-
domain interferometry (FDI), which is a simplified FM/CW radar technique, as well as more
sophisticated deconvolution procedures (e.g. Palmer et al., 2000).

%»&

Fig. 3. FMCW radar images of low level turbulence, in this case showing Kelvin-Helmholtz
billows (from Eaton et al., 1995)

Fig. 4. Another FMCW radar image of low level turbulence, in this case showing frontal
turbulence with no sign of K-H billows (again adapted from Eaton et al., 1995). The entire
picture covers a period of one hour in duration, and covers the height range from 40 meters

altitude to 1.8 km altitude.

It is possible to look at meter-size scales if a radar has sufficiently high frequency, with a
correspondingly short wavelength. At these higher frequencies, large bandwidths are
possible, thereby allowing very good range resolution. For example, powerful FM-CW radar
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have been used to obtain high resolution studies of turbulent events in the atmospheric
boundary layer (e.g. Gossard et al,, 1970, 1978; Eaton et al., 1995). Figs. 3 and 4 show
examples of such observations, taken from Eaton et al., (1995).

These pictures are very informative, and show excellent resolution. However, such images
are generally only possible in the lowest few kilometers of altitude of the atmosphere, since
the radars used for these studies receive very little backscatter from higher altitudes. They
demonstrate that “cat’s-eye” structures are not uncommon in the atmosphere as a precursor to
turbulence breakdown (fig. 3), and such structures are often associated with Kelvin-
Helmholtz (K-H) billows. However, K-H need not be the only mechanism responsible for
the formation of cats-eye billows; Smyth and Peltier (1989) have indicated that other
mechanisms, such as the Holmboe instability, can also generate such structures. Indeed, K-H
instabilites are only dominant in weakly stratified flows, whereas the Holmboe instability is
more likely in strongly stratified flows. Furthermore, there can be occasions when other
mechanisms of breakdown can be responsible for the turbulence, as seen in fig. 4 (cat’s-eye
structures are visually impressive, so they tend to dominate the literature — but it is not clear
whether they are in fact the main mode of turbulence break-down at all!). Thus while high-
resolution studies of the type shown in figs. 3 and 4 are very useful, it s still not clear how
relevant these boundary layer studies are to understanding turbulence generation in the
stratosphere and mesosphere. Cho et al., (1996) have made higher level, high resolution
studies using astronomical antennas, and Woodman (1980) has used the Arecibo 2380 MHz
radio telescope to perform high resolution studies of stratospheric layers. Such studies are
rare. Nevertheless, we recognize that radars are at least able to make some useful studies of
turbulence at high resolution, and have already been very useful in this regard. More such
studies are sorely needed.

For many studies of atmospheric dynamics, radars with frequencies in the range 2 to 900
MHz are common. These radars cannot achieve the resolution of FM/CW radars operating in
the Gigahertz frequency range (discussed above), but they can achieve a better height
coverage. VHF radars can detect signals as high as 90 km altitude in the middle atmosphere.
These radars are often pulsed, with pulse-lengths in the range 150 m to 2 km. Normally
these radars cannot resolve structure at scales less than the pulse length. However, there are
certain procedures which can be used to improve the resolution under certain circumstances.
One example is shown in fig. 5, which demonstrates the application of deconvolution
procedures (Rottger and Schmidt, 1979).

29 JUNE 1978
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Fig. 5. Results of the application of deconvolution procedures to achieve sub-pulse-length
resolution with a VHF radar. Cats-eye structures are evident.

Reid et al., (1987) have shown high-resolution studies of cat’s-eye like structures in the
mesosphere using a VHF radar. Other procedures also exist to achieve better spatial
resolution, such as FDI (e.g. Kudeki and Stitt, 1987; Chilson and Schmidt, 1996, among



others), SDI (Spatial Domain Interferometry ¢.g. Pan and Réttger (1996) (also see Hocking,
1997)) and newly developed signal processing methods (e.g. Luce et al., 2000; Palmer et al.,
2000 (see this issue)). However, it should also be noted that the advantages of improved
vertical resolution can be negated if there is not a corresponding improvement in horizontal
resolution, and the ideal procedure would be to apply both FDI and SDI simultaneously to
produce improvements in both vertical and horizontal resolution (see Rattger et al., 2000, this
issue).

4. Small-scale studies ( <10m).

At scales of meters and less, radars provide even less direct information than at intermediate
scales. Again, however, suitable combinations of observations and theory, together with
special radar experiments, still permit useful information to be gleaned even at scales of the
order of 1 meter. While the FMCW radars that we spoke of earlier are capable of resolution
down to a meter, they are most useful at revealing the dynamics of the turblence at scales of
several meters and more. However, it is desirable to use radars to look at scales which are
even smaller than this. For example, fig. 6 shows streak-photographs of small scale motions
taken in a laboratory setting (in this case for two-dimensional turbulence, so it may not be
entirely representative of small-scale atmsopheric turbulence). Eddy motions are clear in
both figures, and some ellipticity is evident in some eddies. However, it is important to
know just how representative these pictures are of atmospheric processes. Can radars reveal
anthing about the motions at these smallest scales? In fact they can, at least indirectly, and
one area in which radars have made very important contributions is in the area of studies of

anisotropy.

To demonstrate the issue at hand here, we show fig. 7. This figure, (adapted from Pao,
1968), shows flow around an object in salt-stratified water, at points close to the object as
well as futher downstream, and the issue to be emphasized here is the way in which the
turbulence tends to “striate” and stratify as it dies out. The initial, active turbulence is clearly
isotropic at the smaller scales, while the weaker, decaying turbulence is more anisotropic.
We therefore ask the question: to what level do we expect atmospheric turbulence to be
isotropic? Do the “eddies” shown in fig. 6 form, and if so, do they exhibit any form of
anisotropy i.e. do they tend to be elongated horizontally relative to their vertical extent? This
is an area where radar studies have made substantial contributions.

To understand the contributions of radars in this field, it is necessary to show how “eddy
anisotropy” is parameterized. This is illustrated in fig. 8a. As seen in fig. 6, velocity
trajectories are often elliptical in shape, but individual refractive index “entities” (radar
scatterers) are not always so organized. Even an initially “organized” shape is quickly torn in
various directions by the underlying velocity field, so that individual refractive index
“entities” within a turbulent region often have stretched and distorted string-like shapes — just
as one can see different “shapes” and structures within an ordinary water vapor cloud.
Hocking and Hamza (1997) have discussed this process in some detail. However, despite
the fact that individual entities may be distorted in shape, the spatial correlation function of
the refractive index fluctuations does have a broadly elliptical shape with a smoothly varying
cross-section, where the cross-sectional profile is often assumed to be Gaussian. In
determining the general properties of radar back-scatter, it is often this correlation function
which is most important (e.g. see Doviak and Zrnic, 1984). Thus we often represent
atmospheric radio-wave sacatterers as if they were ellipsoids, since the spatial correlation
function of a field of ellipsoidal scatters with Gaussian cross-section is also an ellipsoidal
function with Gaussian cross-section. We can therefore can represent the refractive index
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fluctuations in a turbulent field as if it were comprised of such structures, as shown in fig. 8a
(also see de Wolfe, 1983).

When we recognize that such anisotropy exists, then it alse becomes clear that a monostatic
radar will produce back-scattered power that varies as a function of the beam bore direction.

Fig. 6. Streak photography images of small scale turbulence (in this case the graphs are for
two-dimensional turbulence). The graphs refer to different conditons of stability. From
Hopfinger (1987), who adapted it from Maxworthy et al., (1983).

Fig. 7. Photographic images of turbuence generated by flow around an object (Pao, 1968).
The left hand panel refers to the flow close to the object, and is clearly fairly isotropic at the
smaller scales. The right panel shows the flow further downstream, as the turbulence dies
out, and stratification is clearly evident.

When the radar beam is pointed vertically, backscattered power will be a maximum, whilst
backscattered power will diminish as the beam is pointed further and further off-vertical.
This is a very common feature of radars operating at wavelengths of larger than a few meters
with antenna beams pointing to, or close to, the vertical. Such aspect sensitivity has so far not
been detected with radars operating at wavelengths of less than about one meter. For
scatterers of the type described, the power falls off proportionally to exp{-sin29/ sin’Q),
where @ is the angle of tilt of the antenna beam from vertical and &, is referred to as the
“aspect-sensitivity” parameter. Smaller values of & refer to more anisotropic scatterers,
when the ratio L/4 (fig 8a) is largest. By measuring the power received as a function of angle,



it is possible to determine this parameter. Other methods may also be used which involve
comparison of signal characteristics recorded with radar beams pointed at different zenithal
angles. An example of such measurements is shown in fig. 8b, in this case for a 2-MHz
radar. More extensive discussions of the conversions between L/h and 6, can be found in
Hocking (1987a), Lesicar et al., (1994) and Hocking and Hamza (1997), among others.
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Fig. 8. (a) Illustration of the representation of atmospheric scatterers within a patch of

turbulence. (b) Aspect sensitivity parameter 6, as a function of month of the year for a
2MHz radar detecting scatter from 82 km altitude in the mesosphere (from Lesicar and

Hocking, 1992).

A word of warning must be noted here, however. Not all atmospheric radio scatterers take
the form of turbulent entities. There are also other, highly structured so-called “specular
reflectors” in the atmosphere, which produce “mirror-like” reflections. In calculating 6, it is
necessary to be certain that such specular reflectors do not co-exist near the turbulence,
thereby contributing a non-turbulent component to the radar signal. It is still uncertain what
the cause of these thin sheets or laminae is, although various suggestions have been made
(e.g. Hocking et al., 1991). Réttger (1980b) and others have suggested that it would be useful
to compare such radar observations with observations of similar structures in the ocean. For
improved understanding of these atmospheric structures high-resolution radar observations
combined with high-resolution in-situ measurements are required (e.g., Luce et al., 1995).
We will not discuss these specular reflectors in this article, but they have been considered as
early as almost fourty years ago (Atlas, 1964; Beckmann and Spizzichino, 1963). Their
existence and the fact that the reflection is from a rough or corrugated surface must be
recognized. Further discussions about them can be found in Gage (1990), Réttger and Larsen
(1990), Hocking et al, (1991) and Hocking (1996) (among many others). How these
corrugated sheets and laminae are generated and how they are related to turbulence remains a

challenging question to be solved.

It has also been found that these scatterers have an azimuthal asymmetry, and this is also an
area of some interest. For example, Hocking (1987b) showed an azimuthal variation of the
so-called “Rice parameter” which may indicate preferential stretching of the scatterers
according to the wind direction, and Tsuda et al. (1997) also found anisotropy in the
backscattered power as a function of azimuth. Nevertheless, considerable extra work is
required in this area, but the point remains that radars have a lot to offer in this regard.

Thus, with due care, radars can be used to measure the degree of anisotropy in a turbulent
regime. This is an important parameter which cannot be otherwise easily accessed. It also

£3



o-|

-

needs to be recognized that the aspect-sensitivity parameter is generally scale-dependent, as
described by Hocking and Hamza (1997). Multiple frequency radar studies can help examine

this scale dependence.

There is yet another feature which needs to be recognized in regard to the turbulence
anisotropy, and this is the fact that the degree of anisotropy has long been recognized to be a
function of position within the turbulent layer. Several authors have recognized this (e.g.
Peltier et al., 1978; Réttger et al., 1981; Hocking, 1985; Woodman and Chu, 1989; Hocking,
1991). Fig. 9 shows one such illustration of the expected variation of anisotropy across the
layer, with more anisotropic scatterers towards the edges. Other authors have presented
similar diagrams (e.g. Rottger, 1981; Lesicar and Hocking, 1992; Lesicar et al., 1994). Some
of these deliberations have their origin in initial proposals by Bolgiano (1968) about the
structure of the atmospheric turbulence (and especially with regard to the edges of the
layers). We note that the recent modelling work using super computers (Werne and Fritts,
1999; Gibson-Wilde et al., 2000) just confirm the principles, which had been developed and
have emerged from radar observations over the past decades.

Fig 10 shows the expected structure across a turbulent layer in even greater detail. This
graph, adapted from Hocking (1991), combines data from modeling studies (Klaasen and
Peltier, 1985a,b), in-situ observations (Dalaudier and Sidi, 1987), and knowledge about
aspect sensitivity deduced from radar observations.The right-hand profile (solid line) shows
the expected mean temperature profile across a typical turbulent layer, as determined by
modeling studies (Klaasen and Peltier, 1985a,b). Note in particular the relatively sharp edges
of the layer, and the near-adiabatic conditions in the middle of the layer. The consequences
of this structure are to produce more anisotropic scatterers at the edges, where the
background temperature is horizontally stratified but highly fluctuating in the vertical
direction (therefore containing large gradients), and more isotropic scatterers towards the
center, where the temperature profile is closer to adiabatic. This is illustrated by the central
part of the figure, which shows anisotropic scatters at the edges and more isotropic ones
towards the center. The graph on the left shows the wind fluctuations and temperature
fluctuations measured by a balloon passing through such a turbulent layer. Note that the
wind fluctuations are similar throughout the layer, but the temperature fluctuations are much
larger at the edges, and smaller in the adiabatic portion. This is to be expected, because as
parcels of air are displaced vertically by the turbulence, they change temperature in an
adiabatic manner, and thus do not change much at all from the temperature of the background
when the background profile is adiabatic. Hence perturbations are minimized in this case.

The fact that the temperature fluctuations are small near the center of the layer has important
implications for radar scatter as well. The refractive index depends on upon the temperature,
humidity and electron density. If the mean temperature gradient is adiabatic, and the
temperature fluctuations are therefore small or zero, and if the atmosphere is dry and
electron-free (as in the upper troposphere and startosphere), then there will be no associated
refractive index fluctuations and the turbulent layer will be “invisible” to the radar. If a layer
exists like the one in fig. 10, then only the edges of the layer will actually be seen by a radar,
giving rise to an apparent “dual layer”. Thus one needs to take care with the interpretation
that the strongest scattering layers are layers of strongest turbulence — indeed sometimes the
more intense layers can be least easily seen with radar. This fact was recently also raised by
Gibson-Wilde et al., (2000), using computer simulations, although unfortunately these
authors did not draw a parallel between their observations and the extensive references and
types of discussions considered above.



Fig. 9. Hlustration from Woodman and Chu (1989) showing a proposal for the structure of
radio-wave scatterers with in a turbulent layer. More anisotropic scatterers are expected
near the top and bottom of the layer.
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Fig. 10. Expected behaviour of velocity, temperature, and refractive index inhomogeneities
within a turbulent layer. In the lefi hand two graphs, the smoother lines represent the mean
wind and temperature profiles (labelled (2)), while the more rapidly varying lines passing up
through the center (labelled (1)) represents fluctuations of the appropriate parameter about
the mean. In the right hand graph, the broken line represents an intitial temperature profile
and the solid one represents the profile after the turbulence is established (from modeling
studies). Note that the vertical scalings are slightly different in the left and right-hand
profiles, because each comes from a different source. We have adjusted the scalings so that
the temperature profiles look similar. See text for other details.

5. Conclusions.

By utilizing radar data, in-situ data, and early modeling studies, it has been possible to
deduce significant information about the large and medium scale structure, and the internal
structure, of turbulent layers in the atmosphere. Radars are especially useful for displaying
the large-scale morphology of turbulence, and by using sophisticated processing techniques
they can also be useful in describing the medium and small scale structures. They are
especially powerful for studying the anisotropy and morphology at different scales of
turbulent atmospheric regions. This paper has concentrated especially on the role which



radars have made to these determinations and how they can contribute further. Combination
with in-situ and modeling techniques will certainly supplement these investigations.
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