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ABSTRACT

Pefensive radar systems for detecting and locating ballistic

missiles must be designed to combat the degradation in system performance
that can result from atmospheric and ionospheric refraction effects,

clutter and scintillation. These phenomena become increasingly severe
at low elevation angles and for high latitude stations there is a broad

azimuthal sector where the effects are especially severe owing to the
very irregular nature of the polar ionosphere and the presence of the
aurora.

A program of measurements and data analysis is in progress,
primarily centered at the Millstone Hill radar facilty, desiyonid:J
evaluate tropospheric and ionospheric effects on radar measurements
capability, with emphasis upon disturbed ionospheric conditions (,. "., Wa
radio aurorae exist). The work is being undert <.en jointly by staff
members of the Lincoln Laboratory and the Bell Telephone Laboratories. Emphasis
in these measurements will be on attempting to separate and characterize
the ionospheric and tropospheric components of refraction and scintilla-

tion. In order to do this, a UHF lobe-comparison satellite-beacon
tracking capability is being added to the precise L-band tracking radar
at Millstone. This will permit simultaneous dual-frequency measurements
of angle-of-arrival, amplitude and phase fluctuations for paths traversing
the polar ionosphere as well as in other directions less subject to
propagation effects.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office
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1. Introduct ion

Radiowave propagation through the atmosphere and the ionosphere has

been the subject of considerable experimental and theoretical investiga-

tion during the last 50 years. The amplitude, phase, bearing and time of

arrival of signals reaching the ground are all to some degree altered by

the presence of the earth's ionosphere and atmosphere. These effects

depend upon choice of frequency, path and the characteristics of the

atmosphere and ionosphere in ways which are wefl understood, yet often

hard to predict owing to the considerable variability encountered. This

is especially true for paths that traverse the polar ionosphert, which is

known to be extremely irregular even during magnetically quiet periods.

(for example see Nishida 1967)

The irregular nature of the polar ionosphere is believed to be the

consequence of a number of factors,viz.the reduced control provided by the

sun at high latitudes, the ionization created by precipitation of high

energy particles injected from the tail of the earth's magnetosphere, and

the open natiure of the field lines which allows light ions (H+ and H e)

to escape.

Small scale irregularities occur in the F region which give rise

to scintillation cf signals passing through. These irregularities have

long been recognized as especially intense in auroral regions (and over

the equator at night). The morphology of this phenomenon has been widely

studied by observing amplitude fluctuations, but unfortunately little work

has been done to measure the associated angle-of-arrival (or phase)

fluctuations.

Nring magnetically disturbed conditions an Intense electric current

system is set up at altitudes near 105 = which can give rise to radar

reflections. This is termed the ridlo aurora (see for example Rultquist

and Fgeland 1964 or Forsyth 1968). Visual auroral ionization is also

present and may giv rise to large refraction effects (e.f. Freaj.:v and

Lanxinger 1968).



Other propagation effects encountered in polar regions include the

polar 'blackout' which is a marked increase in VHF radio wave absorption

caused by precipitation of energetic solar protons following some intense

flares.

This report outlines a program of study of propagation at riHl1F

and L-band being conducted at the M.I.T. Lincoln Laboratory Millstone

Hill radar. The work is being undertaken jointly by staff memhers of

Lincoln Laboratory and the Bell Telephone Laboratories. The sect ior

which follows sets forth the principal, objectives of the program and the

two phases in which the work shall be accomplished. Scientifically the

work divides into two main study areas -- refraction effects both in

the neutral atmosphere and the ionosphere and the phenomenon of the radio

aurora. Brief reviews of these topics are presented in Sections 3 and 4.

The work to be carried out in these uwo areas is discussed in some detail

in Sections 5 and 6.

2
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2. (Ojectives of the Program

A. (,eneral

Here we discuss the principal objectives of the work being under-

taken at Millstone Hill. These may be summarized as:

(1) to improve the practical understanding of low angle

propagation and clutter phenomena in an auroral environ-

ment and permit the performance of defensive radar systems

to be predicted for such conditions;

(2) to provide, where possible, guidelines for defensive radar

improvements and advanced system concepts so that undesirable

effects of propagation phenomena may be minimized;

(3) to provide additional basic information on and improved

theoretical models of the troposphere and ionosphere under

normal and disturbed conditions.

M-lulti-frequency observations of satellite signals at low elevations

have been made (e.g. Hughes et al. 1964) which permitted ionospheric and

atmospheric refraction effects to be determined separately. However, these

and most of the other measurements that have been reported were conducted at

latitudes and in directions for which the ionosphere would not be severely

disturbed. Millstone Hill is ideally located for viewing both disturbed and

more normal ionospheric conditions depending upon whether one looks north or

south. Satellite passes to the north require vehicles with highly inclined

orbits and the Navy Transit satellites as well as the NASA OCO series ful-

fill this requirement. These satellites carry beacon transmitters operating

, in the UHT band which opens the possibility of simultaneous angle-of-arrival

measurements at the beacon frequency (- 400 MHz) and the radar frequency

(-1295 MHz). Further the orbits of the Transit satellites are known with

sufficient accuracy to permit their positions to be used as checks on the

accuracy of the refraction measurements and trajectory predictions made using

perturbed data.
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The program of work described in this document will 1,e accomplished

roughly in two main phases as indicated in ligure 2-1. Phase T, approxi-

mately 9 months in length, will be given to the instrumentation of

Millstone for a dual frequency UIF-passive/L-band-active measurements pr

gram and to the study of data taken by other existing sensors. '-h~se 1],

occupying the remainder of a two-year period, will be concerned with

obtaining new measurments at Millstone, together with analysis and reportirw,

of the results. Auroral model studies and other theoretical work will

continue throughout the program, as will consultation with BTL on system

implications. in the remainder of this section we outline in broad terms

the work to be carried out in the two phases. Sections 5 and 6 discuss in

some detail the planned execution of the various tasks.

B. Phase I

i) Modifications to the Tracking Radar

The most significant change to the Millstone radar that must be

accomplished during Phase I is the addition of the UN 'F passive lobe-

comparison tracking feed and receiver arrangement to permit the arrival

angle of signals transmitted by Transit and other suitable satellites to be

determined. The antenna modifications auid additions required for the passive

UHF tracking system can best be described with reference to Figures 2-2 and

2-3. Figure 2-2 shows the tip of the tripod support for the Cassegrainian

subreflector for the Millstone L-band radar. Above the subreflector is a

hemispherical dome some 8 feet high which provides a controlled environment

for receiver preamplifiers associated with radio astronomy feeds normally

located at the prime focus of the 84-foot reflector. To permit the use of

prime focus feeds, means are provided for removing the subreflector.

The proposed rearrangement is shown in Figure 2-3. An array of'

four crossed dipoles will be placed a" the prime focus (beh*nd the subre-

flector) in the location normally used for radio astronomy feeds. These

dipoles are coupled together by means of a hybrid combiner which provides as

output a sum channel and elevation and azimuth difference channels for both
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Fig. 2-1. Schedule of work for Millstone Hill Propagation Study Program.



44

Fig. 2-2. Top of tripod subreflector support assembly

of Millstone Hill radar antenna.



EQUIPMENT SHELTER

TRACKING FEED
I RESONANT

SUBREFLECTOR

Fig. 2-3. New subreflector assembly for simultaneous
L-band radar and passive UHFI~ tracking operations.
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polarizations (i.e, rilghL ild left, idl). The js::o. iater] Uf ' ri,

receiver preamplifiers and mixers will be located in the envir'onmental

enclosure above.

In addition, since it is desired to provide for simultaneous use

of the L-band radar, the present solid-skin subreflector is hein replaced

with a unit of molded dielectric faced with a mosaic of crossed dipoles,

resonant at L-band. This reflector will permit signals received at UTM-1 to

be collected at the prime focus while reflecting the L-band energy for the

Cassegrainian radar configuration. Virtually unimpaired radar operation

should result and the effective aperture at UHF should be quite sufficient

for the proposed application.

The completed system should be capable of'

(1) Precisely tracking by radar any satellite within range
EID

(i.e., 8500 km for i meter- cross section).

(2) Passively tracking various satellites that have radio

beacons operating in the vicinity of 400 MHz.

(3) Providing radar range, doppler, azimuth and elevation

to the site computer.

(4) Providing both UHF and L-band monopulse boresight angle

deviations, via appropriate analog-to-digital conversion

equipment, to the Millstone computer for formatting and

recording on manetic tape.

(5) Providing similarly both U}{F and L-band satellite signal

amplitude data to the computer for formatting and recordirC

along with other data. (Back-up chart recordings will also

be provided for 'quick-look' and check purposes.)

(6) Recording L-band auroral backscatter data,namely range

distribution and frequency spectrum,on magnetic tape for later

analysis. This capability will obtain whether or not the radar

is tracking a satellite target, in order that auroral corditions

existing during a track nay be evaluated.



(7) Driving the antenna under computer control in modes which:

(a) permit the gathering of satellite data with the

antenna on program track (i.e., not auto-track);

(b) permit sector and elevation scanning appropriate

to auroral backscatter studies.

These measurements capabilities are summarized in Table 2-1

and the overall interconnection of the various components in the system is

depicted in Figure 2-4.

ii) Extension of Earlier Auroral Studies

During the current period when the UHF beacon tracking

capability is being added to the radar a modest measurements and evaluation

effort with the present L-band tracker is being pursued, and refinements of

the experimental plan for Phase II are being worked out. This effort includes

a continuation of existing studies on the radio aurora observed with the L-band

radar (Abel and Newell 1969) with the following objectives:

(1) Lo obtain new estimates of the spatial distribution of

auroral echoes and of the time variations of this

distribution. Both long and short pulses are being used.

(2) to obtain the frequency power spectra of these echoes

as a function of position within the auroral zone, and

typical variations in the spectra with time.

(3) to search for and characterize so-called "discrete

echoes" and to assess their potential as false targets.

(4) to conduct preliminary tests in which satellites are

tracked through typical auroral disturbances. Such

results would prove particularly interesting if

appreciable scintillations are observed.

(5) to test several physical models for the occurrence and

nature of the radio aurora agains+ the new observations

obtained.

9



Table 2-1

SUMMARY OF MEASURED PARAMFrERS

L-Band Monopulse System

Satellite Skin Tracking

Target Amplitude

Rarte

Range Rate

Azimuth Boresight Error

Elevation Boresight Error

Azimuth

Elevation

Auroral Beckscatter

Amplitude as a function of range

Spectrum

Azimuth

Elevation

UHF Beacon Tracking System

Amplitude

Azimuth Boresight Error

Elevation Boresight Error

Doppler

10
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Implementation of this auroral stuy program is discussed further in

Section 6.

Concurrent with this activity the possible utility of ob!-

taining data from other sensors is being investigated. 'or example,

arrangements have been made under which data on auroral echoes obtained ,y

the Air Pefense Command radar at Fortuna, 11. Dakota will be cnlleotel and

analyzed by Lincoln and RTL personnel (Section 6 C).

C. Phase II

This phase will begin when the overall instrumentation and pro-

gramming task at Millstone is complete (Figure 2-1). It is antic'pated that

results of substantial interest will be forthcoming over a period of perhaps

16 months, making a total performance period for the program of 2 years.

During Phase II emphasis will shift to the collection of the types

of data for which the revised Millstone system has been designed, i.e.,

coordinated measurements of angle-of-arrival at two frequencies, clutter from

the intervening auroral zone and amplitude and phase scintilla+irns. These

measurements depend upon existing satellites such as the Transit and

family, which have appropriate fit beacons. From these coorii:Ved l sv-/-

tions it is hoped to evaluate the measurement perturbations that nay be

encountered with the other adar systems and to separate the i:.nspb~rio

from the tropospheric components The innospherip perturbations should bp

an order of madgni;ude less at L-band than in the trli' channels, while he

tropospheric component should be of the same order (section 3'). folws

that the use of a single antenna system for simultaneous measurements tar e.

less important the estimation of atmnspheric refraution. sirnce tne diff.rei:ial

in the electrical : Fasurements of the two rff-toresirht anreles i,% Airectly

related to the ionospheric component -f the aniular sointillat:s. '?.'-

less (as discussed in section 5 A) care will he used in mnit,,rin, andt ip-

dating the absolute pointin*w errors if the antenna to pemit the trtal

refraction of the Deam to be 'stivated to mr. accuracy of l out O.O2 dtf:ree

so that data on trrpospheric refraction can be nbtaired also. n -rder to-

12



achieve this absolute precision the capabilities of' an anti-backlash

feature of the antenna drivre, which was added in 1965-6, will ,e exploited.

There exists the possibility that refraction and angular scintillation

data may be compromised by multipath effects due to -,round refle;ctions. Al-

though it is not possible to determine precisely in advance the magnitude of

this effect, a rough estimate, based upon existing data (Section 5 L) ug;t

that these effects should be completely negligib-le to above about 2 0 elevation.

The intensity of bath the ;!D' tveacon signals and tf.o L ba-d echoes will

1e recorded to show the effects on the signal of propagation (particularly

throu'h aurora) as a function of time. Ampl' le scintillations are important

since they limit target detectability rid accuracy of tracking, and because

they compromise simple first-order attempts at target discrimination.

-he extent to which amplitude and angle scintillains are correlated

and their relationship to auroral backscatter and visual auroral forms has yet

to be established. The experimental system provides for the recordi, of aurcral

1-ackscatter simmltaneously with track-iir operation~s in order to provide data in.

this area. :n additior.. -n days when favorable satellite tracks are available,

it is planned t,) ,tair radar ecwersae as coemplet#ely as possib~le of the aurora

near the times rf thetrc.

Asi an adlIunct to the o'.-!tinti*%, uase f tho ,Illstone ''tadar for the two -

frequiency 3tudies, An aver~te of cne peratring dav per week will lte d~evoted to
the .Atherin%4 ,)' aurora]4 bacrzsetter 1ata !ror ce'ntirued. basic studiez; of the

phenomenA irvolved. this work tsts ,f specific nrPnthesel will be Claphasited

rather than rnutine Catherirw zfrytritir 44t4. :t xay also ?cthat 7h-vsen

-catter menwureent: "Frans I9X-I) with 220-rt'ot "UeT th radar will

*be Valuiable in Mo:re co"CI'etely utr rsta!Wne the i,.nospherie s~ati-n o~n

t ig pla-.et to- atteitpt !o nl'tain ccrrpb -mtive recordis nf Wanetic .4

optical a,-tivity ir. the auroral zmne. a: weil as satellite a&d aircraft scundirrs

of cfnit. ns relatedt to the aurtral event.- ohsorved at XiCllstownp. whether or

not these are in co,.&necticm with -4tc-1111t Irackinf 7na ~
additi"n, as discussd in ;ectivr. 5 F, there are plans t3 obtain. data on the
spectrum and irtensity -f particles precipitatine In the auro-ral z,-ne uir

instrumentg sacunted on a 1,,'ckheed satelli-te that is already in crtbit.

13



3. Review of Atmospheric and Ionospheric Refraction

A. Introduction

In this section we briefly review the phenomenon of atmospheric

and ionospheric refraction including scintillation effects. A number of

authors have discussed these effects in great detail and the reader is

referred to Millman (1961) for a general review. Atmospheric effects on

radio propagation are reviewed at length by Bean and Dutton (1966) while

ionospheric effects at VHF and UHF have been described by Lawrence et al.

(1964) and Voronin (1964). The material presented here has been taken

largely from a review by Rogers and Evans (1968).

B. The Lower Atmosphere

For convenience in study and description, the earth's lower

atmosphere is usually divided into two regions: the troposphere and the

stratosphere. 1he troposphere extends from the earth's surface up to an

altitude of, very roughly, 10 kilometers, but it may vary from as low as

7 km at high latitudes to as high as 18 km at the equator. Throughout the

troposphere the mean temperature decreases approximately linearly with the

altitude, from a surface value near 2900K to one of about 2200K at the

tropopause. Above the tropopause, i.e., the upper altitude limit of the

linear temperature profile, the mean temperature tends to remain more or

less invariant with altitude up to about 30 km -- thus giving the name

stratosphere to this latter region. Subsequently the temperature increases

with height, and continues to do so up to about 50 kn where it reaches a

maximum called the stratopause.

Throughout the troposphere and stratosphere the mean absolute

pressure, P, decreases approximately exponentially with height; it has

decreased to about one-quarter of its ground level value at uie tropopause.

The average water vapor content, p, also falls very rapidly from that at

ground leve] becoming very small above the troposphere.

14



Good approximations to these exponential decays are given by:

P - exp (-h/a) (3-i)
0

where

a 7km

and

0 - exp (-h/b) (3-2)
0

where

b 2km

and where h is the height in km.

The relative concentrations of the major neutral gas constituents

except for uncondensed H20 vapor -- remain essentially constant up to an

altitude of about 20 km. Immediately above this general region, the rela-

tive concentration of molecular oxygen begins to decrease somewhat, and 03

(ozone) appears.

It will be appreciated that the foregoing statements are, of

necessity, qualitative in nature. There are variations in absolute pressure,

kpartial H20 vapor pressure and temperature with time location and altitude.

Over short distance and time scales such variations can be large and intense.

Also, much of the lower atmosphere often contains cloud and fog droplets,

rain drops, snow and hail. The occurrence, concentration and extent of

these latter atmospheric constituents can usually only be described in very

approximate and/or statistical terms. All of these variations influence

radio wave propagation in the earth's lower atmosphere -- sometimes in an

abrupt and marked manner.

15



. Refraction in the Lower Atmosphere

The refractivity exhibited by the neutral gases whicL predominate

in the earth's lower atmosphere is related to the physical characteristins

of the gaseous mixture as follows.

N (n- D 10', + 7 7 .g- + 3 . 7 3 X 1 0 5 e S 3-.<

where

N refractivity

n refractive index

P absolute atmospheric pressure, in millibars

e = water vapor pressure, in millihars

T= absolute temperature in degrees Kelvin

The refractive index near the earth's surface departs from the

value of unity (for a vacuum) by some 300-400 parts/million and is essentially

independent of frequency throughout the cm-mm wavelength region. Equation

(3-3) indicates the predominant effect of uncondensed water vapor upon the

refractivity of the earth's lower atmosphere. Since the average water

vapor concentration decreases rapidly (approximately exponentially) with

height, so does the refractivity. The value of N approaches unity in the

lower regions of the stratosphere. In addition, the water vapor concentra-

tion, both absolute and as a function of altitude, changes markedly with

time and therefore the refractivity does also. These refractivity variations

are capable of exerting a great influence on the propagation of radiowaves

in the troposphere, especially at lower altitudes and for near-horizontal

ray paths. Studies of this influence are often subdivided into the steady-

state influences associated with the mean value of refractivity, and the

influences of variations from the mean.

The fact that there is a nearly exponential decrease of average

refractivity with height requires that exact measurements of distance,

velocity or angular position by means of radio waves must be appropriately

16



oor'-ctcd in order to yield the ccrrect absolute values. For instance,

for a measurement of range to a far distant object(-- 500 miles, approxi-

m~tely) made at an elevation an 7le of zero degrees and a surface refractivity

o' -350, a correction of some 350 feet would have to be made. For an extreme

vaLe of the surface refractive index i.e., some 450 parts/i0', this

correction would increase to nearly 600 feet; at a measurement elevation

angle of 30 it would reduce to some 100 feet.

Under the same circumstances of surface refractivity and elevation

angle, the first order correction to be applied for the elevation angle

error would be respectively -17 milliradians, -32 milliradians and -5 milli-

radians. Prom these examples it can be seen that only extremely accurate

distance measurements would need a refractivity correction, but that elevation

angle corrections may be required.

The surface value of the refractive index and its rate of change

with height vary with geographical location, with season and often over

the day-night cycle. Complex variations in the slope and even sharp layers

in the refractive index profile can be observed in some locations and/or

seasons as much as one-half of the time. This results in a usually relatively

slow, but continuous, variation in the radio wave path length and a wander in

the angle of arrival. For instance, the wintertime standard deviation about

the mean correction to be applied to an elevation arrival angle of 10 is some

0.3 milliradian, with a value of -1 milliradian being exceeded 1% of the

time. Although these fluctuations were measured in elevation, compar-

able fluctuations in azimuth seem likely. As a 2 once, the most exact

radio wave measurements of angle require correction for the atmospheric

refractive index conditions existing during the measurement interval. The

simple use of the surface value of the refractive index and its implied mean

profile slope is of assistance in this regard, but local measurements with

radiosonde or airborne microwave refractometer instumnents, especially when

combined with ray-tracing techniques, are necessary for determining the

corrections with the greatest accuracy. (See for example Hughes et al.1964)

17



Superimposed upon these relatively slowly varying cc.mponents of'

the refractive index is a continuous variation in the small-scale spatial

and temporal value caused by irregular inhomogeneities in the lower atmos-

phere. This causes, in turn, a short-time scintillation in an electrical path

length and ray angle of arrival. Short time variations of 5 electrical de-

grees have been measured at 1000 llHz in the sunmertime along a path of ten

miles slanted in elevation at the rather large angle of 9° . Two antennas

separated by 500 feet along the same path have been employed to measure

relative phase at a wavelength of 3 cm. Variations of as much as 40 elec-

trical degrees were observed, with typical periods of 10-100 seconds. In

another case, an angular scintillation of some 0.1 milliradian was obser.ed

at 3 cm with a periodicity of the order of about a second.

The 3 "mlications are that in the limit, even after corrections

for both the average and the slowly varying refractive index changes, there

still remains a short-time scintillation component which could place a

fundamental limit upon very accurate angle measurements and upon the full

realization of the plane wave gain of very high-gain antennas. Tt would

appear that, even for substantially elevated angles, difficulties will be

encountered at some mid-latitude locations in the Northern Hemisphere in

measuring angular accuracies to better than a few tenths of a milliradian.

Hence plane wave gains of fixed antennas greater than, roughly, 50-60 db

might not be continually maintained when pointed at the horizon or 70-80 db

even pointed well above the horizon. Again, concern with extreme angular

measurement accuracy and/or antenna performance requires that attention be

paid to local radio-climatological characteristics, and might limit operation

to the higher elevation angles.

It is not as yet quantitatively clear to what extent clouds or

solid particle concentrations along the radio path would worsen these

refraction effects, although it appears that clouds may be important and

the combination of short radio wavelength and high intensity rainfall can

also apparently result in serious perturbations of a nominally plane wave-

front.

~18



.or propagation elevation angles 10 0 approximately, fading can

be expected at least as a result of air-to-air multipath, and, for

sufficiently wide vertical antenna radiation patterns, as a result of inter-

ference between direct and surface-reflected rays. The occurrence and
0depth of this fading increases rapidly with decreasing angle below 5

Finally, it should be noted that variations in the gradient of

the refractive index slope and the presence of elevated layers and turbulent

irregularities permit short radio waves to propagate very far beyond the

normal radio horizon.

D. The Ionosphere

i) General

Above an altitude of -60 km the atmosphere is ionized by solar

ultra-violet radiation. This ionization is removed by a number of

competing processes so that at no altitude is the air completely ionized

though the fraction increases with height reaching -1% at 300 km. Typical
profiles of electron density vs. altitude are shown in Figure 3-1. These

profiles vary with time of day, season, sunspot cycle, latitude, longitude

and magnetic disturbance activity. This variability makes it extremely

difficult to define acceptable models for the electron density from which

useful predictions of ionospheric refraction can be obtained. A further

difficulty is that there is no simple equivalent of a radiosonde that can

provide the refractive index throughout the layer. This car be determined

using high altitude rockets or Thomson scatter soundings but these methods

are complex and expensive. The swept frequency H.F. radar (ionosonde) that

explores the virtual height of the reflecting layers can yield information

only up to the peak of the F2 layer (Figure 3-1). This is inadequate to

define the refractive index at all altitudes, but does go some way toward a
solution because i)the refraction at any point is proportional to the rate

of change of density along the ray path and the steepest gradients are al-

ways on the bottom side and ii)the zenith distance to the ray increases

with altitude (due simply to earth curvature)thereby making the path less

oblique.
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Fig. 3-1. Idealized electron density distribution in earth's
ionosphere. Curves indicate densities to be expected at sun-
spot maximum' in temperature latitudes.
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In the absence of any other sources of information useful pre-

dictions of the electron density distribution can be obtained by adopting

a model for the layer shape and normalizing the peak density to match the

critical frequency given for the date, time, latitude and longitude in the

Institute for Telecommunication Sciences (Environmental Science Service

Administration) bulletin of Ionospheric Predictions. These, however, be-

come extemely inaccurate over polar regions where there is an inadequate

number of ionosonde stations. Models of the ionosphere such as these

assume the existence of smooth spherically stratified layers. While this

may be accurate in certain places for part of the time, it is never wholly

correct. Irregular structure of various scales are frequently present.

Three which may be recognized readily from conventional ionospheric

sounding are sporadic E, spread F, and Travelling Ionospheric Distur-

bances (T.I.Ds), and are discussed below.

ii) Sporadic E (Es)

A typical daytime ionogram normally would exhibit a critical

frequency of about 3 MHz for the E trace. At other times, however, the E

region echo observed on an ionospheric sounder will extend over many mega-

hertz. The layer which gives rise to this echo must be thin because the

height of the echo (Es) appears to be independent of frequency and the F

region can be seen through it. The appearance of this echo is not always

the same and attempts to classify it into different types do not appear to

have helped greatly in understanding the phenomenon. The occurrence of Es

for three different latitudes is shown in Figure 3-2. It seem possible that

many independent causes may give rise to this phenomenon. For example in

auroral regions the auroral ionization itself may be responsible while over

the equator large scale density irregularities associated with a current

system known as the electrojet are the agent. At temperate latitudes it

seems that wind shears can cause long-lived metallic ions produced by

ionization of meteoric debris to be driven into thin layers.
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iii) Spread 1'

Frequently the F region echo observed with an ionosonde takes the

form of an irregular band of reflections. The condition is called spread F,

as it appears that the reflected pulse is elongated by the presence of

scattering regions at different ranges. It is not clear whether the differ-

ent scattering regions are arranged at different vertical distances from the

transmitter or if they are at different horizontal distances from the point

immediately above the transmitter.

The occurrence of spread F -- chiefly at night -- is well correlated

with the occurrence of scintillations of radio stars. By means of the topside

sounder Alouette it has been possible to map the geographic location of Spread

F (Figure 3-3). Principal regions are located in the auroral zones and over the

geomagnetic equator at night. No one theory has been put forward which explains

all the observations relating to spread F.

iv) Travelling Ionospheric Uisturbances

Very large scale irregularities have been shown to be present quite

frequently in the F region. These irregularities have been studied extensively

by means of reflected signals, and have been given the name Travelling Ionos-

pheric Disturbance (TID). They may be recognized on fast run ionisonde

records as vertically traveling cusps. The disturbances have a scale size

of - 200-400 Ion and travel (horizontally) with a speed of - 100 m/s, chiefly

from north to south. For reflcted signals they cause the angle of arrival

to fluctuate by 20. Evidence for the presence of these same disturbances

has also been obtained from observations of radar signals reflected from

the moon and of signals received from satellites. It appears that they cause the

number of electrons integrated along the ray path to fluctuate by 2%.

Using Thomson scatter noundings it has been found that the waves appear as

compressions and rarefactions as well as a corrugation of the layer. P1elow

about 250 la. the progression of phase is downward with time. Upward through

the F region maximum, however, the phase fronts are found to slope toward

the vertical. Such structure is believed to be caused by motions in theIm
neutral atmosphere called internal atmospheric gravity waves.
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E. Retraction by the Whol ' Ionosphere

Atmospheric refraction of radio waves (discussed in part C

of this section) will occur for all radio waves irrespective of fre-

quency. Ionospheric refraction on the other hand is frequency dependent,

and arises only because of the curvature of the ionosphere. If the ionos-

phere were indeed a plane slab of *form thickness suspended abco'e a plane

earth, a ray would emerge at the same angle as the angle of incidence --

since the refractive index on either side of the slab is close to unity.

The total bending R of' a ray r out to a point at a height h will

be

h
- tan . dn . dr radian (3-)

n dr~0

where 0 is the local angle of incidence of the rarz at r and n the local

refractive index. in the ionosphere n _< 1 but since the shar'est gradients

dn/dr occur on the bottomside and 0 0' with increasing altitude the downward

oending of the ray in the lower ionosphere is not offset by an equal upward

bending on the topside h nbo. h F 2). Thus the effects of ionospheric

refraction are to increase the angle of arrival of radio waves above the true

an.le of the altitude of the source, i.e., the effeot hus the same ense ns

atmusrheric refraction. For V0 and UHF the refractive index is given in

~N e2

n (3-5)

where f is the ralicwave rrejt~ency,,Nethe n,%-mber, e the charge~ead a the mass

of the electrons. *'mputing ionospheric refraction therefore redueca to

making a model for as a Pinction of distance along the ray path. Usually

spherical symetry is asymed and then the cletron density may 'be expressed

only as a unction of height.
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Curves showing the refraction to be expected at diff'erent fre-

quencies are given in the "Handbook of' (;eophysics" (1960). These were

computed by using a model for the ionosphere which conrist:; oi thiree

rectangular slabs representing the E, F1 and 1,2 regions. Jt seems probable

that this gross simplification leads to considerable error in predicting

the refraction. Somewhat more realistic models have been employed which

assize that the refraction is principally caused by the F2 region and that

this has a parabolic electron density distribution. For this type of' layer

the total bending R becomes

=2d (Cf2l+ h/ro) si 29 + 2h 12

_ a ((sif)(l + 2hmro) cos 0 radan (3-6)

where d = the semithickness of the parabolic layer, r° 
= radius of the

earth, fc is the critical frequency of the layer, f the radio wave frequency,

h = height of maximum electron density and 9 is the apparent altitude of' them

radio source. Where the upper and lower parts of the F region may be

represented by different parabolas having semithickness of d" and d

(respectively), the term 2d (in Equation 3-6)must be replaced by (d + d').

Tf a more realistic shape than two parabolic sections is chosen tc

represent the ionosphere, then analytic solutions become unpractically

complex and a ray tracing procedure must be adopted. Weisbrod and

Anderson (1.960) have shown, however, that there is an approximate procedure

which can be employed with any given electron density profile.

Though the principal effect of ionospheric refraction is to chan.-e

the apparent altitude of a source, small changes in the apparent azimuth are

also possible. There are believe d to be caused by a prism or wedge-like

distribution of electrons which cen be formed near sunrise or sunset.

26



F. Effects of Large-Scale Irregularities

Traveling Ionospheric Tisturbances (TID) are ohserved to have quasi-

wavelengths in the range 50 to 400 km and to have speeds of up to 350 m/s.

The direction of the drift motion is principally towards the south. For

reflected signals the rms tilt of the reflecting surface from the mean

spherical surface is of the order of 42° . The existence of this phenomenon

means that the gross refraction introduced by the ionosphere (discussed pre-

viously)is subject to random irregular changes introduced by wavelike

structure within the ionosphere. It is not difficult to estimate the extent

of this effect. The local tilting will cause the angle at which the rays

strike the ionosphere to change by ± 2° . This is approximately what would

happen if the ionosphere did not change but the true bearing of the source

fluctuate by ± 10% in the worst case -- when the zenith distance
0

approaches 90

As an example, scintillations of the apparent position of the radio

source in Cygnus A observed by neans of an interferometer at 108 Mc/s have

been rcported. At elevations below 200 random deviations as large as ± 050

have been observed which were attributed to TIDs. Similar effects have also

been reported based upon observing geostationary satellites at low altitudes

(Elkins et al 1968). These authors found that for a station near Boston

and observations toward the south ionospheric effects dominated at VHF

(136 MHz) but at U'HF (408 MHz) atmospheric effects were the more important.

G. Effects of Small-Scale Irregularities

i) Observations

A more damaging form of irregular refraction is that associated

with the spread ' condition in th, ionosphere. The presence of small-scale

irregularities within the ionosphere introduces random phase changes in the

wave front of a plane wave which traverses it. As a result the phase of the

wave will not be constant over the ground but will form an irregular pattern.

This pattern will in general Appear to move as a consequence of (a) the
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motion of' the target behind the diffracting screen, and (b) the existence

of winds in the ionosphere which cause the irregularities to mrove prircip-

ally towards the east or the west. The result is that the position, phase

and possibly also the intensity from a distant source will appear to

fluctuate.

The effect is well correlated with the occurrence of ,pread F

and hence is chiefly a nighttime phenomenon. Figure 3-3 shows the per-

centage occurrence of spread F over the globe inferred by Calvert and

Schmid (1964) from topside soundings. It can be seen that the

phenomenon is intense over the geomagnetic equator at night and preseot

in the auroral regions both by day and night. it is least likely to be

observed at midlatitudes,

The horizontal dimensions of the irregularities appear to be of

the order of a few km and it is also believed that they are considerably

elongated along the lines of the magnetic field. The apparent wind

speeds lie in the range 50-300 m/s.

ii) Phase Scintillations

In addition to the experimental work (which in recent years

has included observations of artificial earth satellite signals) there has

been a large measure of theoretical interest in the problem of radio waves

traversing a phase changing screen. The theory has been summarized by

Lawrence et al. (1964) who show that if irregularities are of effective

length L in which the electron density departs from its median value 7 bye
al-, amount dN thei the mean square phase deviation introduced by a sinlle

e

irregularity will be

2irL dn -- (3

where n is the refractive index (Eq. 3-5). In a distance 1i along the

radio path, there will be ' P/L irregularities if they all have the same size. Thuw

28
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the total mean square phase deviation will be

(-tL d-2 (3-8)

which in terms of electron density fluctuations becomes

D (.LtL) 2 f 4  ~ 2-
D\ L f 4 e (3-9)

and may be expressed as

DLf42 (dN)2
2 2 (3-10)

4 C e
where c is the velocity of light, and f the critical frequency [=(N e2/rm)2 ].

ce
Thus the rms phase fluctuations are proportional to the electron density Ne

and the radio wavelength ?\ (or inversely proportional to the frequency f).

From Equation (3-10) we see that (7--depends upon the product

of P and L and if it be assumed that L is independent of zenith angle i

(i.e., the irregularities are spherical in shape) it would be expected

that

sec i (3-11)

where i is the local zenith angle at the ionosphere

i sin'1-fr sin Xo ro + h)) where r earth's radius

h -- height of irregular diffracting layer and X =zenith0

angle at the observer.
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Departures from this law have led to the conclusion that the irregularities

are not circularly symmetrical but elongated along the geomagnetic field lines

with a ratio of major to minor axes of at least 5:1.

There are few reported measurements of the phase stability of'

transmitters beyond the earth's ionosphere, though many measurements of

amplitude effects (next section) have been reported. One method which

promises good results is the phase coherent examination of stable satellite

signals. The large Doppler shifts introduced by the motion of the satellite

must be removed by a least mean square quadratic fit to the record so that

the residuals may be determined. Tn this way rms phase fluctuations of' the

order of 2 radians at a frequency of 324 Mc/s have been observed.

iii) Amplitude Scintillations

Although intensity fluctuations of radio stars or artificial earth

satellites have been the primary means of observing small scale ionospheric

irregularities, this is by no means the best method, as in general the phase

or angular scintillation effects are more pronounced. For there to be

pronounced amplitude scintillations, it is necessary that angular refraction

for two or more rays to be large enough that they can interfere at the

ground. The relevant theory shows that this in turn depends upon the

distance of the observer from the diffracting screen. An irregularity of'

scale L subtends one Fresnel zone when viewed at a distance zf where

_ (2 tL)

zf

If the scatters are located physically closer than this at a distance z then

the mean square fractional deviation in amplitude [(-7TA1O
2 is related to

the mean square deviation in phase ( by

I2
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i-or ionospheric irregularities z is usually of the order of several thou-
2

sand km and the ratio (z/zf) may he as small as 1/25. Thus if the rms

phase fluctuation is of the order of one radian or less the amplitude

fluctuations will be unimportant. In view of the above remarks it if, clear

that the values of the amplitude fluctuations reported in radio star scintil-

lations can only be converted to provide a measure of the more important

phase or angular fluctuations if the size and height of the irregularities

are known.

The zenith angle dependence of amplitude scintillations, has

been studied by a number of authors. An amplitude scintillation index S

may be defined which is related to the signal intensity R in

12 R - TT
(3-14)

(F2 )2

This index is related to the mean square phase fluctuation (no)2 in

S 2 2 (+)" 2"+(3 -1 5 )

where is the radio wavelength and z the distance to the irregularities.

It then follows that the zenith dependence of amplitude scintillations is

of the form

S2 cc ?2 se1.<i 2L4 7_
2 ze (3-16)

where i is the zenith angle at the ionosphere.

iv) Angular Scintillation

Fluctuations in the angle-f-arrival of radio waves from a strong

radio source have been observed by means of interferometer observations at

temperate latitudes. At a frequency of 108 m!z the rms angle through which

the source scintillates _ 2 is of the order of .030 and at 53 Mc/s it is -a2'.
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When observations are made by means of an interferometer, and the correlation

between the phases of the signals received on the two antennas (separated by

d) is p then the mean square angular fluctuation 02 is given in

e - (1- o)PLfc  (dNe)2 (P-17)

2 f
4

Evidently J92 is proportional to 1/f2 , and must depend upon sec X (as the
o

path length D increases with increasing zenith angle).

If the ionospheric irregularities lie chiefly in a layer which is

thin compared to the total thickness of the F layer it becomes possible to

present a simple theoretical description of the scattering phenomenon.

Suppose that for different distances along the screen the phase shift 24

introduced varies and this can be described by a horizontal correlation

function o(d), which is of the form

2

n(d) = exp [ - (d/d ] (3-18)

If the distribution of values :¢ is also a gaussian function with an rns

phase deviation 0 then the angular distribution of the diffracted rays0

will be

2

(s) = exp [ - / (o/ 2 1-1

Two cases can be considered. Where the phase fluctuatLbns are
small, i.e., 0 is less than one radian l 0 " /2rtd . In this ease the

pattern of phase fluctuations on the ground matches that introluced il the

ionosphere, and rays never cross so that amplitude fluctuatioins remain

small. There, however, 0l -' 1 radian then 0 = .,o/10. Il this case

the angular scintillation is proportional to the ratio of the scale of the

12



phase deviation, to the horizontal correlation length in the screen.

In sum, when amplitude scintillations are detected angular and

phase scintillations must also be present, though the reverse is not

necessarily true.

33
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4. Review of Radio Auroral Echo Phenomcna

A. Introduction

Radio aurora is the name given to ionization irregularities in the

auroral zone responsible for the observed reflection of radio waves. The

term is also sometimes extended to include radio signals thought to he

emitted from the auroral zone; the evidence for such signals, reviewed

recently by Ellyett (1969), is relatively weak and it is difficult to

distinguish emissions from reflections originating from distant radio trans-

mitters.

Reflections from radio aurora hav been observed and documr nted

since the middle 1930's and much of the continuous and extensive survey

work has been done by radio amateurs working in the 40-150 MHz recion with

relatively low power levels (about 100 watts), who found that by directing

both transmitter and receiver northward towards the auroral zone, they

could communicate much better than if their antennas were directed along a

line of sight. There are a number of quite comprehensive reviews of radio

auroral work and its interpretation, for example, Booker (1960,

Chamberlain (1961), Bagaryalskii (1961), Hultqvist and Egeland (1964', and

Lange-Hesse (1968), as well as extensive accounts of results by individual

groups; for example, Leadabrand et al. (1965" and Chestnut et al (1968) have

descr.bed the work by the Stanford B esearch institute, Unwin and Knox (iC(8)

and references therein dealt with the work in New Zealand.

Rather than reiterating this review material an attempt will be

made to summarize the presently known facts about radio aurora without

extensive citation, and from the perspective of current theories, which will

also be outlined. in addition a brief survey of the information now availa!l'

concerning the ingredients of the theories is included. 7he relationship

between radio auroral and other -eophy ical parameters possibly pert ilent t-

the propagation problem is discussed. Sone of the qle7ti-ns relatin'

theory and nbservation which present and t'uture studies may help to answer

are raised in Sectlon F.

31.
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B. Spatial Distribution and Time Dependence

In general, scattering is only observed from the auroral zone and is

mostly from the E-region. Forward-, oblique- and back-scatter observations

have been made. Scattering occurs from field aligned irregularities and

is only appreciable in directions perpendicular to the magnetic field. The

magnetic geometry of a particular site is thus of paramount importance and

the aspect angle is a major factor in controlling echo distribution. (See

Section 6 C).

From Millstone for example, there are two points at a height of 110 km

where the perpendicularity conditions are met at a range of 1000 k, each about

200 in azimuth away from the magnetic meridian at 3450. The spatial distri-

bution thus depends on the existence of scatters in the right position. The

scatterers seem to be confined to the auroral zone or more precisely to the

auroral electrojet current cores. Such cores, as a function of geomagnetic

latitude and local time, are showrn schematically in Figure 4-1 (after Sugiura

ind Heppner, 1965). The currents in this classical picture were deduced

from ground-based magnetometer readings. The cores move southwards towards

local midnight, reverse direction around local midnight, and are most intense

in the evening and night quadrants. The so-called "afternoon echoes"

measured at Millstone have a horizontal north-south range extent of, typically,
several hundred kilometers and usually extend northwards beyond the radar

horizon.

In the ,ast-west direction there is a tendency for echoes tc appear

most strongly at the two favorable aspect angles, one on each side of the

meridian, and the tot-il extent, while often approaching 1000 km, is also

limited by the magnetic geometry. The true echo dimensions are of course

smee.red by the beam-width pulse-leng-th influence in all the reported obser-

vations. Side-lobe effects are &--,,nt on synthesized range-height displays

and riake it a difficult task to deduoe the true vertical thickness of the

echoes. Values as small as 2.5 km have b.,en deduced but the general range

repotted is 5-20 km. In spite of the smearing, however, there does seem to

be considerable structure in the Pchoes and more of this is seen as shor-ter

15
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pulse lengths are used.

Many workers have classified their echoes into "diffuse" and "discrete"

dependirn on whether patchiness is seen, but the time variability, horizontal

displacements, and system ch icteristics are all involved in thcse definitions

so that a clear-cut comparison between the two terms has little meaning when

comparing different worker:' results. The apparent positions and measures of

off-perpendic,.larity are also strongly influenced by the beam-widths, the

corrections for .'efraction applied and even the strength of the magnetic

field perturbation, as that too many alter the position in space of optimum

echo occurrence. In general, however, the echoes appear to be field-aligned,

to originate from fairly narrow layers in the E-region, and to accompany

auroral electrojet currents.

A general survey of where these echoes may occur with respect to

geomagnetic latitude and local time has recently been given by Hartz (1968)

and is reproduced in Fig. 4-2. Echoes occur most frequently in the evening

sector for the so-called type A2 echoes 'hich are observed in t'e 110 km

region; Ha tz also illustrates the occurrence of type A3 echoes, which some

workers assign to an altitude near to 8' km &lthough this has not been prc% i,

and these exhibit a -aximum around 0400. !,Most such diarams could *e inter-

preted on the basis of a physica! link to the auroral electrojet current. 'n

addition the occurrence if visutil aurora as portrayed in Fig. 4-3 frm

Strirger and Seler. (1967) follows the same general pattern. 0 ne would not,

of course, expect a one-to-one correspondence between visual and radio aurora,

even if they hads a cnm,"n origin. becaus- of the magnetic grometry conditions

discussed ab ove.

A4any workers have noted a relationship between geomagnetic disturbances.

as monitored Ly local ir planetary Y indices. and radie aurora. Again the

auroral electrojet current seem: to be the Interveting, link. For sme

stations very high K values are accf -anied 1y a low radio auroral occurrerco

probability and this is prtbably due to the movement equatorvards of the

strong current core so that the aspect angles -re not favorable. -his =-ve-

ment is such that radar systems located at temperate latitudes see raiie
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aurora at higher elevation angles and closer ranges during moderately

disturbed conditions more often than during low Kp conditions. Complicating

the comparisons is the fact that the planetary magnetic disturbance index

Kp is used by many workers, because no local measure of disturbance is

available; it would be preferable to use a parameter derived from magnetometer

observations near to the electrojet such as the auroral electrojet index.

The longer term variability of radio aurora reflections, like that

of geomagnetic disturbances, shows a semi-annual variation (not always well

marked) and a tendency for a sunspot cycle variation. There have been very

few ecfforts to monitor these variations with a given system and there is a

sin6ular lack of quantitative volume reflectivity measurements that would be

required to form a basis for such studies.

Tnformation is also meager on the shorter time variability and it is

hoped that this may be rect.fied in the current study (see Section 6 C below).

There have been claims of pulsating echoes associated with magnetic sudden

commencements but whether a spatial or time variability dominates these

results is not clear.

. Wavelength Tependence

The moLst comprehensive experimental studies of this aspect of radio

aurora are those by the Stanford research Institute group ir- the 50-3000 MHz

range. The echo intensity varies roughly as 7 in the 1000-3000 MHz range

but only as about \3 in the 100-1000 MHz ratge. There appears to be a

continuous gradation ,f the wavelergth power with frequency. The Stanford

work uses the sar.e pulse length at all !'equercies and corrects the signal

intensity at longer wavelengths to account for the fact that the beams are

only partially filled. The assumptions made in this correction then become

crucial; one set used has been that the echoing region is about 16 km thick andi

of unlimited azimuthal extent. The pulse ler+-th smearing is also an important

factor in deducing absolute volme reflectivity and one set of observ&tions at

Millstone using alternate 500 and 100 .sec pulses yielded absolute reflectivity

values some 5-6 db greater with the shorter pulse length.
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D. Observed Velocities

Velocity can te derived in two ways: from range variations of echo

features and from Doppler shift measurements. Agreement betweer. the two

approaches cannot be expected always as the former incluacs fal-e velocities

produced by echo development and changes. The velocities found arp , enerally

towards the west before midnight and towards the east after midrniht, corres-

1onding to the drift of auroral forms. This pattern is consistent with the

classical current pattern of Jig. 4-1, provided the observed velocities are

in the same direction as the electron velocities as discussed ,elow. 'This

agreement provides evidence in favor of the classical current picturoe rather

than the modification introduced by Akasofu et al. (1965) in which the currer.t

is directed westwards before and after midnight. The values for the velocit,

deduced are generally several hundred meters per second. Accordiro, to .!llstn,

results, the velocity pattern also depends on altitude (see below) and vari, s

within the echoing region; these features have yet to he fully Pxplored. Aw. ,,

from the magnetic meridian the Pmppler velocity tends to Jecone indeper rle.t -'

azimuth, suggesting a constant phase velocity fr the scatterers, ra-ther fha-'

varying with azimuth as mioht be expected Cor a dri !tinoT irr'atr. "h-

with of the spectrum is also subject to control f the beer-wid'* u

smearing factor as ,an be seen from the- occurrence )f very wide sretra ol >e

to the meridian, and r-ain more detaLled measurement,:- are r'quired.

F. Theoretic.l interpretation

initially the radio auroral echoes were interpreted as a ,tstopic

dri ftirng irregularities produced by tur:bulence. Later, " Arlo'', witl : he

theories used to explain irregularities in the equatorial el,-t .. et they

were interpreted as longitudinal electrostatic waves set up in a regzc:r. .)I, str

current f'l-w by a two-:tre,%m plasma in.-tability. .he latter theory has two u:,

so far a expounded by parley (i63) and iatro and 3irata liV ,",. he tw--s,' ron -

the-ry predicts that when the electron-ion relative velocity in a plasma

exceeds the ion thermal velocity hy a e-ertain factor, unsta'ile waves can 4-ro

and propagate. I ropajration is perpendicular to the field lines and in a

directinn opposite to the current vector. The waves #-ffectively .uneh hr
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electrons as in a travelling wave tube; the conductivity along the field

li-.es is much greater than that transverse and the wave fronts are thus

field-aligned.

The two-stream instability theories developed thus far involve the

use of small perturbation linear assumptions and predict the conditions

under which waves may grow, the phase velocity at the threshold of growth

and the rate of growth, but can give no information on the amplitude of the

waves and thus on the intensity of the reflected signals as a function of

wavelength. A radar has a maximum response to those waves whose wavelength

is -ne-half of the radar wavelength and while a family of wavelengths may be

excited, simultaneous measurements at a number of frequencies are required

to establish the partition of energy between the waves in situ. Farley's

theory predicts that the critical electron drift velocity required for wave

growth increases as the irregularity wavelength decreases. For a given drift

velocity therefore, the growth criteria may be met for long waves but not for

short waves. Katz and Hfirata give considerable emphasis to the growth rate

of the waves. , r a ,ivren electron drift velocity they present dispersion

curves fror, which -ne may deduce the maximum growth rate. or an electron
-l

velocity :' about 1000 msec this -rowth rate occurs at a wavelength of

about 11 or. an i,, thus near to the -ptinunm wavelength detectable ty '!illstone.

The gr',wth rate itself L,- ,f the ,rder 20C sec, i.e., muoh fastvr thaun the

sampling rate. The bserved wavelenj-th dependence must therefore be a mani-

festatior. r ithe reflection characteri stics of the waves thenselves (for

plane wave--. a dependence would be expected) and ii)the relative abundance

of wave, NI d 'feI'crtt wavelength (which is governed partly by the electron

drif"t vel'city and the growth rates). .e interacting factors remain

unexplo red•

.he evi lence favo.rin the two-stream in'stabililty theory over the turbulent

irre ,ularity theory has recently been reviewed by Abel and :;ewell (196-)

(S.4e. ' A). .The loppler data obtained at Villstone provides supporting

evidence for the theory. Also a rotation with altitude of the vector des-

cribirg the wave moti,-n fs found which is similar to the manner in which the
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current vector rotates. The magnitude nf tho fK(ppler velocity, tynically

400-500 m sec is close to that predicted by Farl-y.

The expectation of a rotation of the current vector with altitude can

best be explained in terms of the following example. in the evenino sector a .

electric field of about 50 mv/m may exist directed northwards. At al' ut 110

the mobilities of the electrons and ions are such that the electrons would
-1

drift westwards in response to this field with a velocity of' at-ut 1000 ms-e
-i

while the ions drift towards the MHW with a velocity of about 300 nsec . -he

differential velocity or the current vector (by definition) points towards

the ENE. The current itself exists because of the mobility dit'Cererce. At

higher levels, say 150 lun, both electrons and ions drift together towards the

west at about 1000 msec -I (because both electron and ion gyrofrequencies

exceed their collision frequencies with neutral particles) and there is litt1e

resultant current. At levels just telow 110 Iq the electrons may drift in

response to an applied field, but the ions are constrained to move with the

neutral medium. The electron concentration is low and Vain the total

current is small. At still lower levels, say less than 50 km, t.h electr,,ns

and ions move with the reutral medium.

The largest currents occur in the 100-120 'Fm layer arid it iZ here

that the critcrion for electrostatic wave growth can- be met. The ,qeotrmn-

ion relative velocity exceeds the ion thermal velocity by the requires

factor. The ultimate energy source Cor the waves is the applied . ". field

as in i travelling-wave tube. This electric field ,rv:Jes kinetic

enera' to the electrons and as they stream through the i ons s-=m f the

kinetic energy eiier: into the potentirl energy inherent in the iohar -e listr-

bution in the waves.

Vato's theoretical results illuntrate nicely that when h, in, the-.,a

velocity is increased, the waves ire damped, essentially b.,e.s, thp collisl ral

diff'usion process which destroys the rharge ,ra',ierts is accelr~ted. Thus in

temperature is a critical parameter. At lover levels one mitiht epect the

higher collision frequencies to play an analon.-us role to hifth i,-n tempernture::
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but the dispersi.n irelations have not been worked out yet for i'-regiori

conditions. indeed the rangre of variables selected for the theoretical

wPrk to date needs extension to completely encompass conditions in the

auroral zone.
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5. UID' ketraction rbcperiment

A. Flan

I) ineral

As outlined in 11'ct inr 3, i )h 4IO; 7L w l 1!

refraction effects can be expeot-d at 1F, induced 1by Lhe lnrnspherm and the

neutral atmosphere. M1easurements -f 'lie combined r-fTfects will - valualce

in establishint, limitations on the t rar 'nr accuracy or deiernsiv,' ralars

operating at PHIl, but may not niece-ssarily e of' -uidance conrcrrnlr. ttll

accuracy expected at other, frequencies, sitnce only tine ir~pei fe

are frequ-ncy dependent. Accordin.-ly it is planned to make simllanrour

measurements at P.HT' (400O MHz) and L-1hand (1295 MFiz). Krthe fComer

passive lobe- compari son tracking,, of satellite beacons will n -Mpl(<yel,

while for the latter mononulse radar skin-trackin_- will beused. -.mpa r,-'

son. of arrival angles at thene two frequencies should vield neparatpl- the.

ionospherically induced ref ract io-n ef fects while an a! solute~ comoar. !

the L-band observed and predicted posit ionsshnuld ch,,fly yield the atm-

pheric ref'ract ion.

7his sfCti 'n de.Icri-er -rrater detnil isari'us fts: 'tI

w~o Tkr ,adly speafir.g-, h,-wev,-r, the meas~iremer.t fthe reranot--

mnunt pro)ceed in tw'- step.; disnussed 1belcnw,naznely the oali~rati.,- -f h

antenna t- letenrine repeatalle- po intlnt. errors o)f rrnr.eral -ri4,in nnd

the subseque nt prn.-raz. :4' active menasurm-entz )n aele.

rHer t o ncieparr atsolutte pcasi~ions at 11-k._ Wi. hpr~--

Pos -.r.,- it is nece.-sar, t- al oa , t a laro:-u:~r f ~ 5~

with oevat,.',n. K rier t- ' d" thi h'e vn::ir o

t racv ir.1' radio stars at L1. has vbeen dr'visf-d and i's d ~s'

pa rt f)I this secticn. i., pr '-esn 71 calil-iitin": the atnat'e

it is- c-'urse necessary assume m'dels ror the t~popri r~;.

urrently the zro'rls empl('yed are 1tased uponl raMN 'n:o~ul~i'srtr



formed for different values of the refractivity at ground level. Methods

of improvin , these models are also discussed in section 5 F.

Figure 5-1 summarizes the determination of the syc:tem'iti:

" pointing errors in the manner outlined above. This work does not depend

upon the UTD' tracking capability and has therefore already begun, but must

be repeated when the new subreflector is 7n place. The procedure employed

is to point the antenna continuously (via a digital ccn.puter) and sample

the monopulse error voltages for storing in the computer. A limitation at

present is the .0110 detents in the shaft encoder positions. It is planned,

however, by installing new resolvers to reduce this to .0030. The calibra-

..on ,f the error voltages as a ff'unction of angle offset can readily be

accomplished by performing repeated prorrarmed scans across the source.

Passive tracking will also be performed at PTU in order to

ensure that the axes 0 the beams at 1f7 and L-brAd are colocatel.

iii) L band active tracking of satellites

The 7&?-/!T.-bind trackin:[ system is described in Section 5 -' and

the poe'foirance expected in 5 . A number of steps are being taken in order

t,, ensure that the T-:,and radar perrnrms adequately when skin-tracking

satellites t low 1,.-vations. These include replaring- the shaft encodera

as riuted a: we, %:-d performin,- a prv r%m f satellite trackin to determine

the tracki , accuracy uinder dynamic conditions. The plan -f work involved

here is cutlinel in K'gure 5-2. :t is anticipated that the trackinr accuracy

f the system -in ?e detemined frm a coparison of the instan.taneous azimuth

0 and elevatilr, als with, the computed values a" and 0' to yield an nMs

troc:'n ao-urac; , givern

9'., -' "Ce - !

Here the instaPtaneous p.: t-n . will !,e obtained by &ddinf alcebraically

the shaft enc, der psitirrs and the m-n-pulse rrror viaItV.:rs calit rated in

tenms 4 an rNular -ffset. The expected positions 0' and F* ca.n 1e deter-

minei by fittins: nn ,rbit to the 4-served satellite range, doppler ard
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angular positions using a Non-Real Time Precision Orbit beterifi.ation (HJ11TT)

computer program available at Millstone. This program is useful in solvinir

for biases and in making statistical analyses of the observational residuals,

in addition to its prime capability of procisely updatinF orbital parameters.

The determination of the rms tracking error is needed in

order to establish the level of the least detectable angular scintillation,

i.e. a lower bound on short-lived tropospheric effects.

At low elevations where the most pronounced refraction effects

occur reliable closed-loop tracking may not be possible, either because of

these effects or because the signal-to-noise ratio will be poor. Tn this

event it will be necessary to compute the expected position of the target

and use the computer to direct the antenna. This can be accomplished using

another of the Millstone programs, MYNESPO I , which has the capability of

running in real time. This program generates an updated steering ephemeris

which fits the observations currently at hand within 30 sec of an operator

request. Between uxdates, computer-steering of the antenna is available

from the last ephemeris generated. MI]SPOD's real-time orbit-fitting and

steering functions are directly applicable to the study of propagation at

low elevation angles. Smooth computer-steering based on the trajectory

extrapolated from fitting "clean" observations at higher elevation angles

would avoid possible problems of poor auto-track performance near the

horizon.

Both NRTPOD and NUESPOD are capable of initialization from a

position-velocity state-vector if very accurate pre-run trajectory informa-

tion should be available, otherwise initial conditions can be derived from

SPADATS mean elements. The steering ephemeris is then generated by numerical

integration of the corresponding trajectory, subject to a sophisticated

force-model which may be redef.ned by the user.

In the event that it proves impossible to track all targets of

interest at low elevations without employing computer steering of the

I Millstone Hill ESPOD where ESPOD is an Air Force Electronic Systems

Division Precision Orbit Determination program,i.e. a special perturbations

program for differential corrections of initial conditions by weighted

least-squares minimization of residuals.
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antenna additional computer programming will. be requirei in order to include

in the machine at the same time MHESPOD (or some simpler version) to-

gether with the data acquisition prog am.

B. Monopulse Error Tracking Calibration

As noted earlier the tracking characteristics of the Millstone

antenna are currently being studied through the observation of radio stars.

Certain radio stars are very convenient for this purpose because they are

small with respect to the antenna beamwidth, have constar power output

and have precisely predictable orbits through the sky. The signals are

wide-band gaussian noise, the intensity of which is usually described in

terms of an antenna temperature, TA, defined by

P = kT B wat-us. (5-2.)
A

where

P = received power

B = Receiver bandwidth (Hz)

k = Boltzmann's constant

The uncertainty in the measurement of the antenna temperature for

a receiver temperature T and integration time T is
R

, = TR + TA(5- 9T_+

The uncertainty in the measurement of the angle of arrival of the

signal, using the monopulse error channel response can then be shown to be

TA

be= 0. o Tef~f
~JFB TA(5)

where

f = TA T +TTef f  RR

e = beamwidth of the antenna
5
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The sensitivity can be great if N\'T can he made large, and for Millft, ir

4
it is typically 10 . At L band, the source Cassiopeia A yields an

antenna temperature for the Millstone antenna of TA = 200'oK, and the

receiver temperature T is such that Te f = 280, giving /0.01%

The principal radio sources used in this work are listed below with

their antenna temperatures, diameters and declinations.

SOURCE TA (1295 MHz) TA (400 MHz) Diameter Declination
(OK) (o0 min) (0)

CASSIOPEIA A 205 460 4 59

CYGNUS A 135 340 2 41

TAURUS 84 91 4 22

VIRGO 15 44 5 13

ORION 38 17 6 -5

The radio star observations are expected to fulfill three objectives-

(a) generate pointing correction tables for the antennas at both 1295 and

400 MHz, (b) check accuracy of the low angle tropospheric refraction models

(c) investigate instrumental effects such as wind loading on the antenna,

ground reflections, encoder granularity, etc.

To implement this program, wide-band phase detectors have been

installed to improve the sensitivity. A special computer program for the

SDS 9300 computer has also been written which commands the antenna in

various scanning routines and accepts and analyzes data from the receiver.

The antenna control system is shown in Figure 5-1 . The computer program

is essentially complete and systematic data gathering will begin soon.

Samples of the receiver outputs are shown in Figure 5-3 with

the antenna scanning Cassiopeia A in elevation under computer control. Thp

azimuth channel deflection is due to the azimuth pointing error. To

generate the pointing correction table a standard scan routine is executed

on sources over a wide variety of azimuth and elevation angles. The

source is scanned in elevation and azimuth over a 50 angle at a rate of
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20/ minute. The computer finds the apparent coordinates of the source in

two ways. Tt finds the scan centers first by determinin: the half' powe r

points of the on-axis response, and secondly by determining the location

of' the zero crossings of the error channel responses. It is important to

note that both methods have the same intrinsic accuracy. Interestingly,

systematic discrepancies have been found between the two methods.

The pointing program presently includes a tropospheric refraction

model based on data supplied by h. Crane, in which the refraction is esti-

mated only on the basi: of the ground refractivity. it is hoped to upgrade

the model (Sec 5F) anO the accuracy of the existing or any improved models

will be checked.

While the monopulse feed system is not better than a single horn

feed for determining pointing biases it is extremely useful in studying the

instantaneous apparent angle of arrival of signals. For example, Figure

5-4 shows the result of tracking Cassiopeia A near transit where the elevation

rate is very low. The basic saw-tooth pattern in the elevation error plot

(bottom graph) is due to the granularity (0.0110) of the existing shaft encoders.

The signal reflected off the ground into the antenna has also

been seen interfering with the direct signal at very low elevation angles.

The effect is noticeable mainly below 10 elevation in the elevation error

channel.

C. UHF/L-band Tracking System

The Millstone L-band radar system is being modified to include

a U1r' monopulse receiver. A frequency selective subreflector with a 1f

feed will replace the present Cassegrain subreflector to permit simultan-

eous L-band radar and UHfF beacon tracking of a transmitting satellite (Sec. 2 f).

The control for the antenna will be provided by the L-band tracking

system shown in Figure 5-5. The L-band system will also provide the range

information via the Sequential roppler Processor (SDP). The primary appli-

cation of the ,IHF receiver will be to d~rive precision angle measurements.

Signal strength measurements will also be made to help determine the
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Fig. 5-41. Results of monopulse tracking Cassiopeia A near
transit. Saw-tooth error volta~e pattern results from
0.0110 granularity of encoders (top channel). Note also
some correlation with wind speed.
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amplitude scintillation characteristics of the propagation medium.

The t YF feed will consist of crossed-dipole Kiements followed by

a comparator-polarizer unit. The feed will be located at the prime focus

of the antenna. Left and right circular polarization outputs from the

polarizer will be available for input to the UHF receiver. The ortho-

gonally polarized'sun'signal will be used in a fourth channel of the ITH'

receiver which will be assembled with components procured for spare parts.

A characteristic of the Transit satellites that will be used for

.ome of the refraction experiments is the transmission of a VHF beacon

signal (nominally 150 M11z) which is phase coherent with the UJF beacon

(nominally 400 MHz). Therefore an additional channel at 150 MHz will be

assembled to provide data for the dispersive doppler experiment (discussed

in part E of this section). The UF and VHF beacon signals are offset in

frequency by 80 parts per million. The configuration of the UHF/VHF re-

ceiver system shown in Figure 5-6makes use of the offsets to provide the

final IF frequencies and this in turn provides an easy means of recovering

the dispersive doppler data as well as fulfilling the design requirements for

the UH-F 'eceiver.

The sensitivity of the EW amplifier and performance of the tracking

filter will determine, to a large extent, the overall receiver characteris-

tics. The t F section of .e receiver will have low-noise transistor

preamplif .-rs. RF losses are expected to occur in the components that mu3t

be used for protecting these amplifiers against the L-band radar and for

inserting calibration signals. The receiver noise temperature is expected

to be approximately 500K. The tracking filter incorporates a 3rd order

phase-lock loop with selectable loop bandwidths (3-300 2 to provide pre-

cise tracking of a variable carrier frequency. The nominal tandwidth which

will be used is 10 Hz, which will yield an overall system noise power if

-162 dbm. All receiver components have been specified to have - * 1 db

gain variation and < 5 relative phase shift between chlanneis. All local

oscillator frequencies are generated by frequency multiplication from the
1 MHz station standard to ensure phase coherence between receivers.
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The Ikf' amplifier and 1st conversion stag:es will :e hrrisr-d in a

remote environmental enclosure (bubble) ].ocated at the ant.nna ,:f,] ,.e

:ig° 2-3). The ! signals, test signals, and local oscillaf.;r .'req:,r.,'i'

will be transmitted via coaxial cable to the main receiver rn,,m wher, fthr

V amplifiers are to be located. The 3o MHz IF signals are then cinvered

to the 80 p./million offset frequency, and the 'sum' si:nal will .e applied

to the tracking filter. The locked-oscillator output of the trackint- ffltrr

is then applied to the detectors of the off-&xis channels of the '"IF receiver

to produce the desired angle information vcltages. The various lata inputs

to the 'SIS2)30 computer are shown in blo'ck diagram of Fig. 2-4.

':7L -,and Observations

As discussed in earlier sections it is proposed that satellites in

the Navy Transit series be skin-tracked by the 1295 MHz radar while the

4O .Iz (7< transmission from the on-board transmitter are also received.

The principal parameters of this instrumentation are set forth in Table 5-1.

There are usuaUy 4 of the Transit series satellites in polar orbits at all
times. The alti'udes are about 1000 :m so that at 400 %,z the doppler shift is
confined to a 10 wHz window and the doppler rate i !56 Hz/sec. The beacon pro-
vides a 1 watt signal transt.itted isotropically, which is circularly
polarined at high elevation angles and linearly polarized at low elevation anes.

The orbit -,f the satellite on each pass may ie ,-stallished in real-

time fror. the radar obser-acions of azimuth, elevation, range and range

rate at hi.-h elevation angles so that the antenna can then follow the

satellite as it sets tinder computer control "3ec. 5 A). The pnvier r,ceived

at 12A5 and 4X0 1.Hz frorm the radar and beacon will 'e respectlvely

3'(t ransmit Aao
1 245) Rtaftmi£ 5 2

(4=o) A (5- 02
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where

Pransmit transmitter power

F = range

A = antenna collecting area

= wavelength

Pb = satellite beacon powerbeacon

= satellite cross section
6 2

Adopting a valie R = 3.7 x 10 m (satellite setting) and l = m one finds

PR (1295) = 1.8 x 10-15 watts and PR (400) = 1.2 x lO-12 watts for a 1 watt

beacon transmitter. For a strong signal the uncertainty in the angle of

arrival measurement is approximately

0 (5-7)
where

e = beam width of antenna
0

kTB = receiver system noise power

Assuming a filter matched to the 2 ms pulse length employed for radar tracking

at 1295 %ffz and a 10 Hz bandwidth for the UHF receiver we obtain when averaging
over a period of= 1 second

Ae (1295) = 0.25'

Ae (4o) = o.o (5-8)

From this analysis it would seem that a high elevation angles where refraction

effects are small UHF beacon tracking may be intrinsically more accurate than

that provided by the L-band radar and provision is being made to permit auto-

tracking by either method.

E. Dispersive Doppler Experiment

The Navy satellite beacons transmit coherently on 400 and 150 MHz.

The transmitter frequencies are offset from their nominal values by 80

parts per million (Sec. 5 C). Because the wavelength dependence of the index

of refraction for an ionized medium is known (Eq. 3-5), the total electron

content can be inferred by comparing the phases of the two received signals.

(See for example Arendt et. al. 1965) As discussed in Section 5 C, the

400 MHz and 150 MHz signals will be converted to 32 and 12 KHz respectively.
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The 32 'KHz sun'signal will then effectively be multiplied by , and

combined with the 12 KHz signal in quadrature phase detectors. The phases

of the two signals are

40o 4T + 14o  (5- 9)

150 T + 01 (5- 10)
150

where

CT - 2 f n dr

T T

N e 2
i - f nldr f - ] dr

2 Tmf

4T = tropospheric phase shift
T

4) = ionospheric phase shift

N = electron density

e

f = frequency

= wavelength

m = electron mass

r ray path

e = electronic charge

If the propagation paths are assumed to be identical, i.e., differenti.L

refraction is ignored,then the differen-ce between the phases of the two signals

will yield

3 55 e
S= 0 - o 0 - 6 mc-f f Nedr (5-11)

Under quiet ionospheric conditions f Ne dr varies smoothly with

time whereas in disturbed conditions it can vary erratically. The correla-

tion between the total electron content and scintillation activity during
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aurora will be investigated in tnis program.

F. Theoretical and Analytical Study of Refraction

i) Improved Models for T,:opospheric Refraction

As noted in Section A above the problems of determining all

possible sources of systematic pointing error and tropospheric refraction

effects are inseparable. We propose to proceed on the assumption that all

biases in the system are repeatable. Thus, day to day variations must be

attributed to departures of the tropospheric refraction from that assumed

in the initial models.

The problems of refraction at low elevations caused by the

lower atmosphere have been discussed in Section 3. Currently the antenna

pointing programs being utilized for radio star tracking (Section

5 E) employ a fixed model for the atmospheric refraction. In an effort to

upgrade the model the effects of synoptic scale changes are being

studied by ray-tracing techniques. A large numbe:r of ray tracings have
0 0

been performed for elevation angles between 0.10 and 90 using data from the

Albany, N.Y. radiosonde station. The elevation bending and range errors were

computed for each elevation angle for each of the 0000 and 1200 GMT radio-

sonde soundings for the inonths of February and August for the years 1966,

67 and 68. A scatter diagram for a 1.00 elevation angle is shown in

Figure 5-7. This data is being statistically analyzed to look for yearly,

monthly, and hourly dependences.

The deviation of the atmosphere from one descriptable by hori-

zontal homogeneity is also being investigated. A ray tracing program is

being utilized that calculates the elevation and azimuth bending and range

errors for given three-dimensional distributions of the index of refraction.

Computations of the azimuth and elevation angle dependence of these errors

are being computed for models of the horizontal change in refractive index

in the troposphere determined by the use of three o,- more simultaneous radio-

sont profiles taken several hundred miles apart.
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Fig. 5-7. Total bending in elevation (in millidegrees) for
elevation of 1.O° computed by ray tracing for refractivity

profiles obtained at Albany, N.Y. vs refractivity at surface.
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ii) Analysis of the Dttawa Trough

A persistent feature of the nighttime ionosphere along the

southern border of Canada is a trough of low ionization that was first

recognized from Alouette observations and has become known as the'Ottawa

trough'. In order to investigate the effect of *his phenomenon for a fre-

quency of 400 MHz a scalar model of the refractivity (in N units) was made

based upon published electron density profiles. This model is shown in

Figure 5-8. East-West symmetry was assumed when calculating the angle

deviations for a ray traversing this feature and the results are shown in

Figure 5-9 . The maximum deviation occurring in azimuth is about .0060

and is not regarded as serious. It may be noted that the magnitudes of the

changes in elevation bending due to the "Ottawa trough" are the same as

those due to the use of simultaneous, separated radiosonde profiles for the

same initial elevation angle at the surface.

'ii) SECEDE III Refraction Experiment

During the barium release experiments conducted near Fairbanks,

Alaska during March 1969, Lincoln participants recorded a number of UHF satellite

tracks at Clear ',wS.

In subsequent analysis at Millstone, residuals are being determined

relative to short orbital arcs fitted to two-second averages of the recorded

raw observations. Some perturbations have been disclosed which may be tenta-

tively attributed to natural aurora. Other perturbations noted appear to

correspond with passage of the line of sight through ionized barium.

iv) Equatorial Scintillations

Millstone staff are also involved in work underway at Lincoln

Laboratory to determine the magnitude angle-of-arrival fluctuations encountered

by the Tradex radar on Kwajalein (Marshall Islands) when viewing objects (at

night) through equatorial Spread F (Sec. 3). This phenomenon has most of

the same characteristics as scintillation encountered in the auroral region

and hence can serve as a useful model, yet there is no certainty that the

Smagnitude of the effect will be the same in the two regions in view of the

different geometry of the earth's magnetic field.
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Fig. 5-9. Bending of a ray through Ottawa trough (Fig. 5-8)
for initial elevation angle of 0.50.
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6. Auroral Studies

A. Introduction

The program of refraction measurements discussed in the previous

section represents a new program of work. The auroral studies, however,

are in part an extension of an earlier small program. The scientific

results of this program have been published (Newell and Abel 1968; Abel

and Newell 1969). In this earlier work radio auroral echoes observed

during the afternoon period 1700-2100 were collected on 26 days during the

period May 1965 to January 1966. It was found that the echoes were re-

turned from a layer-like region having a thickness of 5-20 km and located at

an average height near 110 km. The echoes were strongly aspect sensitive,

and nor: were obtained from regions where the aspect angle was greater than

about 30. Both the occurrence of auroral echoes and the southernmost limit

of the echo region were found to correlate with the magnetic index Kp. The

Doppler spectra of the echoes showed predominantly approaching velocities to

the east of the magnetic meridian and receding velocities to the west. The

magnitude of the Doppler offset and the variation of offset with azimuth thus

favored the two-stream plasma instability theory of Farley as an explanation

of auroral echoes (Sec. 4 E). It was also suggested that the direction of

plasma wave motion together with the variations of electrojet current with

altitude may explain the presence of echoes at the magnetic meridian (not

expected from the Farley theory for an east west current).

Further (unpublished) measurements were made during the period

January-March 1968 mainly to test out possible programs for routine obser-

vations, and included samples on 8 days. Pulse lengths of 500, 100, 50 and

10 psec were used. For various practical reasons the Doppler data could not

be retrieved. The signal-to-noise ratios were considerably higher Than those

measured in 1965 and absolute volume eflectivity values were up to 20 db above

t previous values; calibration difficulties brough" about essentially by the

much stronger signal do not allow an exact comparison to be made. The strong

signal also made the side-lobe effects much more in evidence in synthesized
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range-height cross-.-ctcions. Beam-width pulse-length smearing was also

evident as absolute :iflectivity measurements made at 500 and 100 lisec in

the same echo differed by up to 6 db. A complete steppF~d-scan was made with

each pulse length in turn and the procedure repeated for eight hours so that

this difference is not simply a consequence of time changes in the scattering

Dvolume.

While the pulse-length smearing may be reduced, albeit at the expense

of Doppler information, the beam width influence remains. As a compromise

the observation program presently being operated collects data at 500 and

50 psec as described below.

In sum, as discussed in Section 4 radar auroral clutter is over-

whelmingly under the control of the geometry of the magnetic field lines

(Sec. 6 C). Thus to extrapolate the results obtained at Millstone to other

geographic locations or operating frequencies requires a good theoretical

understanding :f the physics of the phenomenon, which currently is lacking.

Our work to date supports the two-stream instability theory but in order to

verify this model a complicated mix of parameters must be taken into consi-

eration. These factors are discussed in the section that follows. The work

that is being under-taken in the program is discussed in Section 6 C.

While special scientific interest is attached to obtaining a theo-

retical understanding of the aurora additional objectives of this program

(discussed in See. 2 C) involve simply improving our knowledge of the

morphology of the phenomenon both on finer distance and time scales, and a

central objective is to determine if there is anomalous ionospheric refrac-

tion at times when auroral clutter echoes are present.

B. Test of the Two-Stream Instability Theory

i) Genral

If the theoretical interpretation dise-ussed in Section 4 r is

correct, then the radio auroral echoes may be treated as tracers of the

E-region current distribution. This current distribution cannot be measur(I

directly from the ground because magnetometer measurements are usually
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dominated by the Hall curront component. In order to provide a satisfactory

interpretation of the observations it is desirable to have measuromr-nts of

the various parameters involved In the theory, to construct a model of

expected echoes based on the theories, and to compare the model and obsopra-

tions. This section will briefly summarize present information on the

paramcters used in the theory.

ii) Electron Concentration

Ground-based ionosondes give some information on the electron

concentration profiles subject to the usual uncertainties of interpretation.

There are few stations directly under the auroral electrojet. The critical

frequency for sporadic E sometimes observed near strong electrojets may
-naly o cncetraio6 -3, )ti

reach 10 MHz corresponding formally to concentrations of 10 cm- , hut if

the plasma waves themselves are responsible for the echoes, the usual rela-

tionship may not hold. The time variation of auroral E(s) fits very well

with radio aurora and they may well be the same phenomenon. (Sec. 3).

A more effective p-ocedure is to measure the auroral electrr.

c-ncentration by rockets, and >fister (19Q) has reviewed this topic.
5 ~-Concentrations in the vicinity of 110 km are in the 10 -10 cm range.

The variability is quite large and the question arises concernir.. the profile

to be used in any model calculations. Two different sets were selected by

Abel and 'Iewell (1969) also Nlewell and Abel (1)Q) as a basis for

conductivity computations. In addition to electron concentrations, collision

frequencies and mean ionic mass are required. The standard formulae for the

collision frequencies in turn require information abrout electr-n temperature

and neutral particle con'entration.

Chree components of onlutivity ust be cnnpu.ited: alcng thr

magnetic field longitudinal), alng the applied ele-trio fi,-! -dersr.

and a ing a perpendicular to tL-th fields (Hall). The long itul inl

is always the largest, and electric field components along the magnetic 11l ,1

are thereby kept small. At about 110 km the Hall conductivity it largest

(this is why a current flows towards the east in rex.?onre t, an electrit-

field directed nnrthwards) but 1,.y ah-,ut 130 ki and ibove the Fders-.n
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conductivity dominates. The resulting current vector rotates anticlockwise

with altitude (as viewed from above).

An unresolved question is the origin of the enhanced electron

concentrations. During disturbed conditions the radio auroral echoes and

current cores appear to move equatorward; concomitantly, plasma sheet

electrons move towards lower L -values and judging by the resemblance

between plasma sheet electron and precipitated auroral electron energy

spectra it may be these particles that produce the enhanced conductivity.

It may be possible to judge the horizontal variations in con-

centrations from a measure of th2 input particle flux which then presumably

governs this concentration. Possibilities for measuring this flux are

outlined in Section C below. Production rate can be calculated from the

flux using standard methods, but there is still a degree of uncertainty in

the recombination processes which must be assumed before concentrations may

be computed.

iii) Electric Field

Three methods have been used to derive the electric fields:

direct measurement by rockets, measurement of the drift of ionized clouds at

heights of under 200 km where both electron and ion drift is dominated by

the field, and measurement of the fiold at balloon levels making use of the

concept that this field is generally dominated by the field mapped down from

the ionosphere. Values in the range 10-50 mv/meter are obtained and there is

a field reversal from northwards to southwards near midnight consistent with

what would be expected on the basis of mngnetometer results (Figure 4-1).

The origin of the large scale magnetic field is thought to be
plasma convective processes in the nagnetosphere. In view of the capability

to measure quite detailcd velocity patterns in the radio aurora n n might

expect to learn more about the convection from the measurements. In particular

one might take the various deductions concerning east-west currents aM map

the associated electric fields back to the magnetosphere. It is not known

whether the fine structure observed i*' the electric field is Jue to con-

ductivity and thence electron concentration structure. or some -ther effect.
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In this connection more study is required of' the mapping problem and this may

be helpful also in connection with the origin of spread F. Possibly longitudinal

electric fields accompanying the plasma waves in the F-region may ne mapped up

to the F-regions.

iv) Magnetic Field

The usual procedure is to extrapolate the surface magnetic

field upwards to obtain the field at altitude (see Sec. 6 C), but this ignores

perturbations introduced by local current systems. Potter and Cahill (1969)

describe one such perturbation measured in an aurora. Further examination of

the problem is required.

v) Particle Temperatures

Electron, ion, and neutral particle temperatures are required

in any detailed comparison of results with models. Pfister ( 1967 ) has

reviewed measurements of the electron temperature. Values in the range
0

500 - 2000 K at heights of about 110 km are reported, but there has been a

very limited sampling. There appear to be no measurements of ion or neutral

particle temperatures specifically made in auroras and values based on mean

values for -.uroral latitude are used. The real neutral temperatures may be

quite different as joule losses in the strong currents may provide heat

energy as is probably reflected in changes in satellite drag observed at high

Kp at levels above the auroral zone.

vi) Neutral Winds

The Kato and Farley theories assume the ions are at rest. As

already noted electric fields invalidate this assumption at altitudes above

about 110 km. Ion-neutral collisions will also transmit neutral particle

motion to the io'.s in the E-region and the actual neutral wind distribution

must be considered in any attempt to reconcile observed and theoretical

Doppler velocity distributions. Meteor trails are tracked to provide neutral

wind velocities at Durham, New Hampshire, Havana, Illinois, and Stanford.

From the three stations a measure of the amplitude of the tidal components may

be obtained that gives a first approximation to that expected over the auroral
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zone. The smaller scale features cannot be determined in this way without

more localized measurements. Little data has been circulated from th',se

stations so far and it remains to see if the results are helpful in the

present problem.

C. Future Work

i) Scientific Requirements

Poppler observations are required on a number of occasions so

that syntheses such as that for November 5, 1965 may be attempted and the

time evolution of the Toppler patterns may be folloved. A reasonable first

goal is 10 days with observations over at least a 12 hour period on each.

The object is to obtain a better measure of the structure of the currents

forming the auroral electrojet, and to see if the fields can be mapped to

give information about magnetospheric convection.

The extent to which the observations may be explained by the two-

stream theories is also of interest; there may be days of drifting irregularities

which do not fit the theory as appears to be the case for the equatorial

electrojet.

Intensity observations are also required during the period of

the Active Sun for comparison with those made in 1965. Particular attention

should be paid to the real scale sizes occurring and to possible correlations

with incoming particle flux. A reasonable goal for this study is 20 days of

more limited observations with a target of 5 days for radar-satellite compar-

isons. (See below) Based upon experience in 1965 20 days results would

require about 40 days observations. A new data gathering scheme has been

devised that will greatly assist the recovery of all the relevant radar

information and is described below.

Finally for any periods of planned in-situ observations of the

auroral electrojet at Fort Churchill an effort should be made to monitor the

jet from Millstone. A comparison of the Doppler velocity observed should be

made with local neutral wind velocities in the vicinity of 100 km altitude.
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ii) The !ew-data Taking P'rocedure

',-or the most part, current theoretical models of radar aurora

have drawn heavily upon observations taken with long integration times

(Sec. 4). The on-line computer, together with the great sensitivity of the

Millstone L-band radar, makes possible an investigation of echo behavior on

a time scale of tens of milliseconds. To this end, the program for Short

lime Analysis of -adar Echoes (STATe) was designed. it is hoped that such

observatinns will give new insight into the physical mechanism of the

scattering region.

The STARE program directs the antenna beam through a sequence

of previously specified locations, and records a)echo power as a function

of range, b)the echo spectrum as a function of range, and c)the operating

characteristics of the radar. The data are stored on digital magnetic tape.

The basic scheme is to transmit alternately pulses of lengths of

50 and 500 .sec. The short pulse, with its intrinsic spectral width Df 20

KHz, is used only for range resolution. The longer pulse, having a 2 KHz

width, is used in conjunction with a comb of 24 matched filters. The band-

width of the filter comb is 48 KHz, or 10 kn/sec in terms of velocity

(Doppler) spread. The repetition period for both pulses is 40 msec.

The effect in frequency of interruption of the transmission and

the finite width of the matched filters is to smear over 2 KHz the true

scattering function of the ionospheric irregularities. However, this function

can be specified analytically and the spectral components passed by the system

can be restored to their original strengths by post-processing. Some spectral

components are, of course, lost irretrievably yet current observations include

returns nearly 48 KHz in width, and thus the major features of the spectrum

are being recorded.

A major problem to the STARE technique is data examination. At

present, observations consisting of approximately 400,000 frames of aata have

been obtained where each frame occupies 80 msec of integration. We are
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currently preparing to record existing data on !6 mm motion picture film.

The plane of each frame will contain a 2-dimensional cartesian coordinate

system 'f range and frequency. The echo-power of each range-frequency box

will be densi - modulated. in this way, the data can be examined at a rate

approximately :.>ce that at which it was taken. Echo patterns of particular

interest can be accessed from the original data tapes for quantitative

analysis.

The STARE program may also be used for compiling data for 80

m.sec, and a considerable number of observations have been made in this

mode. These observations employ integration times of 3 to 10 seconds and are

employed to search for weak returns over wide ranges of sky.

iii) UHF Surveillance

The AN-FPS-35 surveillance radar at Montauk A.F.S. Long

Island, New York will be used to obtain radar aurora backscatter data at a

UHF frequency. The Montauk data will provide an indication of radar auroral

activity during the satellite tracks at Millstone Hill radar.

Then operated in its normal mode the FPS-35 has too high a PRF

for auroral studies so the system requires a modification in order to obtain

unambiguous backscatter data. The plan is to transmit every fifth pulse at

an independent frequency and have a separate auroral receiver tuned +o that

I frequency. The radar will be set up to operate in this mode only when the

antenna is pointed in a 90 degree northern sector. The radar will transmit

its normal pulsed F.M. signal all the time. With this mode of operating the

radar will have a longer pulse that is not compressed. Small additional

modifications will be required to obtain correct triggers and PPI scope

sweeps for recording data. The data will be recorded by photographing a

PPI scope display.

The preliminary investigation for the modification is complete

aid a detailed plan is in progress.
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iv) Satellite Probing

a) The OVl-18 Satellite

In order to further our understanding of the physical nature

of the aurora it would be invaluable to have information concerning a)the

optical emissions accompanying the phenomenon b)the electric fields and

conductivity in the auroral region and cthe energy spectrum of precipita-

ting particles. These measurements can best be obtained using satellite

sensors. Of various satellites now in orbit the Lockheed satellite, OVl-18,

seems most suited to this task. This satellite has the characteristics given

in Table 6-1 and is equipped with the instruments listed in Table 6-2.

b) Possible Contractual Arrangements with Lockheed

Palo Alto Research Laboratory

An informal inquiry was made in November 1968 to the Lockheed

Palo Alto Research Laboratory, Lockheed Missile & Space Company concerning

their future programs for satellite observations of the properties of auroral

particle precipitations and possible cooperation or collaboration with the UHF

radio auroral studies under consideration at Millstone Hill. The utility of

the OVl-18 satellite for our purposes was further investigated with the

cooperation of Dr. R. G. Johnson of the Lockheed Laboratory by correspondence

and a brief meeting in Washington, D. C. on April 24. Dr. Johnson has dis-

cussed the proposed coorcination with Lt. Col. Lerohl, the ARPA program

monitor for their contract and obtained an agreement that a coordinated

program with the Millstone program represents a useful and suitable function

for the satellite payload which consequently resulted in the inclusion of an

option written into the OVl-18 Satellite Operations Document to operate the

satellite payload in our area. During the period of coordination, it is

anticipated that we would be provided with a map showing daily locations and

lines of' overpass in the Boston area updated weekly at no cost. The probable

cost of evaluating data depends largely upon the extent and characteristics

of the data.
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c) Technical (;oals and Cunsiderations

The technical competence and interest of the Lockheed group

is attested by previous publications and collaboration with radio observations

of the auroral in Alaska by Stanford Research Institute (R. G Johnson et al.

1967, Sharp and Johnson 1968). This satellite will orbit the auroral area

under surveillance by Millstone at altitudes around 500 km, i.e. well above

the altitudes giving rise to radio echoes at UHF. Despite this, when due

consideration is made for the magnetic L shells, the results at the 500 km

altitude should provide a detailed profile of a few kilometers resolution of

the precipitating electrnn and proton energy spectrum of primary interest to

radio observations of the aurora (Rees 1963). Although there is general

agreement that the mechanism of auroral radar backscatter and perhaps radio

scintillation phenomena require precipitating particles as a source the

spatial location of the radio scattering irregularities is not necessarily

determined directly by the regions of the particle precipitation on a fine-

grained distribution. For these and similar reasons, it is expected that an

exploratory series of the coordinated measurements will be undertaken during

the reular operational auroral backscatter measurements at Millstone in the

late summer or early fall of 1969. Depending upon the success in making

simultaneous satellite and radar observations of auroral activity these

preliminary measurements will be evaluated for possible continuation and

more extensive data recovery and analysis requiring appropriate funding.

vj Field Orientation Computations

As noted in Sec. 4, both radar backscatter and bistatic reflection

of radio signals from auroral zones require suitable orientation of the beam(s)

with respect to the magnetic field lines The optimum geometrical situation

for backscatter is given by

cos e + cos 0 0 (6-i)
1 2

where 0 and 9 are the angles between the propagation vectors and the
1 2

magnetic field line at the backscatter center. The scattered power received

decreases rapidly for angles which differ by only a few degrees from the ideal
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TABLE 6-i

OVi-18 SATELLITE

Launch: 0748 U.T. March 18, 1969

Inclinat ion: 089

Perigee: 470 km

Apogee: 590 km

Period: 95.1 min

Operational Life: 1 year

Data Acquisition Capability: 2 tape-recorded orbits
per day
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TABLE 6-2

INSTRUMENTATION ON OVl-18

I. Protons

A. Foil Threshold Detectors (Integral)

00 , 9, , 38, --- keV

550: 3, 9, 26, 38, 500 keV

90o: -, 9, -- , 38, --- keV

1800: -, 9, 26, 38, 500 keV

B. Differential Energy Intervals

550: 1, 3, 8 keV (Velocity filter plus electrostatic

analysis)

550: 1, 3, 8 keV (Magnetic Deflection)

II. Electrons

A. Differential Energy Intervals (Magnetic Analysis)

0°: 1, 2, 5, 11, 24 keV
0

550: 1, 2, 5, 11, -- keV

900: 1, 2, 5, 11, -- keV

1800: 1, 3, 9, 27, -- keV

B. Threshold Detector (Foils and Electrostatic)

00: 0.2, 1.2, -- , -- , keV

055: 0.2, 1.2, 21, -- , -- keV

090° : 0.2, 1.2, 3, 6, 40 keV

1800: 26, -- , -- , -- , -- keV

III. Alpha Particles

55: , 3, 8 keV (Velocity filter plus electrostatic

analyzer)
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TABLE 6-2 (Continued)

IV. UV Monitors

Broadband UV monitors are included at 550 and 
1800

to identify and correct for any UV background in

the particle sensors.

V. High Energy Proton, Alpha Particle, and Electron Detector

Protons: 1 - 30 MeV

Alpha Particles: 7 - 20 MeV

Electrons: -.4 - 2 MeV

VI. Ion Energy Analyzer

Positive Ion Trap for ion density and temperature information.

VII. Epithermal Electron Analyzer

Retarding potential analyzer for electrons from 1 to 125 eV.

VIII. Langmuir Probe

Retarding potential probe for thermal electron density and

temperature.
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case. When the transmitter and receiver are at the same point, the maximum

backscatter occurs when the propagation vector is perpendicular to the

magnetic field vector at the point of reflection. To explain this aspect

sensitivity it has been suggested that the reflection is caused by columns

of ionized particles aligned along the field lines. Other explanations

involving plasma instabilities have been put forth. It is, therefore,

important to know the aspect angle, i.e., the angle between the propagation

vector and the field line, as a function either of the scattering area's

azimuth, elevation and range from the radar site or its longitude, latitude

and height.

A general program called ASPECT has been written for the CDC-3300

computer in FORTRAN which computes the aspect angle as a function of two

coordinate variables with the third held fixed when the transmitter and

receiver are at the same location. The results are tabulated on the line

printer and contour plots of constant aspect angle are drawn on the DD280

display unit. The program is intended to be more versatile than the available

programs, and has four modes of operation for different coordinate displays

MODE 1: Aspect angle versus latitude and longitude for

fixed height.

MODE 2: Aspect angle versus range and azimuth for

fixed elevation.

MODE 3: Aspect angle versus elevation and azimuth for

fixed height.

MODE 4: Aspect angle versus range and azimuth for

fixed height.

The geometry of the problem is shown in Figure 6-1. In each

mode the vectors P, Q, F and F are reduced to their cartesian components and

the appropriate dot product taken.

There are two magnetic field models available in the program.

One is a dipole field (subroutine NUWIPOLE) which has its pole at 780.5 north

latitude and 690 west longitude. The other is a multipole field (sub-

routine FIELD) which uses the Hendricks and Cain multipole field coefficients.
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This subroutine was supplied by L. Coury of IBM. The field model has

evolutionary terms and repudiatedly has an overall accuracy 1.50 in field

orientation.

The program accounts for the ellipti~ity cf the earth hy using

the standard ellipsoid model for its figure. Flevation angles are given

with cespect to a plane perpendicular to a line from the center of the earth.

Refraction has not been taken into account. However, a refraction matrix,

giving elevation corrections as a function of elevation and range and

frequency can easily be inserted into the program. A sample of a contour

plot of zero aspect angle for the Millstone riil Radar is shown in Figure

6-2.

*I

1. L. Coury, AFCRL Report 68-0046, "Progra Solutions to Spae. Scienco
Problems"
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