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ABSTRACT

In recent years Thomson scatier radars have provided the upper-
air physicist with a detailed view of the topside ionosphere, These in-
struments are generally eapable of providing contimuous information
about the electrom concentration between a height of roughiy 100 km
and the base of the exosphere. This report describes some results
obtained with the Randle Cliff Radar, a2 new midlatitude Thomaon scatter
facility which utilizes Faraday rotation for the purpose of deducing
electron density., An operating frequency of 140 MHz is employed at
Randle Cliff, and this frequency is aboul optimum for making such
measurements,

In this report an investigation of Faraday dispersion is detailed,
and this usually deleterious phenomenon is utilized in an altermative
gcheme to determine electron denmsify profiles. Other features of the
study include: a comparison of Thomson scatier resulis with total
electron content deduced from ATS-5 satellite transmissions, a detec-
tion of quasgi-periodicities over Randle Ciiff and their relationship io
internal gravity waves, and discussions of the midday biteout and F
region response to solar eclipse,

It is deiermined that guasi-periodiciiies are regular features of
the midlatitude ionosphere., It is also sugpgesied that the layer height
fluctuations induced by these disturbances may be useful under some
conditions in deducing characteristice of the neutral atmosphere, A
study of the March 7, 1870 solar eclipse disclosed a 27% decrease in
the total content in eonjunction with a generally enhanced slab thickness
during the bitecut period, Furthermore, it can be deduced that during
the reported solar eclipse the ionic movement term in the continuity
equation was not as important as attachment in affecting the electron
density below 300 km.
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This is an interim report on one phase of the problem.
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CHAPTER 1

INTRODUCTION

The earth's lower ionosphere has been the subject of widespread inveggi
several decades. The electron densities of the lower ionospheric layers ha
monitored on a routine basis by vertical incidence ionosonde, but until the ad l_lE-:O.'ﬂf‘- -
rather powerful radar sets from which moon reflections could be obtained, the.upper- -
ionosphere had largely been the subject of speculation. Browne et al. [1956] ‘Evans
(1956, 1957] using a moon~radar at 120 MHz found that regular fluctuations: inikie. .
lunar echo strength were due to a variable polarization arising from the effect of'the cis-
lunar electron content acting in concert with the geomagnetic field. They con: that
the amount of polarization rotation was to first order proportional to the prod .
electron content JNdhand the magnetic field B, and was inversely proportio
square of the radar frequency f. Thus was born a powerful technique to stu
electron content of the ionosphere, and with the exception of relatively infre
probes, it provided the only sampling of the topside ionosphere until the age
earth satellites. The first satellite investigations of the ionosphere also mad
the polarization rotation phenomenon which is now referred to as the Faraday ef _
virtue of the optical analog, and the subsatellite electron content has been measguyred.by.
numerous investigators including the author of this manuscript (see for examplé;

Goodman [1966a, 1967, 1969]).

It was Gordon [1958] who firat postulated that radars were sufficiently pe
investigate the ionosphere by means of incoherent backscatter (Thomson sc: d in
that same year the feasibility of the technique was experimentally establish:
{1958]. Approximately fifteen years following the initial lunar work of Bro =
Evans, Millman et al. [1961] found that Thomson scattered signals were not-su tly -
depolarized upon reflection to prevent Faraday rotation from being observed.. Subse-
quently Greenhow et al. [1963] and Millman et al. [1964] conducted Faraday-rotation/
Thomson-scatter measurements at UHF. Due to the high frequencies employed ese
groups, however, the electron density profiles so obtained were relatively inac g,
They did nevertheless show that the use of the Thomson scattering mechanism
principle an exceedingly advantageous way to study Faraday rotation, since the:
derivative with respect to height is directly proportional to electron density.-
the measurement of the total power associated with incoherent-backscatter echo
a companion measurement of the backscatter spectrum will yield an electron.de -
profile, it is noteworthy that this profile is only relative and must be normalized by-an- -
independent measurement such as that obtained from a colocated ionosonde. T a-of
Faraday rotation obviates this necessity. The accuracy of the electron density:
surements via the Faraday rotation technique, however, does depend upon a prec,
knowledge of the magnetic field vector in the ionosphere. ) S

The Jicamarca Radar Observatory near Lima, Peru, on the magnetic equatorh:
been utilized in an interesting fashion to determine Faraday profiles, and the:
has been discussed by Cohen [1967a, 1967b] and Farley [1969]. Rather than o
the Faraday rotation angle &, the Jicamarca system has been instrumented -sb;-»tha;t e
phase difference between the two circularly polarized modes, which is equal to
Faraday rotation angle, is measured directly. Prior to 1970 the Jicamarca Rad
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Observatory run by ESSA was the only Thomson scatter facility to use Faraday rotation
a=s a routine way to deduce electron dengity profiles. A frequency of 50 MHz is em-
pioyed. This rather low frequency is necessary for studies over the magneatic equator
because the angle between the ray path and the magnetic field vector B is quite close to
90 degrees for zenithal propagation. Under these circumstances a frequency as low as
is practical {and yet not in contradiction to the high frequency approximation) is re-
quired to enhance the Faraday effect. At midlatitudes, where p makes an appreciabie
angle with the horizontal and where as a result the ray path departs substantially from
pervendicularity, a somewhat higher frequency is desirable. The higher frequency les-
sens the probiem of Faraday dispersion while stiil maintaining s sufficient amount of
Faraday retation.

The Randie Cliff Radar*, shown in Fig. 1.1, is operated by NRL and located at
38°39'37. 1"N latitude and 76°32'9. 4'"W longitude. It operates at a frequency of =140 _
MHgz which isg advantageous for studies of Faraday rotation for the midiatitude iongaphere
using Thomson scatter. The support of this statement may be found in remarks by
Evans [1967a] and in a paper by Farley [1969]. As of this writing the RCR is the only
Thomson scatter facility in the United States conducting Faraday rotation measurements.

Fig. 1.1 - Randle Cliff Radar Antonna

*The Randle Cliff Radar (RCR) iz located at the Chesapeake Bajr Division of the Naval Research
Laboratory near a village called Randle CUff overlooking the Chezapeske Bay.
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Preliminary profiles and analysis techniques have been described by the auth‘ :
recent unpublished presentations [1970a, 1970b]. - oo

Presently the RCR is among a fraternity of nine major Thomson scatter 1a ik
which have been utilized for the study of the ionosphere. Iis operating frec
138. 6 MHz is, as has been implied, unique among these facilities, and its:
ability enables the scientist to illuminate portions of the ionosphere under-
magnetic field configurations. e

In this report the techniques employed at Randle Cliff to measure Farada;
and the use to which these measurements are put will be discussed. The util
Faraday rotation at 140 MHz will be demonstrated, and the phenomenon of Faz‘_ : :
persion will be used as an alternative method to deduce electron density. Animpo a,nt
feature of the study will be the discussion of medium-period traveling ionospher
turbances (TID) which have been detected over Randle Cliff. These irregul
be reviewed in the light of existing theory with particular emphasis on inte
pheric gravity waves. Some additional subjects given attention include the midd
out and total electron content using a synchronous satellite. Of special inter
is the RCR study of the March 7, 1970, solar eclipse to which Chapter 7 of. thi
is devoted.




CHAPTER 2
BRIEF REVIEW OF THOMSON SCATTER THEORY

In accordance with standard radar terminclogy, one finds for a monostatic, pulsed
radar that the echo power returned from a discrete target is given by {Skolnik [19627%L

8 = (P,G, G, o2T}/R¥(4m)?, (2.1}

where P, ig the pulse power {ransmitied, R is the range of the target, » is the wavelength
employed, - is the target cross section, and G and G, are the anterma gains for the
transmission and reception conditions respectively. It is well known that the anienna
gain is connected to the effective aperture of the antenna by the relation

E31d A,
G = 3 {2.2a)
In addiftion one has the useful relation that
= A
G= g2 ! {2* 3}1}

where 2 is go-called half-power antenna beamwidth.

For the situation described in this manuscript, the reciprocity theorem holds, and
hence one may assume G,=G,=G. (That is, there is a common antenna for both transmit
and receive conditions.} Thus one may write Eq. 2.1 as foiiows:

PpA
8= £ 2.3
40?3 .3

Hence, if T is the radar system noise temperature and B is the system bandwidth, one
concludes that the signal-to-noise ratio associated with a diserete target of cross gec-
tion ~ at a range R is piven by

— P'i‘ Ae o
472 R TR {Z. 4}

For a distributed target such as the ionosphere it is convenient to define & new
cross section £ which is the average cross section per unit volume and will have units
of cm™§, Furthermore, since scattering may be considered to originate within a certain
resolution cell of volurae v such that o = vI, it may be shown that the signal-to-noise
ratio is actually proportional to R—? rather thanR-+, This is apparent when the math-
ematical formulation of the resolution cell is considered. Assuming a symmetrical
antenna beam and taking 4 to be the half-power beamwidth, it is seen that the reguired
scattering volume is proportional to R? so that Eq. (2. 4) becomes

PrctN o,

§/N) = ———8&_,
(58 32RILTR) (2.5}

4
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where

- (T\p2p2 (ST
V—(4)R6 2).

Z has been replaced by No,, N is the total number of scatterers within the sc

volume, - is the pulse length, and the particulate radar cross section denot
tac1tly assumed to be associated with free electrons. The scattering proces:
here is frequently termed incoherent scatter That is, the individual partlcles

to the total nuraber of pa.rtlcles

For a situation in which the radar frequency ig in the lower HF domain, . say
it is generally found that the electronic plasma. frequency exceeds this figure at)]
location in the ionosphere. This results in a coherent return from the scatteri
and an associated radar corss section which yields a difference of many decib
that given by Eq. (2.5). In the VHF domain, however, the Born scattering. t:h
propriate, and the seattering process suggested by Eg. (2. 5) predominates.
occasions when coherent or quasi-coherent echoes contaminate the Thomsonis
turns, and this contamination is most troublesome when the radar beam is directed:
pendicular to magnetic field lines. Under this condition, the field-aligned ionization
associated with the radio aurora gives rise to unusually large returns. The scal
from radic aurora is of the underdense variety. Theories have been advanced;
describe field-aligned ionization in terms of ion acoustic waves (Farley [1963]
these theories are capable of explaining the quasi-coherence which resulis in
radar signature.

Sporadic and shower meteors are also potentially quite troublesome in s
the E region. Although radar echoes may be obtained from both underdense-:
dense trails, the electron density of the overdense variety may be sufficient to
a long-duration echo persistent at essentially a fixed range. Since Thomson 8
nals are inherently quite weak and meteor trails may exhibit relatively large: ec
presence of meteors often makes low-altitude data unusable. ¥

At Randle Cliff it has been found that the adverse effect of meteors is mags
nounced when viewing perpendicularly to the field lines. This is probably due:
ferential diffusion along magnetic field lines thus producing 2 greater radar cros
tion for the perpendicular aspect (Goodman and Rutiser [1967]). Other coherent
which must be separated from the incoherent Thomson scatter .echoes result froz

craft targets which pass through sidelobes of the antenna pattern and thus appear
ally at ionospheric heights.

The electronic radar cross section is defined by (Evans [1967b]) the relation;

In this relation ¢ is the angle between the incident electron field E, and the sc'.:yztl:erecli eld
wave vector K, e is the electronic cha.rge m 1s the electronic mass, and ¢ is l:h
space veloc1ty of light. (Note that -, is 10-2* cm? or 1 barn in nuclear terminolo

*Meteor echoes are often the order of a second in duration at 138.6 MHz, the Randle Cli fr
quency. They may be=20 dB above noise level at nominal ranges for most radar systems

the other hand, for the gsame system, Thomson scatter signals are equal to or less thdn
level on a single-pulse basis.
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a monostatic radar sin’2= 1, and eZmc?is recognized as the classical electron radius
and its square as the Thomson cross section of the electron. Thus the radar cross sec-
tion v, is gimply 47 times the Thomson cross section for elecirons, assuming a mona-
static radar. (It is worth neting that although there is in principle an ionic component to
Thomson scattering, it is always too small te consider. In fact for the lightest ion ¥~
one has an effective cross section of o,/ 1840)% , and the principal constituents between
200 and 600 km, viz., 0} and 0*, are much heavier.)

Therefore, it can be seen that by replacing the radar cross section o by 4nVN times
the Thomson cross seciion, an estimate may be extracied for the signal-to-noise ratio
which would be obtained by a radar illuminating the earth’s ionosphere. Thus it is guite
natural to refer to the process as Thomson scattering, even though in the eartier liter-
ature it is referred to as incoherent gscattering. It was Gordon who first sugpested that
radar systems had become sufficiently powerful to measure the weak scattering effect,
and it has since become a subject of rich theoreticai and experimental interest {Gordon
[19581). Perhaps it should be referred to as Thomson-Gordonr scattering.

Rewriting Eq. {2.5) we have

(8/Ny = CNo_/R? = CI/R?, {2. 8}

where C is a constant as long as the fransmitter power, antenna aperature, wavelength,
bandwidth, and the system noise temperature are invariant. It is seen that (S/N) is ap-
parently independent of frequency and direclly propertional to the electron density.
Actuatty Eq. {2.8) is good only to a first approximation for radar frequencies of interest,
In the following diseussion it will be seen that £ = No_/2 rather than No_ at VHF,

To deduce the relationship between o, and the cross section per unit volume =, the
scattered field associated with dieleciric fluctuations in the ionosphere must be con-
sidered. First it is assumed that the icnosphere has within a scattering volume v an
average dielectric constant . In addition fluctuations A< are allowed to exist, and the
scattered field E_ at a great range R from the scattering center is desired assuming
that the incident field is a plane wave Eﬁ]exp (iwgt —iKgy- ). This calculation has been
carried out by Bovker ard Gordon [1950] using the Born approximation, and may he
written

E K2 sin& exp{iw.t — i KR} LK — .
. : % - f pe o ® KT g 2.7
s 4mRe

ki

where K, and K are the incident and scattered wave vectors respectively, ¢ is the angte
between E; and K, K is the wave number in the medium, t is {ime, », is the angular wave
frequency, r is the radius vector, and d4r is the volume element. Now c can be written
in ferms of the electron densifty N through use of the collisionless Appleton-Hartree for-

mula {Lawrence et al. [19641):

RN (2. 8}

X
v aex?) s R an? e ey

where n is the real refractive index, X = Ned/gmad, ¥y = eugh sinfimay, Yy = eudl cosfiiwg, op
is the angular radio frequency, H is the magnetic field intensity, o, ig the free-space
permeability, = and e are the electronic mass and charge respectively, and ¢ is the
angle between the wave vector g and the geomagnetic field vector u. 1f « is sufficiently
large (i. e., high frequency approximation, implying w, »> Ne e g and the effects of

the magnetic field may be ignored, then
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n?wl X

or
2. 2 2
n“=m1 - (Ne /eomwo)

Recalling that n® = </¢;, one sees that Eq. (2. 10) implies
2
€7 gy 1-— Ne 5
60[1‘10.)0

he = — ANez/mwg, : E ‘”(2.‘12)

and thus

from which it is apparent that fluctuations in the dielectric constant are the di
of fluctuations in the electron density. It is also seen that fluctuations in ¢
constant of the medivm are reduced as the exploring radio frequency «gis:
However, it will be seen that this frequency dependence will not appear in
sult for the scattered field E, due to the presence of K?in the numerator of E
Therefore, ;

R 2 t —-iKR) P(K - .
(e2/me? ) siné exp (iwyg fﬂN el(x Kg) - ¢
s 47760

w©  @w

where E, has been expressed in terms of the three-dimensional Fourier transform of the
electron density fluctuations AN, and R has been replaced by ay/c. But what gives rise to
the fluctuations in electron density AN? Clearly if turbulence exists, one would expect
irregularities in the electron density. However, this is not necessary. Even for i
thermal equilibrium, one finds from elementary statistical mechanics that if with
volume V the average number of particles is NV, then the probable error (0. 67 i
standard deviation) in measurement of the number of particles in the subvolume:
proportional to (Nv)!”2 Thus fluctuations in electron density arise quite naturally
are affected by the nonideal nature of the electron-ion gas and by thermal noneq
The integral in Eq. (2. 13) is undetermined, but its mean-square value may be:d
on the basis of a Maxwell~Boltzmann energy distribution assuming thermal equﬂ.i‘\
between electrons and ions. Fejer [1960] finds

2

(K —K.). 2 'k -k,

fANe(K Kot =éVN 14— |
(Ne?/ekT) + |K ~Ky|?

K~ Ky :“ sin(¢/2).

For radar backscatter and in particular at Randle Cliff, the situation is monosta
#/2 = 90°, and Eq. (2.14) becomes
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fﬁﬁe‘“"“ﬂ)” dr

2
1 dminy?
J —-?—VN {:} + (4n/h) :’ {2, 18)

(NeZ/eghT) + (4n/n)?

where {sﬁk’rmez}m =1p is the Debye shielding distance. Furthermore, ¥ may now be
found since there is now an expression for £,. Thus,

E PR
Z:

B2V
The conclusion like that of Fejer [1860] is that

{2.17}

@ripy? + (\22)
EPWICTECE (2. 18)

=N
2N [ (duip)? + A2

The Debye shielding distance 1 which appears in Eq. (2. 18} is physically the distance
over which an ionized gas may be nonneutral. That is, within every Debye gphere there
exist a sufficient number of eleetrons o render the Coulomb field of the ion negligible at
the distance 1,,. Therefore, although electrons possess a high mobility, i may not man~
ifest itself exce;}t within 7 smau sphere of radius 1pin arder to preserve charge neu-
trality. Hence, one anticipates that if the exp}ormg wavelength is less than 1, one
would see a fundamentaiiy different picture than if the wavelength were greater than L
Referring back to Eq. (2. 18), it is found that

D= No /2 when My v L, (2. 193}
and
D= No, when A/Ip << 1. (2. 19b)

At Randle Cliff A =216 meters, and 1, is less than a centimeter at ionospheric heights
of interest here. So Eq. (2. 1%a) is the appropriate selection o make, and it is found
that ai thermal equilibrium the eross section I is proportional fo the eleciron density.
With the proviso that the magnetic field be neglected and opervation is in the VHF band
and above (but less than the frequency corresponding to 1), © is proportional to 1/2 the
electronie radar cress section (i.e., «/2h

It has been shown by Buneman [1962] that if an ionosphere ig allowed in which
T./T; # 1, it ig found that
Z: Mo 1 - 1 + 1 ¥
e Ui (amtymy? [+ amipmi?l [1+ camiyni e 1] (2. 20}

provided T_x3 T. Here again it ig seen that if 1 <<x
- N _——_—l
Z‘ Te {15 (T /T (2.21)

which reduces ic Eq. (2.19a) for T_= T, as expected. As noted by Evans (198793, Eq.
(2.21} is accurate in most mstan::es but Farley [1968] has determined a more exact
expression to be used if the need arises.
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It was c0nc1uded earlier (Eq. (2. 6)) that (s/N), or equivalently the power-pr e, is
proportional to 3/R% and thus it is clear from Eq. (2.21) that if N is to be dete
from a measurement of (SN, then it will be necessary to deduce T./T; at th
In short, it will be necessary to examine the spectrum of the backscatteres
since it may be shown that certain characteristics of the spectrum (e. g., it
its wing-to-valley ratio) are related to the pertinent temperatures. The ana ]
spectra obtained from Thomson scatter echoes is usually laborious unless ion
is sufficiently computerized. In addition, it is essential to employ relativ
ses so that the transmitted power spectrum will not appreciably distort the:4
spectrum. This is generally incompatible with the desire for good altitude. r
when conducting profile measurements. Thus, one is unable to make both 8]
profile measurements simultaneously. Also, these two measurements do- _
common scattering volumes in view of their d1ffer1ng pulse-length requirement =
thermore, even if these difficulties are overcome, it is found that N is determine only
to within a multiplicative constant which must be deduced from a third measure}
practice thig constant is found only implicitly; relative electron density pro£11,
duced and normalization is accomplished through ionosonde determination of the
lazer maximum electron density.

At Randle Cliff a measurement of (S/N) per se is not made, and thus the:cin
procedure described in the previous paragraph is not followed. Instead another
able is operated on: the polarization of the scattered wave. Thomson scatter m
regarded as only the mechanism by which a signal may be obtained from discrete heights
in the ionosphere. The scattered field once obtained is analyzed for its polari o
orientation, which may be regarded as independent of power. The height deri
this orientation angle may be shown to be proportional to N, with the proportio

constant being known. A discussion of the general procedure followed at Rand.lw
presented in the following chapter.




CHAPTER 3

FARADAY ROTATION AND THOMSON SCATTER

it has been mentioned that Thomson scatter measurements which do not make uge of
Faraday rotation require an independent measurement to normalize the electron density
profiles. 1In addition, since the ratio of eleciron-to-ion temperature T./T; is not con-
stant throughout the ionosphere, a speciral measurement is atso necessary to deduce
the altitude dependent relationship between echo power and electran density. {That is,
the retyrned signal power is approximately proportional to N/[1+ T.T;] rather than N
alone. } It may be safely assumed that at 140 MHg the polarization associated with the
mechanism of Thomson scatter is not appreciably desiroyed, thus enabling the Faraday
rotation technigue to be effectively employed. Millman et al. {1964] noted that at 400
MHz the signal strength of the two orthogonal polarizations differs by no more than & to
7 dB, and they attributed the resuit to apparent depolarization due to what amounts to
Faraday dispersion. (Were there no dispersion, the greatest difference between the
fransmit and orthoganat polarization channels would be defined by the interchannel cross
talk level, and this should be > 20 dB.) Their assessment is probably correct, since a
rather large pulse length of 800 us (or 120 km) was employed, and an apnreciable
amount of Faraday dispersion would be expected to occur within the scattering volume at
the F2 maximum. In fact, dispersion ratios of 8. 5 {ratic of Faraday minimum to maxi-
mum} have routinely been observed at Randle Cliif using 138.6 MHz and a pulse length
7 =50u sec. Since the Faraday rotation angle 0 may be shown to be proportional to +/£2
scaling to the radar frequency and pulse length of Millman et al. {425 MHz and 8004 gec)
may be performed. Doing so, an anticipated dispersion ratio is {138.6/425)%(800/50)
{0.5) = 0.85. Obviously their unpolarized signals may be attributed to Faraday diasper-
sion within the scattering volume. Mare will be said about dispersion in Chapter 5.

A rather detailed derivation of Faraday rotation is given in the appendix; the pho-
nomenon will only be hriefly reviewed at this point. The starting point for the discussion
is the following equation for the two-way radar path:

h
O¢ky = 5.95 x 10-2 -2 f H cos& secx N(n'ydr', (3. 1)
o

where 1 is the rotation angle {radians}, f is the radar frequency {Hz}, ¥ is the magnetic
field intensity {ampere-turns/meter), ¢ is the angie between the ray path ang the Held
vector H, and X is the ray zenith angle. The geometrical function ¥ = # cos# sec X has
been studied by Yeh and Gonzalex [1960] over Llinois and by the author over Randle CHff
[1965]. Figure 3.1 illustrates the variation of ¥ with azimuth and elevation at Randle
Cliff assuming an altitude of 300 kilometers. Figure 3. 2 shows that in general ¥ {some-
times called the M factor) decreases with increasing altitude, this being a manifestation
of the approximate inverse cube decrease in H with gegcentric distance. Variation in
this tendency is a reflection of the role played by the cos@ secx factor. Upeon examina-
tion of Figs. 3.1 and 3. 2, it is seen that ¥ is largest toward the south {180°} and small-
est toward the north (0°). This is, of course, because ¢ is close to §0° toward the nerth.
Indeed it is even possible to view perpendicular to magnetic fieid lines at E-region height

10
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Fig, 3.1 - Magnetic field parameter for Randle Cliff as a function of azimuth, S
assuming a height of 300 km '

(=100 km). It will turn out desirable that this region be avoided in order to reng
Faraday studies less cumbersome. This fact is probably cbvious and has rece
reemphasized by Kelso [1970]. -

For a fixed azimuth A and elevation E,¥(A,E h) is a continuous function of h. - Further-
more, since N(h) is everywhere positive, the theorem of the mean can be inkae‘ ‘
Eq. (3.1) can be written as

{I(h) = 5.95 x 1072 §-2 Wf N(h') dh’, (32)

[}

where the azimuthal and elevation dependence of ¥ is suppressed and N is assqnféﬂ o--;'eg;__-
hibit only altitudinal dependence in this argument. Clearly the mean value of'¥ :
by ¥) is defined by the expression

h
f WN(h') dh'

0

fh N(h’) dh’

0

=

It has been shown (Goodman [1965]) that if ¥(h) is a reasonably linear function, t
simply ¥(R), where h is the so-called ionospheric mean height which may be obt
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assuming some appropriate electron density distribution. As a useful mathematical
model of the F region, an -Chapman profile is typically used (Mitra [1947)).. :
written as

1 - (8h/H) — exp(—3h/H,)
N(h) = NF2 exp 2 3

where 5h = h — hy, is the distance from the F2 maximum, NF,is the peak electr
and H, is the scale height of the distribution. The scale height here refers to

trals, and explicitly Hs = kT/mg where k is Boltzmann's constant, g is the accel
of gravity, and T and m are the temperature and mean molecular mass respegct:
Figure 3.3 illustrates the Chapman profile for values of H between 50 and 120
meters. If one were making total content measurements using Eq. (3. 2) (provi
any polarization ambiguities are removed), one would find that the appropriate
h associated with ¥ is approximately 400, assuming H, = 100 km and hg, = 300}k
that if h is known through some a priori calculation, the burden of carrying-ou
tegration embodied in Eq. (3. 3) no longer exists. Fortunately ¥(h)is rather;
ing, and it is not too important to specify h very accurately. In fact an erro qu
in the selection of h will affect ¥ only a few percent. Hence, by the process,
sort (e. g., Chapman profile) of rough distribution, in principle, it is possib
the integral of the {rue distribution with some fidelity. The total content me;
however are only marginally significant in the context of this report. Neverthels
they are important historically and may be accomplished by means of the proce
described and through use of Eg. (3. 2).

From Eq. (3. 2) it is apparent that only the integrated distribution or elegct
tent may be obtained if a gingle value of N(h)is measured, h being the ionosph
limit considered. This is the case in radar lunar investigations as well ag-g
studies, active or passive. Numerous studies of this type have been conduct
Cliff and elsewhere. It is also obvious that Q(h) is actually a continuous fune

-5 -
N(Bh)/NF2 = exp {' (ﬁrs) P GEDS)J
2

8h = h-hF2

N (8h)/NF2 {UMITLESS)

P00e®e0ee
e
@
(=]

(SCALE HEIGHT, Hs, IS IN KILO~-
METERS)

T T T T T T T I T T T T T T

&h {KILOMETERS}

Fig. 3.3 - Chapman distributions
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and it is the mechanism of Thomson scatter which enables one to ascertain this very
function. In other words, it is found that h in Bq. (3. 2) is fixed in total content studiss
and assumes its full range in Thomson scatier studies. This distinction is gquite im-
portant, and for the case of Thomson scafter i becomes meaningful to differentiate Eq.
{3. 2} at all heights as follows:

diih g o2 d .
LU = 595 % 1072 £-2 2 f N(h') ¥(h') dh', (3.5)
whereupon
iy _ 2 g2
) - 595 % 1072 7 w(h) N(w) (3.6)

or, rearanging,

_16.8 £ 40

Nehy = Wih) dh {3.7)
Therefore, by measuring the derivative of (¢h) with respect to height and having Wik
given, N(hy may be found.

At Randle ClLiff (¢h) is extracted from the Thomson scatter data by very precise
bookkeeping of the height-dependent Faraday extrema exhibited by the linearly polarized
hackscattered signals. The derivative d{t/dh is then estimated by the obvious procedure
of finding the height difference between adjacent extrema (i.e., d0/dh = (w/2)/4h.) This
feature of the data processing suggests that the altitude resolution asgocialed with these
studies is determined by the condition of the ionosphere kisell. That is to say, the
greater the electron population or content of the ionosphere, the greater will be the
eorresponding number of estimates of d0/dh and hence y. For this reaseon the Faraday
rotation/Thomson scatter technique is rendered considerably less sensitive during noe-
turnal hours than during the daytime. Consequently, the main thrust of this study is
centered about the behavior of the daytime ionosphere.

it is of interest to determine the approximate number of estimates of N¢h) which
arise from Faraday rotation/Thomson scatier measurements at Randle CLiff. First, it
may be remarked that

ﬁ\; dh = 1.24 = 1019 (£, F2)? (), {3. 8}

where 7 (H, )13 the ratio of [N dh io the F2 maximum electron density represented by the
term 1.24x 10% (fgm} , and f,F2 is the ordinary-ray critical frequency of the F2 maxi-
mum {in MHz). For a Chapman distribution = is direcily related to 4, and, assuming a
value for H, of 100 km (Seddon [1963]}, the conclusion may be made that - « 400 km
{(Goodman [1965]) if the electron content in Eq. (3. 8) refers to the entire ionospheve
below = 800 km. Some earlier work of the author [1968] ameng others, suggests a sea-
sonal dependence for - (see for example Fig. 3.4). It is found that on the average, how-
ever, most measurements ef 7 over middie latitudes corroborate 400 km as a reasonable
working value during the daytime. It is not true in the neighborhood of the sunrise and
sunset periods, These periods are characterized by massive digtortions in layer shape
arising from rapid expansion or contraction as well as from rapid changes in ionospherie
composition. It is also untrue during and immediately following periods of strong mag-
netic activity. Taking r = 400 km, ¥ = 40 ampere-turns/m, and f= 138. 8 MHz, and
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Fig. 3.4 - Slab thickness over Randle Cliff

combining Eqgs. (3.2) and (3. 8), the following expression for the total Fa.raday rotanon
angle may be deduced:

0= 0.614 (f,F2)°.

matter to estimate its daytime behavior. F1gure 3.5, for example, shows that £y .

usually above 7 MHz at sunspot maximum after 0800 EST and this holds true u ut‘
midnight. .At solar minimum f,F2 is usually above 3 MHz between 0800 and 240!
Thus, by selecting a range of 3 MHz to 15 MHz for £,F2, Eq. (3.9) predicts an

ation between = 5. 5 and = 138 radians. Furthermore, since one estimate may b
rated per »/2 radians, these figures suggest that the number of electron dengity
mates range between=3. 5 at night and =88 on days of high electron density. .M
these estimates are, of course, centered about the F2 maximum within a scals
(i. e., between 200 and 400 km in altitude).

The single, most important aspect of the Faraday method of conducting T
scatter measurements which makes it more sausfactory than other methods i

sary to equivocate. The Only fluctuations which can be measured are due to irr
ities in electron density.

The principal drawback associated with the Faraday technique is that one is limited
to studies below about 700 km due to the rapid reduction in the product of eleg ”
sity and magnetic field strength with altitude. In this study the interest is not ir
titude regime above 700 km anyway, but if desired it would be possible to exte
Faraday profile to greater heights by matching an appropriate power profile at e
Faraday profile termination height, while carefully considering effects of T /T This -
procedure is followed at Jicamarca, where T./T; i clearly unity above the F2 m_ imu
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Fig. 3.5 - Predicted temporal variations of £,F2 for Washington, D. C.

At Randle CLiff the argument for T./T; =1 at greal heights is somewhat rore teruous.
In fact Evans [1967¢] and Carru etal. [1967] find that T./T; is significantly greater than
unity atMillstone and St. Santin respectively. Nevertheless, it might be possible to
asgume that 7./T, is fixed {(which is all that is necessary) between 700 and 1000 km.

Another drawback of the Faraday technique is Faraday dispersion, and this will be
discussed in some detail in Chapter 5. It turns out that this is potentially guite trouble-
some at Jieamarca but is not too serious at Bandle Ciiff, WMoreover, it will be shown
that dispersion may become, under certain circumstances, an advantageous feature of
the Randle Cliff operation.




CHAPTER 4

RANDLE CLIFF RADAR FACILITY

The Randle Cliff Radar Facility (RCR) is located at 38°39'37. 1"N latitude and
76°32'9. 4'"W longitude on the premises of the Naval Research Laboratory's Chg
Bay Division (CBD). It is only 28 statute miles from Washington, D. C. --hom,
main laboratory--and is roughly 83 statute miles from the nearest NASA iono
tion at Wallops Island, Va. Fig. 4.1 shows the relative positions of Wallops
RCR, and Washington, D. C., as well as Fredericksburg--location of the near
netograph station. -

NRL
WASHINGTON, D.C.
o

83 5T ML
(]
FREDERICKSBURG, VA.

a
WALLOPS ISLAND, VA,

Fig. 4.1 - Relative locations of RCR,
Fredericksburg, Wallops Island, and
Washington, D. C.

The RCR was conceived in the period 1958-1960 as an outgrowth of a classi;
interest in missile detection. The instrumentation was developed specifically
purpose, and early technical studies naturally emphasized the investigation of
radar cross sections. Although the hardware associated with the RCR was ex
ad hoe, it was soon found that measurements of the cislunar electron content could/be
obtained using the phenomenon of Faraday rotation in conjunction with a moon-bounce -
experiment. Subsequently, a number of investigations of the earth's ionosphere
conducted using both radar and radio techniques in the radio-frequency neigh
140 MHz. Between 1964 and 1969 the principal areas of investigation include
ments of the total electron content of the ionosphere and of its diurnal, season
sunspot-epochal variations. Also studied were the radio aurora, meteor trail
spherically induced amplitude scintillation, and effects of magnetic storms, -

Due to the massive antenna of the RCR with its associated 34-dB gain at 140, MHz,
the aforementioned experiments required only modest radar and/or radio receiviig
equipment. However, with the inclusion of Thomson scatter into the overall.
program, it was clear that a high-power radar transmitter was needed as wel
noise receiver front end. Both features have been incorporated into the curne

17
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of the RCR, and, presently, Thomson scatter would have to be considered the centrat

activity of the facility.

The main features of the RCR have been documented in an NRL report by Blake
{1962], though certain sections of the report are guite naturaily cutdated by virtue of
research-prograrm changes which have necessitaled equipment modifications and sundry
acquisitions. A guick rundown of the present svstem is shown in the following list:

Randle Cliff Radar (RCR} Characteristics

Affiliation;
Lagitude;
Longitude:
Magnetic latitude:
Frequency:

Antenna:

System noise temperature:

Beamwidth:
Antenna gain:
Receiver bandwidth:
Peak power:
Average power:

Duty cycle:

Pulse repetition frequency:

Pulse length:

Naval Researeh Laboratory
38739'37.1"N

76°32'9. 4"W

=50°

138. 6 MHz

150-fi-diameter dish (=48 m}
1590°K

3.8°

34.6dB

23 kHz

=5 MW

=50 kW

1%

Variahle

Variable

Of special note is the 5-MW-transmitter peak power. The fransmiiter system, the
heart of the RCR Thomson scatter facility, was obtained from Continental Electronics in
1968. It becomes operational during the spring of 1969, and the first Thomson scatter
profiles were obtained during the summer of that year. Fig. 4.2 shows the final ampli-
fier, which is capable of developing an average power of w50 kW, assuming a 1% duty
cycie. This duty eycle limitation specifically means that the pulse length +, times the
pulse repetition frequency (PRF), equais 1% at most. A duty cycle of less than 1% may
of course be selected. The transmitter pulse tength may be varied between 5. sec and
I msec, and the PRF may range between 10 and 2000 Hz subject to the 1%-duty-cycle
limination at fixed +. In the Faraday measurements undertaken and discussed in this re-
port, the pulse length was usually 504 sec for reasons of achieving good height resoiu-
tion and elimination of problems related to Faraday dispersion. This suggests that the
transmitier could be operated al a PRF of 200 Hz. However, it will be seen that cer-
tain features of the receiver/processing system limit the effective PRF in most eases.
The entire transmitter system is in a separate building adjacent to the antenna. DPue to
size and weight considerations it could not ke in the antenna house {shown in Fig. 1.1},
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available in the antenna house for convenience. These include the controls for
pulse length selection.

The output of the final amplifier is fed over coaxial cable to the antenna ;b
where it is connected to a solid-state duplexer system. The function of the du
to direct the transmitter power to the antenna and to protect the radar receiver:
. this power level during the transmit phase. The duplexer system is shown in:

along coaxial line to the feed assembly (Fig. 4. 4) located at the focus of the p
antenna surface. The VHF dipole separation is 44-1/2 inches, and a UHF horn:(e
ered by a protective plate in the figure) which lies between the four dipoles has« ‘
cross section with 33-1/4~inch 51des Dependmg upon the selectmn made on. the

ear polarlzatlon This is accomplished e1ther by feeding adjacent dipole elem )
phase by 90°, or by feeding them in phase respectively. If RHC is selected, the
RHC and left-hand circular polarization signals (LHC) are received. On the .p_tl_l
if the linear mode is chosen, then the transmitted linear polarization and a line;
polarized component orthogonal to it are received. In the RCR Thomson scatter
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Fig. 4.3 - Duplexer system

investigations using Faraday rotation the linear mode is gelected, of course, since cir-
cular polarization obviates the measurement of Faraday roiation uniess radiowave phase
is preserved and phase measurements are undertaken. As has been mentigned pre-
viously, the Faraday phase method is employed at Jicamarca sometimes in conjunction
with a double-puise correlation scheme. This requires a great deal of system sophig-
tication and also demands a measurement of both RHC and LHC components. At Randie
Cliff it is generally only necessary to measure a single linear component, and most
often the crosspolarized channel is selected to reduce clutter effecis.

The antenna configuration is such that transmitted and received signals are afforded
a gain of 34.6 dB (an increase factor of 2512} in comparison with an isoiropic antenna.
The backscattered signals, having been focused at the feed assembly, are next carrisd
from the feed through the duplexer system. This ailows receiver operation, provided
the transmitter is not active. Without a duplexer system, sensitive radar receivers
clearly would be rendered inoperable by the insertion of tremendous transmitter pulse
energy. (In fact, the ratio of transmitted pulse energy to typical Thomson scatter sig-
nals is about 1022 } The duplexer system provides =80 dB protection during {ranamission
and £ 1 dB loss during the reception phase, The recovery time of the duplexer is less
than 20 usec for all pulse lengths.

A block diagram of the receiver/processing system is displayed in Fig. 4.5. It is
seen that the antenna output is connected to a Telonic filter with a bandpass of 12 MHz
prior to preamplification. The autput of the Avantek preampiifier ig heterodyned down
to 10. % MHz {(first IF) by mixing it with a local oscillator frequency of 149. 5 MHz (first
L.0). This is then mixed with 12. 4 MHz (gecond LO) to obtain 1.3 MHz {(second IF} which
has an intrinsic bandwidth of 23 kHz. This is actually the overall receiver bandwidth as
noted in the previous list. The basic 1.5 MHz is next amplified and passed through a
linear-law envelope detector which rectifies the signal and removes the carrier ire-
guency. If is at this stage that the phase information is destroyed, and amplitude infor-
mation is retained for future processing.
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linear detector for a number of sweeps*, The (S/N) associated with the Thomsi
ter signals depends (from Eq. (2. 6)) on the electron density N(h) and on the rap;
height of the scatterers. At Randle Cliff the (S/N) is of the order of unity at’ F r
heights for typical daytime conditions. ‘
sociated with a single pulse is about 100%. K it is assumed that the Thomson s

signal is buried in guassian noise, integration of the detected signal envelope
the average rms error the following:

CED = By,

where the corner brackets denote the resultant error, N is the number of swe'ep'
grations, and E, is the initial rms error. Therefore, about 10% sweep integrations: are
required to reduce the uncertainty of the signal amphtude determinations to 1%. '

*A sweep is radar jargon for one trace of an A scope. An A scope presentation is an oscﬂloscope .
display of signal amplitude versus signal range (signal distance), and a single receiver t
obtained during the off-time between adjacent transmitter pulses.

[
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Fig. 4.5 - Receiver processing sysiem

procedure tried initially at Randle CLiff (prior to the acquisition of the high~power trans-
mitter) necessitated the recording of each sweep on magnetic tape at specified range ghte
settings. The sweeps were subsequently integrated off-line on the NRL/CDC-3800 com-
puter, This process was wasteful of tape and was cestly as far as the computer was con-
cerned. An additional disadvantage was that only a small number of range gate selections
could be made at a time, and, in practice, only a single range gate setting was recorded.
This meant that several hours would be required to deduce a single electron densily pro-
file at the expense of numerous magnetic tapes (more than ten), Obvicusly such a proce-
dure would not only be costly but foolish, since temporal fluctuations in ionospheric elec-
fron content and sundry wave motions would be compleiely washed out or distorted severely.
Needless to say, this preliminary procedure was never employed on a routine basis.

Ta achieve an adequate {8/N) as well as save off-line computer cost, a Fabri-tek
signal averager was obtained. Ifs function in the analysis is important enough to warraat
a few remarks as to its operation.

The system obfained for NRL may be used in several modes, each with its inherent
advantages and disadvantages. There are 1024 storage locations available in the unif,
and the "dwell time" selection determines the range extent which may be covered. Thus,
if 2 small "dwell time" is selected for purposes of obtaining a more refined altituding!
sample, then one caanot operate on the eniire radar sweep. This fact iz in most cases
relatively unimportant, since the ionosphere "disappears® at very great heights anyway
{i.e., the interpulse period {1/PRF) is often large, and a great portion of it may be ir-
relevant).

Two options concerning the digitization speed are avaiiable. They are called high
and low speed for short. Teo switch from one to another, plug-in unifts are simply ex-
changed. For the slow-speed option, dwell times of 58, 164G, 200, and 500 xsee, and I,
2, 5, and 10 msec may be selected. In the present application a dwell time of 50 usee
is barely acceptable so the slow speed option is of marginal usefulness. It has the
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advantage, however, of offering essentially no duty cycle limitation. That is,. the aver-
ager is not PRF limited if the slow-speed option is used, B '

For the high-speed option, dwell times of 4, 8, 16, 40, 80, 160, and 320.usec are
available. Hence, this system is of most use in Thomsocn scatter studies usin
rotation. The disadvantage in this mode of operation is that 1/2 of the 1024
locations are used as a buffer. In addition, there arises an effective upper
radar PRF - 18Hz - due to internal processing time. This is potentially qu
some, especially during periods when the noise environment is enchanced ¢
motions are pronounced. In fact, since the normal pulse length is 50 nsec
operate at 200 Hz without exceeding the 1% transmitter duty cycle restriction. T
suggests that at least a threefold increase in the average rms error is induce
use of the high speed digitizer. However, it is emphasized that the hlgh-spee
enables one to obtain altitude resoclution more appropriate for Faraday rotatlon
at 138. 6 MHz. In addition, it enables one to extract more aititude samples- pe

fade and, as was discussed in the previous chapter, reduce the uncertainty associake
with the electron density determination. ‘ o

the two linearly polarized channels 1s readily visible,

The averager also has a number of other features including a low-pass fxlte:r'for
high- frequencY noise rejection, autostop capability, and a limited data reductmn, apabll-
ity. It is augmented by a Hewlett-Packard display and by a high-speed prmter. e

The central features of the data processing console are shown in Fig. 4.8..
general the sweep trigger which is fed into the Fabri-tek averager is delayed's
eliminate clutter regions which render the radar signals useless for Thomson s
purposes. In addition it is often desirable to reset the averager system before
ternal sweep period is completed. These two functions are accomplished by me

Fig. 4.6 - Data processing congole
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delayed pulse generators. From Fig. 4.5 it can be noted that the ouiput of the averager
can be displayed on a screen, photographed, printed out, or recorded on magnetic tape.
The tape recording is made through use of the digital data system shown in Fig. 4.7.
The tape recording includes other pertinent data such as time, transmitter power, pulse
Iength, PRF, antenna azimuth and elevation, and various gain settings, as well as the
averager data-address location and address contents. The tape uses standard IBM 7080
format and has a packing density of 200 bits/inch. It is compatible with the NRL/CDC-
33800 computer, on which all programs are currently run.

The exact receiver/processing setup depends on the nature of the experiment being
conducted. However, the above description is generally accurate as to the general friow
of data and the processing involved in orthodox experiments.

Fig. 4.7 - Digital data recording system




CHAPTER 5

CONSTRAINTS UPON THOMSON SCATTER MEASUREMENTS
USING FARADAY ROTATION

It is obvious, since O(hya (¥ £2) [” N dh, that measurements of N using Fa ‘a.day
rotation depend critically on the geometric parameter ¥ =H cos? secx as well'as I:he
radar frequency f. It has been suggested that the pulse length = also has g}‘

tance, and in fact if 7 is too large, then d2/dh {and hence N) is indeterming
RAY PATH ORIENTATION

the orientation of the ray path. TFor the reference height of 300 k110meters,
ranges between roughly 15 and 88 ampere- -turns/meter. Taking all altitude
count (and in particular E-region heights), ¥ is found to range between -10 ‘ang
ampere-turns/meter. Since d/dhe« YN, significant differences in the characte
Faraday rotation profiles may be obtamed for different antenna pointing a.ngle'

To illustrate the pointing angle dependence of (i, an azimuthal scan was conducted
at an elevation of 60°. The results of the scan (Fig. 5.1) show that to good accuracy
the maximum value of 0, suitably normalized, agrees with the normalized value.
Any disagreement must result Airom either temporal or spatial variations int

[ 50 MINUTES -

NORMALIZATION FACTORS
\I’o 43 ampere turns /meter
o= 31 w/2radians

v~ @ o ©
T

— ¥/ ¥,

e /0,4
ELEVATION = 60° °

L
Q 60 120 180 240 300 “Q
AZIMUTH (DEGREES)

Fig. 5.1 ~ Variation in Faraday rotation with azimuth.

Comparison of ¥=H cos @ sec ¥ at 300 km with Q to 530
km (RCR: 3/9/70)
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electron content below 530 kilometers., Note also that it is presumably preferable fo
examine the ionosphere toward the south rather than toward the north in order fo obtain
the greatest number of Faraday fades, and as a consequence of this, there is an increase
in the mumber of electron density estimates per profile. From Fig. 3.1, one mighi ex-
pect to see at an elevation of 0° a variation in 0 of 800% between azimuths of 0° and 180°.

It is rather well known that the majority of the ionospheric electrons lie within sev-
eral scale heights of the F2 maximum. Assuming a Chapman distribution with a scale
height He of 100 km, ii is found that roughly 85% of the ionospheric electrons reside be-
low 600 km. This may be seen from Fig. 5.2, which illustrates the altitudinal variation
of the normatized total electron content with H, as & parameter. From a practical stand-
point the maximum height of the observable ionosphere is taken to be 600 kilometers for
purposes of Faraday measurements. As a general rule of thumb, if one takes [,0° Ndh
to be 5x 107 electrons/meter? (a substantial daytime value), one finds that O {in units of
/2 radiang) ig approximately equivalent b0 ¥y, a8 displayed in Fig. 3.1. Furthermore,
under these conditions ¥y, i5 approximately equal o the number of electron density es-
timates which may be obtained through the processing procedures currently being em-
ployed at Randle Cliff. Therefore, one may obtain as 85 or as few as 15 estimates of N
between 100 km and 600 km, depending on the choice of azimuth and elevation.
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Fig. 5.2 - Ionospheric slab thickness versus altitude
with scale height as a parameter

Although one now has some indication as to how the ray path orientation affects @,
there is not yet a complete set of guidelines by which o choose the antenna "look™ angles.
Other considerations are often guite important in the ultimale selection. One obvious
consideration is the experiment itself. For example, to compare RCR Thomson scatlter
results with those from the Wallops Island ionosonde, it is essential to point the antenna
toward Wallops Island. The F2 maximum over Wallops Island is intersected by an RCR
launched ray having an elevation of 70° and an azimuth of 134°. Also, to make compar-
igons of total electron content obtained from Thomson scatter with that which may be ex-
tracted from ATS-5-satellite VHF transmissions, one must direct the RCR antenna to an
azimuth of ®217° and an elevation of »38°. {(The ATS-5 satellite is in an approximately
synchronous orbit whick makes it roughly geostationary.)
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If particular geometries associated with special experiments are disregardg ‘ uch
as those mentioned in the previous paragraph, one finds that there are basigall :
factors which will control the ultimate selection of the "best" antenna look.

{a) maximization of ¥,

(b) maximization of (S/N),

(¢) specification of the ionospheric height domain to be covered, and -

(d) minimization of cluiter effects. v
With respect to (a), it has already been noted that to achieve the greatest amount.of

Faraday rotation, it is advisable to depress the antenna significantly and point
erally southern d1rect10n. Depressing the antenna has the added advantage. of"

aircraft in some cases. This effect is due to the fact that the ionosphere is:
"pushed away" from the radar site while the clutter targets remain essential

range.

requires as high an elevatmn angle as possible, provided the ionosphere is sphe )

stratified (there exist no horizontal gradients). It is noteworthy that if the antenna
elevauon is made too low, then the (S/ N) which is proportmn to R~2 will drop app

tion puts the lower ionosphere under scrutiny but not the upper part, and rai
antenna enables observation of the upper ionosphere but not the lower portio
(a) and (b) are generally conflicting, and (b) has a tremendous bearing on (¢}

Cons1derat10n of numerlcal values will show the extent to whmh (a) and (b) :

echoes appearing through antenna side lobes and the upper limit h. determmed by the
(S/N) and Faraday rotation considerations. If the antenna is depressed so thatx = 40_° .

gains 45-km coverage at the lower end of the ionosphere, and the question now is:
much coverage is lost at the upper end? Suppressing the parameter ¥ for a momen ne .
may write

(8/N & N(h)/R? = N(h)}/(h? sec?y,

where one ignores the factors such as 1/kTB. Therefore, (S/N) at 600 km is. red‘ ed by
about 40% if x is taken to be 40°. Taking N(h) to be fixed, hs would have to be rediiced
from 600 km to =460 km to recover the same (S/N) at the upper limit of the ionogphere.
This suggests that =140 km of coverage is lost at the upper end of the ionosphere by de-
pressing the antenna by 40°. But this is not the whole story. It appears that since the
upper limit h,is above the F2 maximum, the reduction in h, will increase (S/N).an.two.
accounts: (1) a decrease in 1/R? Spreadmg and (2) an increase in backscattered power
due to an enhancement in N. Let ki refer to the injtial upper limit and hf refer to th
final upper limit. Then, require for X =40° and Lt = 600 km that

(S/N) hg

a0 17 - 2
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For convenience, N will be in normalized units. From Fig. 3.3 one can conclude that
N(600Y= 0.36 if Hs is taken as 100 km and the height of the F2 mazimum is faken to be
300 km. Rewriting Eq. (5.2}, one has the following transcendental expression:

, ~(600}2 N{hf}
(h>) = (1.7(0.36)

or
(hg)z ~ 5.9 x 105 N{), (5.3}

where hf is expressed in kilometers. This may be solved graphically with the resuil
that hi =550 km. Now one must find out how much Faraday rotation is lost by reducing
h_from 800 to 550 km. With the usual assumptions regarding the ionospheric distribu-
tion of electrons it is found that [%2°N dh = 2 x 1015 electrons/m?, which yields a reta-
tional change (600} — 0¢550) of about 45°. Thus at a zenith angle of 40° one stands to
tose oniy half of an ¥ estimate by neglecting the altitude region between 508 and 600 km.
But by means of the beam depression, nine eglimates are gained in the region below 860
km by virtue of the change in ¥ (this is simply read from Fig. 3.1). Hence, one exper-
iences a net gain of 8. 5 estimates of N by lowering the antenna in the preseribed fashion
{toward the south with a zenith angle of 40°}. In addition, the range in heights covered
is virtually the same--400 km,

To recapitulate, depressing the radar antenna from the vertical position reduces the
(8/N) in the upper ionosphere, thus reducing the maximum height of obgervation. But it
has also been found that this reduction is not as severe as expecied since the slectron
density decreases with height above the F2 maximum. By depressing the antenna toward
the south for the purpose of maximizing the parameter ¥, one finds that the Faraday ro-
tatien is enhanced considerably, more than offseiting the minor reduction in the observ-
able rotation in the upper ionosphere. Furthermore, antenna depression has the added
advantage of reducing some clutter effects, specifically greund clutter, thus exposing a
greater portion of the lower ionosphere.

As already mentioned concerning (d}, cluiter may be decreased by depressing the
antenna. This is because ground clutter has a cutoff in range due to earth eurvaturse,
and this cutoif is more or less independent of antenna-beam depression angle. (For
fixed ranges clutter echoes will become stronger as the beam is depressed, since more
radio energy illuminates the targets. In fact, some of the echoes may appear quite
strong as cluiter targets become illuminated by strong side lobes. Neverthsless, the
maximum range of the clutter region is not appreciably advanced by anienna depression.)
It ig important to note at this point that aireraft targets often appear above the horizon
at great ranges, perhaps even at an apparent ionospheric height of 300 km. The azi-
muthal dependence of the airerafi targeis is quite variable and depends on local flight
patterns (Friendship airport at Baltimore, Dulles in Virginia, Andrews in Maryland,
and National in Washington, plus local private airporis) which are controlied by the
weather, Therefore, the most clutter-free data is obtained during poor wesather dondi-
tions. K is not possible to remark at present on any preferential azimuth and stevation
as far as clutter is concerned, but it is currently under study.
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PULSE LENGTH EFFECTS AND FARADAY DISPERSION

Fig. 5.3 is a representation of a portion of the crosspolarized* channel data.ob-
tained on January 30, 1970. Eleven runs for which the antenna was pointing .
zenith are depicted and were obtained over a time span of about 2 hours.
responds to roughly a 7-minute average and exhibits quasi-periodic fading Wwitl
to height as a result of Faraday rotation. On these data approx1mate1y 11 fades

may be obtained. Since the lower limit in height is 150 km, this 1mp11es a.n ave a.ge
height separation for the estimates of =14 km, although it is slightly better in:thie n
borhood of the F2 maximum and slightly worse away from this region. One‘o
noteworthy features 1s the clutter region whlch distorts the initial segment:

to at least 180 km consistently. A second feature is that the (8/N) is begmnmg to: dete-
riorate rapidly by 450 km, which is approximately the terminal point of the display.  The
third feature is-that the baseline upon which the Faraday data rides is distorted.: In fact,

t
g /N
Fig. 5.3 - Some congecutive Faraday rotation profiles = ‘f ‘ |
obtained on January 30, 1970 }

*In these runs the trangmitted signals were linearly polarized in the horizontal plane with A
electric vector orientation of 9°, On receive, two signals are obtained--one correspon
and another {crogspolarized) corresponding to 0 + 90 degrees. For clutter Iimitation, th
polarized channel is most often used for purposes of analyais. o
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the baseline level is raised to iis maximum value near the F2 maximum. This will be
shown to be primarily the result of so-called Faraday dispersion within the radar pulse.
In these particular data a pulse length of 50 »s5ec was employed, and thig corresponds to
an effective length of cr/2=7.5 km. Evidently a nonnegligible amount of Faraday rotation
oceurs over 2 height interval of 7. 5 km in the F region.

Another exampie of Faraday dispersion is given in Fig. 5.4. In this case data is
being obtained at a rather low elevation angie, and a 50-usec pulse is used. Note that
the Faraday fade rate is greatest in the region where the baseline is most distorted.
This indicates that the dispersion is propertional to electron density, as it would be ex-
pected to be.

BOCEST

Fig. 5.4 -~ Two widely spaced Faraday rotation

profiles obtained on January 22, 1970 1340 EST

BANDLE CLIFF

RADAR T-22-T0
A=Z216.5

E=37.2

H 13
350 350 25¢ 200 150
HEFGHT K67

1t is guite important at this point in the discussion to mention a possible alternative
reason for the baseline distortion. Since the Faraday fading is quasi-periedic, it re-
presents an RF perturbation to the receiver. From Fig. 5.4 one estimates that the
shortest time for a complete fade is about 100 ssec, and this corresponds to g fre-
guency of 10 kHz. If the receiver bandwidth were of this order or smaller, say 5 kHz, the
signal t{o be severely reduced. 8o for small bandwidths, a baseline distortion similar
to that exhibited in Fig. 5.4 might be observed. However, the RCR receiver band~
width is 23 kHz {i. e., maiched to a 53-.sec pulse}, and the response over this band-
width is reasonably flat. Hence, the bageline distortion is nof merely a bandwidth effeet.

Note also that the amount of Faraday fading is less in the late afternoon than it is at
1340 EST, and the baseline distortion is also less severe. These features of the Fara-
day rotation profiles are highly suggestive of an alfernative procedure for deducing the
electron density of the ionesphere. This nracedure will soon be explored, bui first an
attempt will be made to develop a simple theory to deseribe the dispersion phenomenon.

Assume that the radar antenna is directed toward zenith, that the radar beamwidth
o, ,, i8 sufficiently small {recall that &, , - 1/2-power beamwidth = 3. 6° at Randle CLiff},
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and that a fixed time delay corresponds not only to a definite range but also: to a deflmte
height h. Also assume that one is sampling a single linear component of the E vector.
associated with the downcoming Thomson scatter signal. Recall that the Faraday rota-
tion angle corresponding to a signal scattered from a height h is given by ' :

h
fi¢(h) = 5.95 x 10-2 £~2 f N(h') W(h') dh'.
]

priate weight factors. These factors are governed by the character of the a,nte beam
pattern (its symmetries, side lobes, etc.). Now let ¢ stand for a particular.d On
contained within the beam solid angle denoted by ¢, and let do be a d1fferentia1. Jement

of solid angle. Then the Faraday angle is the following composite:

<Q(h)> = 5.95 x 10~2 f-2f g(®) dCI:f " N(h') ¥(h') dh’,
2ed [}

where the corner brackets indicate that we have averaged over the beam at f ”

The integral f N¢h') ¥(h') dh’ actually depends on ¢ as well as h. However,
simplify the dependence by assuming N to be locally invariant. This is safe; sin
beamwidth of 3. 6° the corresponding horizontal distance at an altitude of 30 kni'
km, significantly smaller than most large-scale irregularities. Now how does
on $? Fig. 5.5 shows the variation of ¥ in both the north-south (N-S) and east=
(E-W) planes. In the E-W plane, ¥ is almost constant, which suggests that @ ig
constant, resulting in no dispersion. In the N-8 plane, ¥ varies quite drastically; and a
large variation in @ would be expected. Nevertheless, since ¥ varies apprommaj:gly
linearly in this plane and the antenna beam is assumed to be symmetrical, the
tensive dispersion in 0 azbout the zenithal value would be expected to be nega.te
torial cancellation. Thus within the framework of assumptions which have bee
(the important ones being localized density invariance and a symmetrical antenn,
one may neglect any dispersion which might be associated with a finite beamwidth.at - -
least insofar as the determination of the the E-vector orientation is concerned. . C‘lea.rly,'
however, the N-8 dispersion will affect the (S/N), since a certain fraction of the
back—scattered E field is canceled. As a consequence the locus of Faraday : inima
would be essentially unaffected, whereas the locus of Faraday maxima would
expected to be reduced to some extent, In addition, the reduction of (S/N)

45

I
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Fig. 5.5 - Variations of ¥ in the north-south
and east-west planes
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dispersion in the N-8 plane is a cumnulative effect, increasing with radar range. Thus,
the baseline distortion, which is exhibited in Fig. 5.4 and which is roughly defined by
the locus of Faraday minima, cannot be ascribed to beamwidih dispersion. On the other
hand the Faraday maxima might be affected to some extent.

Having for the most part discarded heamwidth dispersion, one can now consider
pulse digpersion and can develop an expression by which the electron density may be
obtained through a measurement of this dispersion. Letting 7 represent the pulge length,
one has for the pulse average of the Faraday rotation angle

o) = 5.95 x 1072 f‘Qf h(t) dq«fh N(h')B(h') dh’, (5. 6)

[}

where hit) is the pulse-shape weighting factor. In actuality WO iz proportional to the
convolution of the pulge shape with the receiver gate function gty However, i the gate
function iz small in comparison with the pulse length, h(t)* r(t) ~ h{t). This foliows
from the sifting property of the deltn function and the definition of the convolution inte-
gral. The analysis can be further simplified by asswuning hit) to be constant over the
pulselength ~ and for convenience if is taken to be unity. Hence, the amount of Faraday
dispergion within a pulse of length 7 is given by

E}—; + 51‘/4}
5= 5.95 % 1072 f'g[ ’ N{n'Y¥(h') dh', 5.7
h

p- T

where c is the speed of light, «»2 is the pulse length in units of distance rather than
time, and ny is the height corresponding to the midpoint of the pulse. Assuming NG and
P(hy are fixed within - one concludes that

50(ng) = 5.95 x 1072 £72 (c7/2) N{hg) ¥{hg). (5. 8}

Since ¥hy), f, and + are presumably known, then a measure of the dispersion i1 within
r leads to an estimate of the eleciron dengity N. One next defines a dispersion param-
eter ¥ to be the ratic of the minimum signal to the average of its adjacent maxima.
Under the conditions which have been stated {constant ¥ and v within the pulse}, it is
trivial to show that the dispersion parameter is guite simply related o the dispersion
angle 51. One finds that

R = tan(50/4). £5.9)

It is noted that for 30 = 180°, (one fade within 7}, R = 1; obviously 50 must be less than
180° to make ugeful measurements of K.

Fig. 5.6 shows the effect on the maximum value of R --call it B, -- if the radar
pulse length is changed. Although the dispersion is large for all pulse lengths, it ig
most pronounced for the 200-.s8ec pulse. One interesting {eature is that the® __ for the
25-usec pulse is no better than that for the 50-usec pulse. This appears inconsistent
with the nation that 0 (and therefore R} is proportional to 7 {via Eq. (5.8}}. Since the
receiver bandwidth is 23 kHz and the bandwidth associated with a 25-.gec pulse iz 40
kHz, one is effectually throwing away signal energy. In other words, in view of the fact
that {8/N} - ATB for fixed N andh, (S/N} is reduced as » is reduced with the bandwidth
B held constant. For pulse iengths greater than 50-.sec, one findg that (8/N} is actually
increased if B is held fixed. In shorf, it is suggested that the reduced {3/N) associated
with the 25- zsec pulse renders the data somewhat more noisy, and as a conseguence any
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measurement of ¥ is of dubious value. It is rather obvious that the optimum s;
is one in which the pulse length is made arbitrarily large and the system bandw
made arbitrarily small. In practice the best signal-to-noise ratios are obtained
matching the system bandwidth to the radar pulse length. Thus, for a 1-msec:p
would require a bandwidth of roughly 1 kHz to recover most of the backscattered sg

trum, if we neglect the intrinsic spectrum of the ionosphere.

-
TRANSMIT PGLARIZATION
7= 200 x 1076 SEC

'/’%N \!\(f\ f ﬁm ={9
f&N/ \vﬁl

I i /
; § |
| \ i ﬁt?ﬁ“]'\ i ORTHOGONAL_POLARIZATION
SN 7100 x 1078 SEC
* Ry~ 075

R
i IR ORTHOGONAL POLARIZATION
L. =50 x 1076 SEC
! meOS

]
ool
el
sy . ORTHOGONAL POLARIZATION
r =25 x J0¥SEC
[

Fig. 5.6 - Dependence of digpersion ratic upon pulse length
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Fig. 5.7 is a plot of R against the electron density N which was obtained by another
method* for a number of runs obtained between 1330 and 1580 EST on Nevember 20, 1969,
In this experiment the antenna was depressed =20° from zenith, but this fact should not
seriously affect the analysis as long as N may still be taken to be approximately constant
within the volumetric resolution cell. There is clearly a relation linking ® with N, and
it is suggested that this relation is obtained by combining Eqs. (5. 8) and {5. 5} as follows:

08
x
RANDLE CLIFF: 11-20-1969
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Fig. 5.7 - Ratio of extrema versus electron dengity

67.2 £2 tan~1 Rehy)
(cv/2y ¥(hyy (5. 10)

Nihgy =

Fig. 5.8 depicts the average electron density profile corresponding to the data dis-
played in Fig. 5.7. Both the Faraday dispersion method (via Eq. (5. 10)} and the standard
rotational derivative method were employed. It is oovious that the dispersion method
yields values which are in reascnably good agreement in the E region and the upper F
region, but the values of N are about 25% greater in the neightborhood of the F2 maxi-
murm.  Although beamwidth dispersion would be expected to lower the locus of Faraday
maxima and thus increase R (and estimates of N}, it should be an increasing function of
radar range R; conseguenily, the discrepancy near the F2 maximum Is not a manifesta-
tion of unaccounted-for beam dispersion, The discrepancy is presently felt to be the re-
sult of another dispersion effect which has thug far not been mentioned --temporal dig-
persion. Due to the relatively long integration times required in this experiment {about
6. 5 minutes}, electron content fluctuations become important and may give rise to shift-
ing of the rotational extrema. It willi be discovered later in this report that fiveluations
in the isorotation contours of 1 km/min are not uncommon, and this amount would eastly
be sufficient to account for the observations.

*
The gtandard method used in the Faraday studies at Randle CHff embodies the detormination of
d{l/dh and is called the rotational derivative method,
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Fig. 5.8 - Comparison of electron densities obtained by the rotational
derivative and Faraday digspersion techniques '

Note Added in Proof: 4/1/71

Since the first draft of this report was submitted it has been pointed outto:
that the measured voltage at the output of the linear detector is actually proport
the backscatter power provided the signal-to-noise ratio is << 1, This fact has
cussed by Evans* [1969], At Randle Cliff such a proviso is likely to be valid ev
daytime operations. Thus the dispersion parameter B should be replaced by ® ¥2 " in this
section, Whereas the values of N deduced from a dispersion analysis were ~ 25% 00 high
before, we find that they are substantially higher now if we assume (S/N) << 1, =

Factors which must be considered to give rise to measureable overestimatig
electron density include: (a) sampling rate {(error ~ 13%), (b) temperal dispe:
ferror ~ 20%), and (¢) system handwidth (error ~ 10%). )

In sum, we find that the d:LSpersmn method y1e1ds overestimates of the electro i den-

be completely useful,

*Evans, J.V., '""Millstone Hil! Thomson Scatter Results!, Lincoln Laboratorjr T. al
‘Report 474, 8 December 1969, o




CHAPTER §

SPATIAL AND TEMPORAL DEPENDENCE OF THE
ELECTRON DENSITY OVER RANDLE CLIFF

COMPARISON OF BANDLE CLIFF DATA WITH WALLOPS ISLAND IONOSCNDE

To assess the degree of confidence which might be placed upon the electron dengity
estimates which are obtained at Randle Ciiff via the Faraday rotation technique, the 2
peak valuesg are compared with those deduced from vertical-incidence ionosonde at Wal-
lops Island, Virginia. As shown in Fig, 4.1, Wallops Island is about 70 nautical mites
from Randle Cliff; so, apart from ceriain irregularities which "periodically™ arise, one
would hope that the general behavior of the electron densities extracied from the two
tacilities would be in substantially good agreement.. The basic principles of the iono-
sonde will now be briefly reviewed,

In the analysis of free plasma ocilllations there emerges to so-called plasma fre-
guency f_, which is directly proportional to the square root of the electron density N.

Speciﬁcaﬁly,
£, = IN e2/(4m3mey),

where ¢, is the free-space permittivity, and f, is in MHz.

With the assumptions of no collisions and no magnetfic fieid, it is shown in Appendix
A that the index of refraction » associated with a radiowave of frequency fis given by

n=11-X

where X = (f /f)z. The boundary condition for reflection at normal incidence from an
ionized layer is simply
n=(l-x}?=0,

since n - 0 implies an infinite phase velocity ¢/» and a vanishing group velocity co/n’ {the
sa-called group refractive index n' may be shown to be 1/n. For details refer to Budden
11961] or Davies [1065])). Thus, below a frequency of £, the plasma will no longer
support propagation and the radio wave will be reflected. The electron density profiles
of the lower ionosphere which are obtained by ionosonde are based on this principle.

The typical ionosonde is a radar system in which the frequency of transmission is
swept so that the entire domain of possible plasma frequencies is covered. For typieal
ionospheric profiles having a single peak, one would find that a plot of echo delay {or vir-
tual height n'} versus frequency would be a monotonically inereasing single-valued func-
tion. It is also true that 4 4&f is usually an increasing function, and the frequency at
which dh'/df is approximately infinite corresponds to the critical frequency, which is the
maximum plasma frequency of the layer, Of course, if the ionosphere is composed of
several layers, then a number of functions h'(f) are obtained. An additional compXcation
arises if one considers the effect of the magnetic field, for in that case the radlowave is
split into two parts: an ordinary mode and an extraordinary mode. These two modes
travel with slightly different group velocities and thus exhibit distinct traces. In addition
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the boundary conditions for reflection of the ordinary (x) and extraordinary ‘7(‘0) deésmare
different. Taking f, and f_ to be the ordinary and extraordinary critical frequencies,
Mitra [1947] notes that either R

- 1 2
N=1.24 x 10 O(fx—fx fe)

or

N= 1.24 x 1010 £7

where f, is the electron gyrofrequency and all frequencies are in MHz. In practice the
second expression is used to deduce N, since no assumption need be made concerning
the magnetic field. To convert h'(fy) curves to true height profiles h(fo), and thes
tually to electron density profiles N(h), it is necessary to incorporate the magnetic field
in a rather involved computer routine, v

The inaccuracy associated with the measurements of the ordinary ray cr
"quency is stated by Grey* to be £0. 01 MHz. Assuming this figure to be true, i
that ionosonde measurements are good to within about £0.2% atf,F2= 10 MHz.
Grey has indicated that the +0. 01 MHZ figure is an upper limit on accuracy,..an
poorly defined traces the situation would be worse. On the basis of the least sig)
digit recorded on the standard 7-E forms used by ESSA (i.e., 0.1 MHz), one sho
the uncertainty in f, (F2) to be £0. 05 MHz. Assuming this uncertainty to be represe
tive, one concludes that the ionosonde values of electron density are good to x1
= 10 MHz and +4% for f, F2 = 5MHz. This is the probable range of F2 critical £
cies with which one shall be concerned. Hence, the best relative accuracy of io:
data is obtained at the F region peak during the daytime. =

it suggests
suge

The Randle Cliff measurements of electron density are typically good to:abo
provided adequate smoothing is employed. Single estimates of electron density are ob-
tained every »/2 radians of rotation, and these values are good to about +10% at e if a
4-usec dwell time is employed but may be only good to +20% if an 8-z sec dwe
selected. To compensate for this built-in error (arising from the finite recei:

Thus, the relative effect of the measurement error is reduced by smoothing, th
One typically employs either three-point triangular or five-point trapezoidal:
functions which preserve some local effect yet reduce the endpoint error, Thi
dure becomes effectually an altitudinal smoothing of the order of 25 km in most: ‘
albeit somewhat greater when the electron density is low or when a higher value of dwell
time is selected. P

To compare Wallops Island derived values of Np, with the Thomgon scatter.
the Randle Cliff antenna was directed at an azimuth of ~135° and an elevation ofs
that the radar beam center approximately intersected the F2 region over Wally : :
at 300 km. Fig. 6.1 shows the rather good correlation between the Ny, (Wallops;Igkand)
and Ny, (RCR) for several trial experiments in 1969. Another illustration of the agree-
ment of the two methods is given in Fig. 6. 2. In this case we are comparing vertical
incidence ionosonde data at Wallops Island with the RCR results also at vertical-ini a
dence. Each data point represents the mean hourly value of Ny, at both facilit
the error bars are actually the range of values obtained during the hour. Six cb'n; ons

L 3
Environmental Science Services Administration (ESSA).
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were made, and in all cases the 100% correlation curve {the 45° line) has intersection
with the data range. This peculiar form of presentation was used to compensate for the
fact that Randie Cliff Radar and Wallops Island ionosonde sample portions of the iono-
sphere which are physically separated by =83 km in latitude. We are, in a certain
sense, allowing for spatial inhomogeneilies which may he exhibiting a north-south drift.
In view of the generally good agreement displayed between the Wallops Island and Bandle
Cliff data, one may proceed with some confidence in using the Faraday method for de-
ducing r-region electron densities.
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COMPARISON OF TOTAL CONTENT FLUCTUATIONS VIA ATS-5 WITH
THOMSON SCATTER

In this section some findings are described regarding some measuremé;;it
January 22 and May 5, 1970, in which ATS-5 satellite transmissions at 137:
were received with concurrent operation in a Thomson scatter mode. Fig,

geometry of the experiment. The ATS video signals were displayed by pen reco
horizontal and vertical components of the RF were heterodyned down to 12 were
fed into orthogonal amplifiers of an xy iscilioscope. Thus, the Faraday r
elliptically polarized radiowave could be displayed and photographed, Fig.
photograph of a single frame of data from ATS-5. These displays may typic
to an accuracy of +10 degrees which corresponds to better than +1% in elec

ATS -5
137.350 MHz

Fig. 6.3 - Geometry of the geostationary

satellite~-Thomson scatter experiment AZIMUTH 217°

Fig. 6.4 - Representative data obtained from the
ATS-5 satellite
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Fig. 5.4 depicts the Faraday rotation profiles obtained at 1340 and 1800 EST en
January 22, 1870, At 1340 EST, one sbserves about 21 #/2 radians of rotation below
350 km. One notes also that the rotation rate, indicated by the decreasing period of the
amplitude fades, increases with height, in general, with its maximum value occurring
at an altitude in the neighborhood of 280 km. Af 1800 EST, only 11 »/2 radians of rota-
tion are observed to oceur below 350 k. This decrease is of course a2 manifestation of
the decrease in electron content between 1340 and 1800 EST. Finally, one sees that the
bageline associated with the Faraday fades is raised above the background noise level,
and this behavior is related to se-called Faraday dispersion within the radar puise,
which in this case has a length of 50 .sec (7.5 km}. A height-dependent dispersion
parameter may be defined which is related fo the electron density, and this suggests an
alterrative way to deduce the density profiles. This was discussed in Chapter 5.

The Faraday rotation contours obtaired during the experiment are shown in Fig. €.5,
Faraday dispersion was too severe al midday near the FZ maximum to make useful
measurements, and interference was troublesome between 1100 and 1130 EET, Apart
from these regiong it was possible fo construct isopleths of constant rotation which ex-
hibit some rather interesting features. Since the rotation is an integrated effect, it
follows that a height fluctuation associated with a particular isopieth is related to the
presence of an integrated irregularity, i.e., an inhomogeneity in the electron content to
the height in question. A negative or downwardly directed fluctuation represents an en-
hancement in comtent, and a posilive or upwardly directed fluctuation represents a de-
pletion in conient. Furthermore, a Faraday rotational irregularity in the lower iono-
sphere must in a sense be propagated upwardly unless of course it is canceled by a flue-
tuation of opposite sign above it. 1If z rotational irregularity is propagated upwardly
without extensive amplification, this impiies that it resulted from a real dengity fluctua~
tipn but that the density fluctuation is localized. If the rolational irregularity is greatly
amplified as it propagaies upward, then the density fluctuation is extended in height. A
further, useful editing feature is that if an irregularity is not propagated, then it is
either spurious or exactly canceled.
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Fig. 8.5 - Faraday rotation contours obiained on January 22, 1870
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Several irregularities in the isopleths are evident in Fig. 6.5. There is a.po
fluctuation, implying depletion, at 1030 EST, and there is also an interesting
between 1500 and 1800 EST. Fig. 6.6 compares the ATS-5 satellite data
Faraday rotation observed via Thomson scatter to 200, 250, 300, and 350
tively. Since the Thomson scatter values correspond to a two-way path, thi
propriately halved. It is seen that the general lower ionospheric irregulari!
is not distorted violently due to irregularities above 350 km. That is, un
total content (which is proportional to the Faraday rotation angle) are gene
one with undulations in the Thomson scatter rotational isopleths. Judgeme
where in height the density fluctuations occurred may be made on the basis:
Thomson scatter data. In general, of course, the comparison may not be good
irregularities occur above the height in which Thomson scatter facilities are.limite
due to lack of sensitivity. : N

1260

1080

900 Smnrs-sl__.,/x
- — p 4
[753
o 720 /
o /
(&) — X
wi
2 540} THOMSON SCATTER J
< N {1/, DBSERVED ROTATION

10 TME HEIGHT NOTED; i.e.,
360 X THE EQUIVALENT ONE-WAY
R / VALUE )
0}~ Jf
ob—1 1111y
7 8 9 10 il 12 I3 14 15 16 17 18-

EST (HOURS)

Fig. 6.6 - Comparison of Faraday rotational fluctuations as-
sociated with ATS-5 VHF transmissions and RCR Thomson
scatter data The zero level for Q is arbitrary.

Fig. 6.7 shows the Faraday rotation isopleths obtained on May 5, 1970, an
the negative of the ATS-5 rotation angle (ambiguous). A comparison of this'ty
inappropriate, since fluctuations in both the altitude of rotational isopleths {(Ah
the rotation angle (AQ) are proportional to the content fluctuations (AC)*. In.the
case, t

AQ(h) = 2.97 x 102 72 T(h) AC(h)

for the one-way path, where ¥(h) is the weighted mean value of H cos& secx’ tak
between the base of the ionosphere and the height h. In the former case,

:
A change in electron content AC(h) =4 (" Ndh may be produced by either a change in the.
ness" parameter v(h) or in some reference electron density N(hy. Regarding the shape
lonosphere as fixed, one takes w(h) to be a congtant. Thus one hag AC(h) = T(h)AN(h"S . :
other hand, upon examination of the altitudinal fluctuations of rotational isopleths it is ¥ that
AC(hy = N(h)Ah(h) where N(h) is assumed fized over 4h. These two relations suggest, that o
BN(h)/N(h) & Sh(h)/r(h). Furthermore, since AC(h)ax Af(h), it follows that Ahch) o5 AG(R):
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Fig. 6.7 — Faraday rolation contours obtained on May 5, 1970

Ah(nYy ~ — rTiEIt_{} AC(hY, (6.2}

where N(h) is the electron density in the neighborhood of the particular isopleth being
examined. Thus, one finds that the altitudinal excursion Ah strongly depends on the
local value of N¢h). An irregularity in the lower ionosphere will yield isopleth distor-
tions which, generally speaking, will decay in the direction of the F2 maximum. If the
irregularity AC is completely localized, 4h will never guite vanish at hgy, since Nihgy)
is noninfinite. Above the F2 maximum the isopleth distortion associated with AC will
grow in aceordiance with Eq. (6.2). This particular situation is Hlustrated in case A of
Fig. 6.8. In addition two other cases are shown: (B)a localized irregularity at the F2
maximum and {C) a simple redistribution below the F2 maximum. Ignoring the siight
altitudinal variations in the magnetic field, one finds that the condition for the exact can-
cellation of a rotational isopleth fluctuation between height h, and b, is

N(h,)
AC(hy) = ﬁﬁih—z} AC(hy, By)s {8.3)

where h,<h, and AC(hy, h,) represents the content excursion between h, and h,. There-
fore, if redistribution(-4C(h,} = LC(hy, hy)) gives rigse to a significant difference in the
local electron concentrations at heights h, and h,, one would anticipate a nonvanishing

Ah situation. For case C illustrated in Fig. 6.8, itis suggested that low-lying ionization
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Fig. 6.8 - Effect of electron density fluctuations on rotational isopleths

is being enhanced (positive AC at h;) by a downdrift from above (negative AC at hj).. For
this hypothetical situation one would expect no isopleth distortion to exist in the re
above h,. Had the situation be reversed (the signs of the AC's reversed), there would
be no cancellation. If one wishes to compare directly the rotational contour flu

with the change in A0, one simply equates the expressions for AC in Eq. {6. 1) am
(6.2). Doing this one obtains '

—AQ(h)
Ah(h) = _ .
) 2.97 x 10~? £-2 ¥(h) N(h)

Taking ¥ = 45 ampere-turns/meter (it varies only a few percent along the ray path).
N =7.2x10!! electrons/m3 for convenience, it is found that Ah = 20 AQ km, wher
in radians. Under these conditions, a height excursion of 10 km is equivalent t

tional change of roughly 30 degrees. On the basis of this simple argument, Fig
was scaled so that 1 km = 3 degrees. ‘

One interesting feature of the comparison in Fig. 6.7 is that the ma.ximum--“co:' ent.on.
the basis of ATS-5 and Thomson scatter data are in rather good agreement— ocey
about 1115 EST. O

Perhaps the most interesting facet of the comparison is a large afternoon.ex

in 0. The approximate simultaneity of the dispersion trouble and the afternocn-@
enhancement is clearly not just accidental. The late afternoon buildup in content is. -
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thought to result because: (a) the temperature of the electron~ion plasma drops due to
the rapidly increasing solar zenith angle, thus reducing the scale height above the F2
maximum and forcing a gradual collapse of the distribution of electrons, (b} the increase
in jonization at lower levels is multiplied by a greater magnetic fieid strength so0 as to
increase its efficiency in producing Faraday rotastion, and {¢} the greater recombination
at lower heights evidently does not proceed rapidly encugh to reduce the total content of
the ionosphere appreciably. Thus, one concludes that Faraday-rotation total-content
studies {(as given by synchronous satellite studies such as those using ATS-5) misrepre-
sent the afternoon angmaly and that the ionosonde parameter 1o(F2) will have limited
usefulness as an indicator of total content. One does find that #,(F2) will increase (as
will usually the content below some moderate altitude, e.g. 500 km}, but the total con-
tent J;c" Ndh will decrease unless there exisis some additional source of ionization. An
aliernative mechanism to account for the afternocn anomaly involves the work of £x
forces driving ionization to greater altitudes where eleciron loss proceeds less rapidly.
There does not appear o be a need to invoke electrodynamic drifts in this case however.
The ohvious way to setile the matier is {0 measure the {otal content of the ionosphere by
means of dispersive doppler for which there are no magnetic field considerations,

QUASI-PERIODICITIES OBSERVED AT RANDLE CLIFF

For a number of years traveling ionospheric disturbances (TID} have been studied
by various workers using different techniques. Muaro [1958], Heisler and Whitehead
[1961], Becker et al. [1965], Klostermeyer [1969], and others have used fonosondes
o detect oscillatory vertical movements of ionization. Total-content measurements by
Taylor [1965] and Davis and Da Rosa [1963] have also shown the presence of the TID.
Other manifestations of TID include scintillation effects (Elkins and Slack [1969]) and
fluctuations in the vertical drift velocity {Evans, et al. [1970]). The first study of TID
which embodied the entire ionosphere was by Thome [1984] using the Areclbo UHF
Thomson scatter facility; subsequently Sterting [1967] has investigated TID over Jica-
marca,

1t ig now generally accepted that TID owe their existence to a certain class of
neutral-gas wave motions in the atmosphere known as internal gravity waves (Hines
(19607). These waves have a limiting horizonial speed approaching = £. 9 times the
speed of sound and have a low-period cutoff of several minutes. In principle these
waves may have an isoiropic pattern, but it is generally found that TiD» in the ¥ region
travel in the N-8 plane. This peculiar feature is a result of the action of the magnetic
field on plasma motion, which freely allows motion along the field but constralns it in a
direction orthogonal to the field. Perhaps the first direct evidence lirking neutrai-gas
gravity waves in the thermosphere with TID in the ionosphere was provided by Dyson &t
al, [1970]. They conducted in situ measurements of both the electron and neutral parti-
cle densities using Explorer 32, and found that although the phase relationship between
the neutral and eleciron density waves was often ambiguous, the wave patterns were
gimilar,

The first Thomson scatter measurements of midiatitude TID using Faraday rotation
were conducted at Randie Cliff during the Fail of 1569. I is important to note that the
Faraday rotation method should in principle present a more refined picture of the elec-
tron density waves associated with TID, since the effect of T, /T; on the measurement
is not as important as in the power profile method. This remark is made in Hght of the
fact that direct measurements of N and T, suggest that the two may be out of phase (Dysen
et al. [1970]). Since the ionic cooling rate due to collisions would be expected ta be
slower than the electronic cooling rate, and since the elecironic cooling 18 proportionat
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to N, this implies that T./T; may be out of phase with the electron density N. ]
true, the power profile method will generate an overestimation of the elects
wave amplitude. (To see this one need only consider the relation (S/N)a« N¢
(1 + T_/T,)R?1) :

Table 6. 1 gives the pertinent data relating to all Thomson scatter expe:
have been conducted at Randle Cliff since November 20, 1969, and which e::;g
time periods of at least 4 hours. Included in the listing is the daily-gum magni
from Fredericksburg (K, and the most significant wave period P (if any):
with each experiment. The period p, which is basically the average time.
between isorotation maxima (or minima), was extracted by inspection of th
rotation contours.

Table 6. 1. Data Associated with Faraday Rotation Experimen’téf-

Daily Sum Magnetic Index at
Elevation Fredericksburg, Virginia,
Exp. Ty T 2K,
No Date (EST) £ Angle
: Degrees Day Exp. Day |
Before Day After
1 11/20/69 | 0930 | 1600 70 11 6 2
2 12/15/69 | 0920 | 1600 70 4 9 15
3 12/16/69 | 0930 | 1500 70 9 15 3
4 12/17/89 | 0850 | 1500 90 15 3 2
5 1/22/70 | 1000 | 1815 38 11 5. 9
6 1/30/70 | 0930 | 1515 920 14 20 10
7 2/10/70 | 1040 | 1510 90 4 9 6
8 2/11/70 | 0910 | 1530 890 9 6 6
9 3/1/70 | 1000 | 1730 63 26 33 51
10 3/9/70 | 0930 | 1700 63 51 32 9
11 4/28/70 | 0850 | 1520 80 13 7 i1
12 5/4/70 | 0800 | 1443 70 16 15 18
13 5/5/70 | 0825 | 1520 38 15 18 10

The Faraday rotation contours for all experiments lisied in Table 6. 1 are
in this report. The ATS-5 correlation experiments were already discussed:in
ginning of this chapter; thus the Faraday contours for experiments 5 and 13 ar
peated. Furthermore, the contour associated with the solar eclipse experime:
be discussed separately in Chapter 7. The remainder of the contours are displ
here as Figs. 6.9 through 6. 18. S

It is interesting that irregularities are exhibited by the Faraday rotation co

in all experiments and that within the sampling period limitation they can be.d

"as quasi-periodic, Upon inspection of Table 6. 1 it is noted that the average wavw
riods range between 23 minutes and 70 minutes and the overall, average period

minutes,

Fig. 6.19 (top left-hand corner) is the periodicity distribution associated.
experiments. Each bin is 10 minutes wide and centered about the time noted.
structing the histogram, values of the wave period which occurred at the par
of two bins were assigned the number 1/2 and placed in both bins. The resul
tribution of wave periods decreases gradually toward long periods (low frequ
terminates rather abruptly at the low period (high frequency) end. This rapid
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Fig. 6.10 - Faraday rotation contours obtained or December 15, 19689

would have to occur, since a sampling period of 10 minutes was normally employed, and
the sampling theorem states ihat one may not resolve waves having periods less than 20

minutes. However, the Vaisala-Brunt period {which is the lower limiting period for fa-

ternal gravity waves) is about 15 minutes., As a consequence, if the disturbances,
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Fig. 6.11 - Faraday rotation contours obtained on December 16, 1969‘-}

assumed to be traveling, are a result of internal gravity waves, it is 11ke1y that ew wave
patterns are lost by choosing a 10-minute sampling period. .

Fig. 6. 19 suggests that there is only a weak relationship between wave p
magnetic activity. Nevertheless, both of the experiments having wave penod‘
of 55 minutes were conducted on moderately disturbed days. This is in agree
Thome [1968], who measured large-scale traveling ionospheric disturbanc
wave periods between about 1 and 3 hours and concluded that they resulted fro
ward moving waves generated during magnetic storms. Recently, Davis and da:Rosa
[1969] have shown by means of synchronous satellite studies that large- -scale TD wave
amplitudes are proportional to magnetic activity. Fig. 6.19 shows that if one cons: ers
only the low-period disturbances over Randle Cliff, one finds no relationship w '
between the wave period P and the magnetic index X, . Even congidering allre
disturbances, the relationship between the two was weak at best. Perhaps thi;
be expected, since the average wave period during the present study was only 41. 5 min-
utes, whereas the disturbances reported by Thome and Davis and da Rosa had a much
greater duration. Possibly another source of internal gravity waves operates i
wave-period domain.

Fig. 6.20 is a scatter plot of the wave amphtude Ah (in kilometers) in the n
hood of 250 km as a function of wave period P, Each data point corresponds. to‘
isopleth fluctuation associated with a single wavelet. Only temporally nonove
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wavelets were considered, and the significance of each wavelet was establishes
quiring both adjacent isopleths to have similar structure. The height of 250'km
erence is again a compromise between two factors: first, a desire to observe

the ionosphere as possible to reduce isopleth distortion arising from the integr
fect and, second, the necessity to restrict analysis to altitudes above about 200
eliminate clutter distortion. It is happily a good choice, since the F2 maxirq;}

is roughly 250 km during the daytime over Randle Cliff. The choice of the F2.m um
as reference will turn out to be convenient in the interpretation of the data algo
sees from Fig. 6. 20 that Ak is roughly proportional to the wave period--the wa
tude increasing about 1 km per 10 minutes. o

Using Eq. (6.2) and the fact that a content fluctuation AC (250km) may, to fiﬁst ; der,
be considered to be the product of electron density fluctuations AN{250) and the s
thickness 7(250), one obtains the order-of-magnitude relation:

Ah(250)  AN(250)
T(250) © N(250) '

which is valid at the F2 maximum (taken to be at 250 km). Consequently, itisp

use Ah/7 as an indication of relative density fluctuation. Henceforth, = (250 km
km will be regarded as the caronical distance for normalization purposes. Ekc
unugual circumstances, - should range between roughly 75 and 125 km during;
time; consequently, 100 km is a reasonable as well as appealing choice, sincé
implies that the values of Ah in Fie. 6. 20 mav readilv he sraled in terma nf he
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excursion. Since the average wave period was found to be 41. 5 minutes, one concludes
that the average wave amplitude is about 4, 2 km and thaf the ratios 4h/r and 4R/K are
=4.2%. The maximum value of AN/N was observed to be ~12% within the framework of
the assumptions which have been made. The average value of £ Kg, was =13. 7 during
the course of the experiments, which suggests that the average 3-hourly X index was
roughly 1.7. Referring again to the paper on large-scale TID by Davis and da Rosa
119691, one finds that their total-content data imply a refative amplitude fluctuation of
about 1% in the total content if X ~ 1.%7. This appears inconsistent with the Randle CHIf
value of ~4%. However, if one assumes that TID are largely lower ionospheric pertur-
bations, it is not surprising that the total content fluctuations are less pronounced, since
the ratio of total content {o the subpeak content is roughly 3.1, assuming a Chapman
distribution. In addition, it 15 well known that measurable increases in the general level
of magnetic activity will have a tendency to increase this ratio even more. Hence, it is
felt with ample justification that the Randle Cliff perceniages are actually in sccord with
the results of Davis and da Rosa, provided the data are interpreted with care. In this
connection it is remarked that the Arecibo fluctuations are at least 10% and even greater
during severe magnetic disturbances {Thome {1964, 1968]). Satellite studies also indi-
cate that fluctuations of +10% are not uncommon (Dyson et at. [19701. It is noteworthy
that TID-related fluctuations over the magnetic equator are considerably smalley than
those observed at hiph latitudes, being only a few percent {Sterling [1967}. This is pre-~
sumed to be related to the strong magnetic control of plasma motion.
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Recall from Fig. 6. 20 that wave amplitude is roughly proportional to wave pepiod; =
To show that this would be expected on the basis of simple theory, one can’ refop! .
an expression which relates the TID perturbation AN/N,, the wave velocity U, and the ‘
period P of the disturbances for the Randle CILiff latitude,
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Recall the continuity equation:

3N/t —aNZ — AN + g + div(N v) = 0,

where the loss terms oN? and AN represent recombination and attachment processes, q
is a production term, and div(Nv)is a movement term. For examining the first-oxder.
effect of neutral-gas wave motion on the plasma, it is legitimate to assume that the/un-
perturbed electron density N, is constant; i. e, , 9N,/3t = 0. This condition:is m:
likely to be valid during the daytime hours and especially near local noon. Ad
one can suppose that a small perturbation AN in the electron density arising fro
turbation in the movement term alone does not affect either electron productio
processes. This matter has been studied by Hooke [1968], who concludes that.t
an acceptable view at or above the F2 maximum. Assuming that the perturbationh

harmonic time dependence, one finds that the relevant equation for the pertur;be
density is ‘

iwhN = —div(Ny Av}.
Thus, one sees immediately that the perturbation must be proportional to the: W-a.\;e
period P = 2n/w. But there are additional things one can learn. Hooke [1968] has shown
that in the vicinity of the F2 maximum and above, the divergence term is given by

div(Njav) = [(U-ep) (VN.ep)] + [N, V- (U - eg) epl,

where (v - ep)is the component of the neutral wind velocity u along the magnetic field

{denoted by the unit vector eg), YN.ey is the field directed gradient of the electron den-
sity, and V - (U -ep)ey is the divergence of the field directed wind velocity., The first'

bracketed term in Eq. (6.7) represents the effect upon the perturbation of a gradient.in
the electron density. To first order, it is permissible to neglect horizontal gradients
except during the periods of sunrise and sunset; consequently, one may replace
bracketed term by [Ug (3N/3z) sin I], where I is the magnetic inclination or dip
Up i8 the field-directed value of the neutral wind (i.e., Uy = v.eg). The secon
eted term in Eq. (6.7) represents an expansion or contraction of the gas due to
line convergence or divergence. It is now convenient to assume a solution for the:
neutral-gas motion of the form o
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Uee exp{—ik.r + iawtl . 8

It will further be assumed that « is real and unique and that the form of the wave vector
k = (ky ky k;) allows for amplifieation in the z direction. It can be shown {e.g. Hines,
£19601), that this amplification is exactly the amount required to compensate for de-
creasing gas density in the vertical direction. That is, k, and k, are real and &, is
comnlex, Thus

Uos exp i{wt — k% —k,y —k,, 2) it (6. 9)
and the second bracketed term in Eq. (6.7} can be written
No V- (U.egiey = iN Uy (k, cos + k_ sinl + ik ;sinl), {6. 10}

provided we select a coordinate system such that & = 0.

Using Eq. 6. 10} and knowledge that the first bracketed term is [Ug (3N/%2) sinll,
one may reconstruct Bq. (8. 6) using the fact that 3N/%z =~ 0 near the F2 maximun,
Therefore,

N e £ ; 27 sinl . f2m cosl | 27 sinl
ANANG = (d ifB,fm}{ ( Y )gi ( N + = )] (6. 11}

zi X zr

where the wave numbers have been replaced by wavelengths, Thus, two terms are 90
degrees out of phase. Shortly it will be seen that the longer period disturbances may
not exhibit significant vertical phase propagation. (This type of disturbance would likely
be generated at a great distance from the observer. The aurcral zone is a poltential
candidate for the source.} Consequently, one can assume k, = 6, thus allowing oniy
surface-type waves, As a result,

an 2 Uy (s'mI , cosl
N P N %
o \_'zi

{6. 12}

X

The "wavelength' »,; plays a role in the amplification of the perturbation. Indeed,
Eq. (6.9} suggests that the perturbation must grow with increasing altitude. Conse-
quently, the present treatment {only small perturbation allowed} may be invalid in the
upper F region unless other circumstances conlrol the growth, In fact, the exponential
amplification would be expected to be checked eventually by viscous forces {Hines
[19601). In any case, Eg. {6.12} has been formutated for conditions at or near the F2
maximum, where the linear theatment should be valid. For unducted modes i, is
roughly 4-H{250), where H{250} is the neutral scale height at 250 kilometers. However,
for ducted or partially ducted modes which resemble surface waves, the relation is not
so clear., The assumption of at least two layers (having distinct scale heights) is neces-
sary for a ducted mode calculation. Nevertheless, » , characterizes the neutral gas in
some sense. Since AN/N & — Ah/7 We have

A A

31 X f

Ak 21'}’UB . { sini . cosl
t {6. 13}

Recall that the neutral gas velocity is presumed to be strictly horizontal. Thus
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U= (U

. 0, 0). (6,19
Hence, the plasma velocity is

v = (Ug cosI, 0, UgsinI)

= (U, cos’I, 0, U,  cosI sinI).

As a result, for the Randle Cliff side, where 1~70°; one finds :
v U, (0.117, 0, 0.322). v (8.18)
Hence, the electronic displacement vector is

iwbp = (X, Y, Z) = U _(0.117, 0, 0.322),

horizontal displacement, even though the neutral driving motion is purely horiz
Returning to Eq. (6. 13) and realizing that Ug sinI = iwZ and UgcosI= iwX ONE 8¢

where Z/X = 2,75. For long-period waves (P > 1 hour) which travel at Speeds clos -to
the speed of sound, one suspects that A, may be several thousand kilometers. .
other hand, »,; is fzxed by the character of the neutral atmosphere and may be.
1000 km. If this is true, then Z/A,,>>X/, to first order. Thus, for the long-pe
disturbances, one obtains the following very useful order-of-magnitude relatioi

Mo (6.19)

A
- &

So one finds that the isopleth fluctuations will be in phase with the vertical displa.cement
whereas the corresponding electron density fluctuations will be 180° out of phase.
exact phase relationship would not be expected to be clear for the majority of flu
in the disturbances encountered in the present study. However, if the horizontal
length is greater than or equal to roughly 1/3 the vertical '"wavelength" Ao , it'tu
that Ah will lag Z by less than 45°. So for a wide band of horizontal wavelengths
especially for those associated with large-scale TID, there would be expected. to.
sonably close agreement between layer-height ﬂuctuation Z and Ah (or - AN)
ular for the January 30, 1970, experiment, for which the average period was:
utes, one might anticipate that

[Ah(250)/7(250)] « Z,

Assuming A,; = 1000 km, the proportionality factor would be 6. 28 x 10~3, and.a Jump
oh/7 of 5% would raise the layer about 8 km according to this relation. To exhi
effect explicitly, the January 30 data were analyzed to find the F2-layer peak, ail
smoothed results were then compared with the smoothed density fluctuations.
from Fig. 6.2l that AN is indeed generally out of phase with Z. This appears to
for both the long-term and short-term variations, although the long-term va.ri

are not thought to be manifestations of TID. '
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Fig. 6.21 - Comparisen to slectron density and layer height fluctuattons for
January 30, 1870

It is possible that the long-term fluctuation may be related to neuntral wind patterns

aver Randle Cliff. If one assumes that the neutral wind {which has its largest field-
aligned component near midday) drives ionization down field lines (Koh! and King £1867]},
one would exXpect the layer height to descend, and this was observed to {irst erder.
Since the peak density fluctuation appears to be out of phase with this motion, it is sug-
gested that the electron loss processes may not be as important as the term div (8 +) in
affecting a change in the peak density (even for the long-term fluctuations)., This, how-
ever, is a heuristic deduction and not rigorously reasoned.

As noted in Fig. 6,21, five regions (designated &, B, C, D, and E} have been
marked for obtaining a calibratien curve {rom which the average relationship between
Z and AN/N may be obiained. One finds that a layer height fluctuation of 10 km gives
rise to an electran density fluctuation of 5% on the average. Assuming these fluctuations
to be properly described by Eq. (6. 19), one eoncludes that &,, =1256 km. However,
Hines (1960} assertion that A, = 4vH pertains only to the unducted mode. As a conse-
gquence it is not possible to obtain a measure of the neutral scale height directly, As-
suming a fwo-layer model, Thome (1968} has suggested that the following relation may
be valid in the upper ionosphere:

k.:i(Y*1+?-lﬁ) (6.21)

FA 52 Hy

where H; ig the scale height for the lower layer and H, is the scale height for the iono-
Spheric region of interest in the present discussion. Taking » =1.4 and 8§, ~ 10 km
below the mesopause (Johnson [1961]) one finds after a short calculation that the present
resulis Iead {o a value for H of 63 km. This 18 in almost exact agreement with the an-
ticipated value for H at 250 km (the working height) under sunspot-maximum conditions
{(Johnson [1961]). It may be possible therefore to formulate experiments of the present
type for the express purpose of deducing newtral-gas temperatyre.
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It is possible that increased magnetic activity may amplify TID, and consequently
there might arise a correlation between the wave period P and the Frederickshurg
of magnetic activity K;,. Following magnetic storms the neutral scale height
hanced, based on both sate111te -drag data and total eleciron content experimen
Jacchia [1964] has found that the neutral scale height is essentially proportis
magnetic index ap*. Dessler [1959] has suggested that the electron-ion plasm
heated by interaction with magnetohydrodynamic waves emanating from the su
flares. Ultimately, this energy finds its expression in terms of an enha.ncemen
neutral scale height (since H = xT/mg, where T is the neutral temperature).. . TH
the lower atmosphere to heave upward, increasing the gravitational potentisal enérgy.
Since the ionic component of the perturbed solar wind (which presumably carries the
MHD waves) is largely deflected toward the magnetic poles due to presence of th mag-
netic field, the enhanced gramtatlonal energy is more concentrated in the auror

travel southward. The electrons (which is all that can be sensed in Thomson. sca.tter
studies) act as tracers of the neutral motion, and since variations in electren density
are peculiarly periodic and usually enhanced during magnetic disturbances, observatlons
generally support this particular mechanism for the production of gravity waves. As-
suming that this mechanism is operating, one would, first, expect the wave per:uod P will
be roughly proportional to the wave amplitude Ah/7 (< L\.N/NO) and, second, sus, ‘

both P and Ah/7 will be increasing functions of the magnetic mdex Ky, Fig.
lustrates that Ah/7 is indeed proportional to P, However, for the perlodl.city
under consideration here, there is little apparent connectmn between P and thew
Krr Or between Ah/r and Ky . On the basis of these experiments and to a ce
tent the work of others, one must conclude that magnetic activity does not stron
trol either the occurrence or magnitude of TID for wave periods less than 1 hour

presently known. The statistics are not good enocugh to determine if the effect h any
seasonal dependence, but this matter is being pursued.

Figs. 6.22 and 6. 23 are the electron density contours which were obtained upon dif-
ferentiation of the Faraday rotation contours shown in Figs. 6.9 and 6.13. Th wves
of constant N (the values being given as the log of N to the base 10) clearly reveal'the ir-
regularities in both the November and January experiments.

RANDLE CLIFF RADAR
400 NGV 20,1969

HEIGHT {km)

| 1 1 1 ! | !
1000 Hoo 200 1300 1400 1500 1800
HOURS (EST)

Fig. 6.22 - Electron density contours
for November 20, 1969

*The index K is proportional to the logarithm of the index a. The subgeripts p and Fr ‘1"‘e‘
planetary and Fredericksburg respectively.
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Fig. 6.23 - Electron densify confours
for Janwary 30, 1970

In conclusion, wave motion of the ionospheric plasma over Randle CIiff is probably
always present in the daytime. Also, as others have concluded, TID may be related
to increased magnetic activity, although the magnetic control in the present series of
observations was far from overwhelming. To make direct use of the Faraday rotation
contours, a relation was derived between the rotational aititude fluctuation Ah, the slab
thickness 7, the wave period P, the wave phase velocity U_, and the vertical "wave-
length” )., which roughly characterizes the scale height of the medium. By means of
an example, it is suggeated that the wave motion characterized by the Iong period dis-
turbances ig probably either a ducted or partially ducted type, since the rotational iso-
pleth fluctuations are in phase with the layer height fluctuations. This conclusion was
previously reached by Thome [1868] to explain his observations of iarge-seale TID.
Employing Thome's two~-layer model, a value was extracted for the neuiral scale height
at the F2 maximum, and good agreement was found with 2 model atmosphere dua to
Johngon [1961]. This suggests that regular measurements of TID may be ysefud in the
determination of upper atmospheric constitution or temperature. It was also found that
the perturbation amplitude is an increasing function of wave period, as reguired by theory

It is emphasized that a distinet advantage of using Faraday rotation for studying TID
is that the wave motions which are deiected are truly indicative of plasma motion. This
is not necessarily true if fiuctuations of T./T; are pronounced and the power profile
method used. Thus the present observations, representing the first midiatitude study
of TID using the combination of Faraday rotation and Thomson seatter, are unigue. With
additional refinement of ihe RCR instrumentation, it will be possible io identify the
shape of the irregularities more clearly, and it is planned that measurements of T /T,
and electron density will be made simultaneously. To date such measurements have’
been made.

THE MIDDAY BITEOUT OVER RANDLE CLIFF

In addition to the {raveling ionospheric disturbances evident in the Faraday rotation
contours, ene of the more inieresting features is probably related to the so-called
"midday biteout,” which is an anomalous decay of F-region siectron density at approxi-
mately local noon. In the present data the effect manifests itself as a rise in the Faraday
rotation isopleths at midday implying a decrease in the eleciron content., Although it
occurs on a number of days, it was perkaps most pronounced on December 18, 1960, as
illustrated in Fig. 6. 11. It was also present to some degree on adjacent days-December
15 and 17.
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Midday biteout has been noticed in some daily records of f,F2 for more than a
In fact, even for the averaged data appearing in Fig. 3.5, there is a hint of imi
pletmn over Washington, D. C. Although the efiect is largely concentrated at
it has been observed to occur at all altitudes. Total content studies (Goodmii
employing the synchronous satellite Early Bird (1965-28A) also indicate tha{
electron population is often affected in the temporal neighborhood of local not
Randle CIiif. ‘

The biteout effect is usually mentioned in conjunction with the late a.fternoon a.nomaly,
which is the rapid buildup of electron content in the temporal nelghborhood of sunset

least an hour follomng local noon. If one superposes the afternoon anomaly. oﬁ 1l
obtain a midafternoon biteout due to presence of peaks in electron density at 130 -hou
and 1800 hours, say.

An alternative mechanism for producing the midday biteout has been observed’--hgy
Kohl and King [1967] and Kohl et al, [1968]. Basically it suggests that the glob
wmd system drives ionization downward to where electron losses are greater,

pears to be maximum over Randle Cliff between 1400 and 1500 EST if the peak
taken to be = 10°% electrons/cm?3. For the lower summertime densities the time.
maximum field-directed component is closer to local noon, and the magnitudeis. also ’
greater, since ion drag is less pronounced. Recently Vasseur [1970] has she
summertime midday biteout in peak density over 5t. Santin-Nancay is accompan
downward movement in the layer maximum, which he attributes to the neutral:

mechanism, A wintertime day was also analyzed, but no midday biteout was obe

hours EST, and the average time of the biteout minimum is at ~ 1215 hours ES
noteworthy that a rather substantial biteout occurs in the midafternoon on both: December
15 and 17 between 1300 hours and 1500 hours EST; this feature, rather than the former,
might be more readily explained as a manlfestatlon of the neutral wind theory. ' The -

electron-content biteouts such as those observed in this study, however, have nptvbe‘en‘ ‘
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observed as frequenily during winter, which has led some observers to consider the
aeffect to be primarily a summer phenomenon.

Fig. 6. 25 gives the eleciron density profiles at five aporopriate times on December
16; 0950, 1166, 1210, 1300, and 1400 EST. It is found that the total content to 400 km
{1,”" ~ an) increased 12% between 1210 and 1300 EST and finally decreased 10% between
1300 and 1400 EST. Since the F2 peak density decreased by =~ 37% between 1100 and 1210
EST and the content depletion is only 4%, one concludes that the midday bitecut effect on
December 16 is largely localized at the F2 maximum.

1210

FG0

RANDLE CLIFF RAGAR
DEC 18§, i96F

Lleiv] g
0950

HigQ

350

3G0+—

HEIGHT {km}

250

200+— % * * *
o950 HOO L2 1300 1400

i AEFERENCE

ELECTRON DENSITY
{ARDITRARY UNITS}

Fig. .25 - Electron dengity profiles for
December 16, 1960

Although the exact placement of the arrows may be subjeet to guestion, Fig. 6,25
suggests that the altitude of the lower boundary of the F2 miaximum exhibits fluciuations
which are out of phase with the corresponding content fluctuations. This would run
counter to the argument that the ionization is descending along field lines, and it would
go & long way toward invalidating the neutral wind mechanism as far as producing the
December 18 biteout is concerned. However, due to the irreguiarity of the profiles {the
noticeable double peak), the exact locaiion of the peak is made difficult, and any hard
conclusions based on its apparent variation are probably unjustified. Aithough one woutd
not wish o summarily discard the neutral wind mechanism as z factor in the noontime
biteout, there is probably little hope for it since the predicted biteout is not favored in
the wintertime and would not be expected to be centered so nearty about local noon.

Due {o the relatively minor midday bitecuts on December 15 and 17 as well as their
shorter durations, one probably cannot rute out that they are merely moderately am-
plified TID troughs if they are considered independently. ©On December 18, however,
the magnitude and duration of the effect obviates the TID hypothesis. Furthermore, the
similar positioning of the bitecut regions on the three congecutive days implies that the
pheénomenon is more than fortuitous and is highly suggestive of a similar causal mech~
anism.

This section has cbviously raised some additional questions regarding the occur-
rence and the causal mechanism(s) for the midday biteout. It is cleariy necessary to
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measure both the electron density distrubiton and the driit velocities associate

the biteout event, if they indeed do exist. Currently the drift velocity may onl;
ferred, and such an inference would be expected to be grossly inaccurate owin
altitude dependence of electron production and loss processes. In this regapd ;
term bistatic experiment is being considered for measuring drift velocities and would
use the Randle Cliff Radar and a large antenna in West Virginia. By comparin
drift velocity and electron density data, it is hoped that much needed light will'
on the effect disclosed in this section. A byproduct of the drift measurement
determination of T, and T;, and thus the importance of redistribution (presu
governed by the plasma scale height H, = &T/mg, Where T= (T + T,;)/2) can !be all; ed :

Note added in Proof: 4/1/71

From the determination of »,; using equation 6.19 and the results from the January:
30, 1970 experiment we found that a gurface wave approach suggested a neutra e
height of ~ 63 km at the F2 maximum. This was seen to be in close agreement W
model due to Johnson [1961]. A comparison with the U.S. Standard Atmosphere*
which takes solar activity and magnetic activity more completely into acco
favorable, In order to improve the accuracy associated with “reading” the cg
curve given in Fig. 6.1, it was subsequently decided to include the data points
from the November 20, 1969 experiment on the same graph. In this manner mc
fidence will be placed in the final result. (This is justified by the fact that the
Standard Atmosphere predicts comparable values of H = 45 km and 49 km for:
ditions existing on November 20, 1969 and January 30, 1970 respectively.) A
this revised analysis a composite thermosphere for both days was found to hav
scale height which varied between 45 and 55 km using the surface wave approach.
standard deviation of the determination is 10%. On the basis of free wave theory
data suggests a value for H of 67 km, It is thus tentatively concluded that the long period
waves described in this report are of the surface variety. These remarks are di ‘
in a paper to be presented at the 52nd Annual AGU MeetingWL in Washington, D;

®U,S. Standard Atmosphere, "U.S. Govt. Printing Office, 1966, ‘

T"Traveling Ionospheric Disturbances Observed Near Washington, D, C. Using the
Thomson Scatter Technique, ' 52nd Annual Meeting American Geophysical Uni
Washington, D.C., J.M. Goodman, April 12, 1971.




CHAPTER 7
RESPONSE OF THE IONOSPHERE TO A SOLAR ECLIPSE

INTRODUCTION

The great affect of a solar eclipse on the constitution of the upper atmesphere has
fascinated aeronomists, and eclipse-induced perturbations of the ionospheric electron
density distribution have been studied often. Since 1303 over 200 papers have been writ-
ten concerning the relationship between ionospherie perturbations and the saolar eclipse.
Most of these papers relied on early rudimentary radio techniques {e. g., wireless teleg-
raphy: Eccles [1912], Schledermann [1912], Kiebitz [1912], and many others} or used
the ionosonde method ag a basis {e. g., Ilias and Anasiassiadis [1964], Minnis [1858],
and Becker [1956] to name a few). These techniques naturally yielded little information
about the upper ionosphere and provided no explicit information about temperature ei-
fecis, With the advent of Thomson seaiter radars a whole new dimension of eclipse ef-
fects was uncovered. The egquatorial eclipse, which is entively different from the mid-
latitude variety, has been observed at Jicamarca by Petterson et at.([1967] using Thom-
son Scatter, and Evans [1965] has examined the upper midlatitude ¥ region during a
soiar eclipse using the Millstone Thomson scatter radar. Although there is seemingly a
plethora of information already availabie, Thomson scatter studies of the ionospheric
response to a solar eclipse at near-maximum solar activity have not been reporied in the
literature, In addiiion, the occurrence of an eclipse near the time of the vernal equinox
adds to the interest. On March 7, 1970, the path of a solar eclipse passed near the
Randle Cliff Radar facility, with near totalify occurring at about 1338 EST. This chapter
is devoted {o an analysig of the ionospheric response,

GEGMETRY OF THE ECLIPSE

Fig. 7.1 shows a segment of the path of the March 7 eclipse. The Randle CHH
Radar facility is seen to be about 75 statute miles from the region of totality andt roughly
120 miles from the centerline, Under these conditions the fraction of the sun to be
eclipsed is close to 95% at maximum phase for ground observers at Randle Cliff. How-
ever, it was found that at 1338 EST, the approximate maximum phase time, the sun was
at an elevation angle of 43° and an azimuth angle of 207° as viewed from Randle CHIL
Astronomically, one finds that the centerline of the eclipse is displaced from that depleted
in Fig. 7.1 if one considers sltitudes of interest in the ionosphere. During the observa-
tion period, the radar path was fixed at an aximuth of 225° and an eievation of 63°.*% On
the basis of data supplied hy the Nautical Almanac staff at the Naval Observatory, it was
found that the maximum fractional ghscuration of the sun oceurs at E-region heights.
Nevertheless, the times of maximum phase are virtually the same for all ionospheric

*The eclipse experiment conducted at Randle Cliff on March 7, 1978, consisted of two paris. The
first part, for which the anthor had primary respensibility, eonsisted of obtaining moneostatic
Faraday rotation profiles from which electron densities couid be obtained. The second part, under
the direction of Drs. J. B. Mead and L. S. Wagner, colleagues at NRL, was a histatlc experiment
necegsitiating an oblique antenna orientation. Frem this part of the experiment it iz hoped that
some measure of the movement (divergence) term in the continuity equation will be obtained. Thig
aspect of the experiment will not be discussed in this manuscript, it invelves the determination of
the Thomsor scatter spectrum from which drift vectors may be obtalned.

62
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Fig. 7.1 - Path of the March 7, 1970 solar eclipse

heights of interest. Table 7.1 gives the time of maximum phase along the rada: ‘
altitudes of 100, 200, 300, 400, 500, and 600 km in addition to the percentage

tion. Fig. 7.2 depicts the fractional obscuration functions from which the datfa: le 3

Table 7.1. Eclipse Characteristics at Ionospheric Heights

Time of
Height Maximum Obscuration

(km) Phase (%)
(EST)

100 1338:00 85.5

200 1338:30 94.3

300 1339:30 93.1

400 1340:00 - 91.9

500 1341:00 90.7

600 1341:30 89.17
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Fig. 7.2 - Eclipse obscuration functions at 100 km and 600 km

were derived. The semiduration of the eclipse at all altitudes was about 75 minutes
with nominal terminal points at 1220 and 1450 EST respectively.

MEASUREMENTS

Table 7. 2 gives the times and characteristics of the 29 Paraday rotation runs ob-
tained during the course of the eclipse experiment. Each run lasted about 4 minutes
{except as noted}, and the Faraday profiles extended to about 420 km prior to 1000 EST
and to =530 km after that time. Wallops Island Ionosonde data were used to get some
indication of the consisiency of the Faraday roiation results, and values of the param-
eters fyE and f;F2 between 0800 and 1800 EST are presented in Tabie 7. 3.

Fig. 7.3 shows three Faraday profiles: one before, one during, and one following
the eclipse. One finds in noting the difference in the character of the profiles, that the
firat Faraday extremum, exhibited by the »/2 point, is significanily higher during the
eclipse than before or after, indicating a decay in the lower ionospheric eleciron content,

Faraday rotation profiles have been shown to be useful themselves, since they read-
ily yield Faraday rotation isopleths. Chapter 8 established that an upward excursion of
the contours suggesis a depletion of the electron content, and a downward excursion im-
plies an enhancement of the same. The {remendous effect of the eclipge phenomenon ig
illustrated by the rotation contours of Fig. 7.4. It is seen that the 26th =/2 contour, for
example, varies by at least 100 kilometers as the electron content diminishes and sub~
sequently recovers to its approximate equilibrium level. Some incipient wave motion
cceurs prior to the eclipse, and these waves appear to be in phase with some wavelike
disturbances after the eclipse. The wave period is approximately 63 minutes. Thig
matter was discussed in Chapter 6.

ELECTRON DENSITY DISTRIBUTION

Fig. 7.3, in which the isopleths of constant legarithm of electron density have been
plotted in 1/2-dB steps, shows how the electron density distributions varied as 3 function
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Table 7. 2. Faraday Rotation and Toetal Electron Content

Run* | Start/Time | Duration | Maximum/Faraday/Angle/ Apprommate/ Tot:

No. (EST) (Min. ) Observed/(n/2 radians) (107 electron/ m’
1 0821 4. 00 12. 4
2 0827 6. 00 12. 4
3 0846 4.00 14.0
4 0911 4.00 16.0

5 0936 4.00 18.0
6 1008 12. 00 24,8
7 1026 4,00 25.0
8 1051%° 4,50 25.0
9 1116 4. 00 28. 2
10 1148 4.00 29.5
11 1208 4,00 32.2
12 1233 4.00 34.8
13 1258 4. 00 33.8
14 1323 4. 00 29. 0
15 1328 4.00 928.0
16 1833 4,00 27.2
17 133745 2,25 25. 8
18 1357 5. 00 25.7
19 142230 4, 50 26.2
20 1447%° 4.50 29. 8
21 1513 6. 00 31,2
22 1540 4.00 31.5
23 1545 4. 00 31.2
24 1550 4,00 31.0
25 1555 4, 00 29. 8
26 1603 4. 00 29. 8
27 1628 4.00 30.0
28 1653 4. 00 28. 0
29 1718 4.00 27.0

*The first five runs are based upon a maximum observable height of 420 km; the remainder of the
runs are based upon a maximum ohservable height of 530 km.

of time. Several features are worth noting. First, one sees that the maximum
effect is roughly centered at a time which is midway between maximum phase
obscuration) and last contact. It may be inferred that the eclipse bhiteout, asir
by the content depletion also shown in Fig. 7.5, is largely due to the rapid 1ower
spheric response, which is presumably governed by the attachment process. (Also,.
is interesting that the layer height fluctuations are generally out of phase with the:total.
content fluctuations, which as stated earlier is a characteristic of long-period TID.and:
may also occur during midday biteout. ) As was expected, the layer peak, indicated. by .
the dotted line in the figure, rises rapidly during the eclipse reaching about 350.km.be-
fore last contact. It subsequently drifts downward, reaching its more or less unp"e'r*-"

turbed level at roughly an hour following last contact. By this time the content’ curve

has started its descent due to the increased solar zenith angle, and the layer hei
again rises, Recent theoretical results due to Stubbe [1970] suggest a similar

fluctuation pattern but over a shorter time frame. Stubbe predicts that h  F2-w;
following first contact, achieving a maximum in the neighborhood of maximum ph
It is then supposed to descend reaching its minimum near last contact. It is-wo

emphasizing that the fluctuations in F-layer height do not necessarily reflect ion
motions.
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Table 7. 3. Ionosonde Data and Projected Electron Content

. Projecied/Total/Content*/
Time/(EST) £, (E)/{MHz) fo(F2) /(NMHz} /167 electrons/m?)

0800 2.60 10. 00 3.10
0815 3.00 9. 60 2,86
0830 3.05 10. 00 3.10
0845 3. 10 9. 50 2.79
8300 3.15 9. 96 3.04
0915 3,30 9. 80 2.98
6930 3. 40 10.20 3.19
0945 3. 40 10.70 3.52
1000 3.35 10. 90 3.63
1015 3. 40 11. 30 3.75
1030 3. 40 11.30 4,03
1045 3.50 11. 50 4,10
1100 3.55 11. 3¢ 3,08
1115 3. 65 11. 40 4,03
1130 3.70 11. 40 4. 03
1145 3.70 11,30 3.96
1200 3.76 11. 80 4,32
1215 3. 707 12. 30 4, 68
1230 3,88 12. 30 4, 69
1245 3.58 12,76 5.00
1300 3.38 12. 00 4. 46
1315 3. 20 11. 80 4.32
1330 2.50 11. 30 3,96
1345 2,30 10. 55 3.45
1400 2. 61 10. 4% 3.38
1415 2,82 10. 25 2.25
1430 2,98 11. 00 3.72
1445 3.25 11.00 3.78
1500 3.35 11,10 3.82
1515 3. 36 11. 90 4.39
1530 - - -

1545 3. 10 12.00 4,48
1600 3,00 1. 80 5.33
1615 2. 90 11, 90 4,39
1630 2,75 11,90 4.39
1645 2. 60 11,70 4,24
1700 2. 49" 11,70 4,24
1715 2, 387 11,65 4. 21
1730 2. 20 11.45 4.08
1745 1.92 11,30 3.96
1800 1. 80 11,40 4. 03

*The projecied toial content is baged on the relation [ N dh=1.24 x 1030 ¢ E(Fz}. Ty Whare
the integral is in mks unity, {3F2 is in MHz, and 7 is the slab thickness In meters.

TValue uncertain, because two values of foE were tabulated, --perhaps due te multiple
echoes. This ig the most reasonable value (according to the author).
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Fig. 7.3 - Faraday rotation profiles obtained
before, during and following the eclipse biteout

The total content has been replotted in Fig. 7.6 and is compared with the estimated
content based upon Wallops Island ionosonde data given in Table 7.3. The estimated.
values were obtained by assuming that the F2 peak-density controls the content and that
the ionosphere is characterized by a constant slab thickness of v, = 250 km, " ia-
ment is quite good in the eclipse biteout region but is not as good elsewhere,
cessive values of the projected content on either side of the biteout region imply:
increases during the eclipse as a result of a disproportionate decrease in Np,
with the total content. This is reasonable, since the upper ionosphere is roughl
in terms of electron concentration, whereas diminution is the rule in the middl
sphere, and decay is thought to be detectably less severe in the E region due to:
sence of a residual chromospheric ionization source {Piddington [19513) which
completely obscured even at totality. (The existence of a chromospheric sou
been given additional credence by the discovery of coronal x-rays during totali
man [1960].)

Although the density contours in the topside ionosphere terminate in the vicinity
450 km, there is some suggestion of a downdrift of ionization from above, since th
density is decreasing at ~425 km where attachmentlike losses are negligible;: This:
feature was first discussed by Evans [1965] in his study of an eclipse over Mjllsi
Hill in July, 1963, with maximum phase occurring at about 1700 EST. In addition.
1863 eclipse produced an anomalous enhancement in Ny, during the biteout reglon, a.nd
Evans claims that this was a consequence of the rapidity with which the ion distribu ion
collapses, overriding electron removal processes. An electrenic downdrift has
been predicted by Stubbe [1970] but with no accompanying enhancement in Npo. - Ir
present case there is clearly no evidence of an increase in Ny, during the eclipse
period, even though high-altitude ionization is presumably descending. A rece
by Klobuchar and Malik [1970] describes the effect of the March 7 eclipse ovér
Massachusetts, on the basis of a Faraday rotation analysis of VHF transmissio =
Early Bird, ATS- 3, and ATS-5 satellites. These authors found 7, to be about 275 km,.
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Fig. 7.4 ~ Faraday rotation contours obtained at Randle CLEf
on March 7, 1570

judging from Fig. 3 in their paper, but more importantly found that the eclipse produced
no striking changes in this parameter. Thus at their Iccation, the downdrift of ioniza-
tion was almost exactly canceied by increased electron loss, resulting in a preservation
of the layer shape, On the other hand, Almeida and Da Rosa [1970], using a phase path-
length method with a synchrenous satellite, show significant -, variations. Although the
changes observed by Almeida and Da Rosa were not regular, there was a definite ten-
dency toward larger values during the biteout region, in agreement with the Randle

Ciiff Radar resuits mentioned in this section. Thus the data currently available con-
cerning the March 7, 1970 eclipse would appear to refuie the notion that ionization iz
piling up at the F2 maximum, z phenomenon which evidently did occur during the 1963
eclipse reporfed by Evans [18858], It is probably important to remark, however, that
Evans'® results were extiracted from a late afterncon eclipse during Summer at sunspot
mintmum, whereas the present results were obtained in the early alternoon at nearly
equinox and at solar maximum. These various factors combine {a render the mean elee-
tron densities associated with the present experiment at least four times larger than
during the 1963 eclipse. This fact along may give rise to a more rapid loss rate at the
F2 peak in the present case, thus negating the effect of additional electrons supplied
from above.

Additional measurements of the March 7 eclipse from nearby Norfolk, Virginia
{36. 56° N, 72.24°W) using VHF {ransmission from the ATS-3 satellite {Flsherty et al. ,
£1870]) and for which the 350-km ionospheric point was 33. 87°N and 77. 07° W, indicate
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Fig. 7.5 - Electron density contoursg for the sgolar eclipse

that the total content [ N dh prior to the eclipse was about 5.5 x 1077 electrol
Since j(; 3N dh = 4.5 x 10V electrons/m2 at Randle Cliff, which had a 35
spheric point of 37. 5°N and 77. 7°W, one concludes that = 101 electrons/m%op
18% of the total content resides above 530 km if one accepis the figures of Flahe ‘
These authors also note that [”Ndh decreases by 12.8 x 106 electrons/m? between
the first maximum and the bitéout minimum and increases by 8.5 x 10 electr ns/ m2
between the biteout minimum and the final maximum. At Randle Cliff the resp -
changes (From Table 7.2) are -11. 8 x 10" and 7. 6 x 106 electrons/m?, althiough.they
refer to the content below 530 km. Thus ~10% of the ionization above 350 km isidep '
during the eclipse biteout. Since the time constant for attachmentlike loss is estimated
by Ratcliffe et al. [1956] to be about 20 hours even at 400 km, it is quite unlikely: 1at the
10% loss above 530 km is produced by effects other than div Nv. It is tacitly as
that the relevant electronic movement is directed downward along magnetic ﬁe
and that this movement will feed the lower 1onosphere However, as the c0nte
530 km is but 22% of that below 530 km and since Ji30 N dhdecreases only 10
the eclipse, one finds that the content biteout (due to all causes) associated withw
is unaffected by downdrift from above, at least to within an order of magnitude..
emphasized, however, that due to the separation of the two ionospheric paths whi
been compared (the Ra.ndle Cliff data and the data of Flaherty et al. ), the exact.péx ent-
ages of content depletion which have been derived here are indicative of only a general .
trend. If one considers the difference in the amount of solar obgcuration between the
two paths (=93% for Randle Cliff data and ~100% for the data of Flaherty et al. ), one
can conclude that the eclipse depletion is almost entirely the result of attachment
530 km. This consideration surely strengthens the previous conclusion that do
is relatively unimportant.
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ESTIMATICN OF THE ELECTRON LOSS COEFFICIENT

A numbper of investigators have been deduced values for the effective recombination
coefficient o for the lower ionosphere by measuring the decay of electron density follow-
ing a solar eclipse. For example, a recombination function has been reported by Hias
and Anastassiadis [1964] for an eclipse over Athens in 1961. However, in the ionogphere
above the F2 maximum, the dominant processes for electron loss are given by ihe fol-
towing reactions (Belrose [1965]):

ot o+ ﬁz—p-O; + 0 (charge-exchange), {7; is}

ot + N2+Nﬂ+ + N {ion-—atom interchange}, (’?* ib)
0} + e>05—-0+ 0, {7.1c}

NO* + & o NOF—N + . (7.1}

Thus the charge exchange and ion-atom interchange between the atomic and molecular
species (Egs. (7. 1a} and (7. 1b)} enables dissociative recombination (Egs. (7. 1c)} and
{7.1d}) to occur. This sequence of events is necessary because atomic ions are dominant
at great heighits, and charge exchange is required to produce molecular ions. Direct re-
combination with atomic ions is radiative and thus has a very low cross section; it nor-
mally is neglected. Although both charge exchange and recombination with molecular
ions are involved (with the first being proportional to the number of electrons N, assum-
ing charge neutrality, and the second being proportionat to N2}, the net electronic loss

rate is controlied by the slower process (charge-exchange), and the process is attach-
menttike.

In accordance with the preceding notions the altitude-dependent attachment coeffi-
cient has been extracted from eclipse observations over the magnetic equator using
Thomson scatter {Peterson et al. [1867])). A detailed consideration of the distribution of
electrons in the F region has led Ratcliffe et al.[1956] ta suggest the following midiati-
tude model for the loss coefficient:
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3= 104 (300 —h)/50 ool ool 2)

where h is in kilometers. This model implies that the time constants associated with.
attachmentlike loss at 250, 300, 350, and 400 km are 1, 3, 7.5, and 20 hours respec-
tively. If this model is accepted during solar eclipse, one may surely neglect the loss
term AN in the continuity equation for the upper F region, since the eclipse semidura-
tion is about 75 minutes. For this reason an explanation of F-region eclipse phenomena,

at least in the upper F region, is usually sought in terms of electronic movemen
the term div Nv, ‘

Somewhat surprisingly, occasional eclipses do exist for which the measured elec-
tron concentration at the F2 peak is seen to increase. As mentioned in the preceding
section of this chapter, this phenomenon has been attributed to a sudden collapse of the
electron distrubution which arises due to a rapid cooling of the plasma. Since the chem-
istry at the F-region maximum is presumably too sluggish to remove the descending
electrons efficiently, a transient local enhancement is sometimes observed, Of course,
this effect must be local, since the total electron content must diminish. e

From Fig. 7.4, one sees that the estimated "time constants, "' which one.is tempted
to attribute to the ionosphere on the basis of the time difference AT between maximum
phase and the subsequent isopleth extrema, are probably reasonable in the low
sphere but are questionable in the upper ionosphere. Of course, account rqu ‘ |
of the fact that the rotational excursions in the upper ionosphere are related. toithose be-
low. Hence, a "time constant” extracted from a contour at a particular heightirefers
to the average behavior of the ionosphere below h but has greater significance. 4t the so-
called ionospheric mean height T, which is simply defined by T

h
f h' N(h') dh’
h=— C o (1.3)

th(h') dh'

°

in view of the fact that the magnetic field parameter ¥ = H cosé secx is roughly. lirear
with height. On this basis the time delay AT suggested by the rotational isople n Fig.
7. 4 varies between approximately 10 and 25 minutes and refers to a mean height varia-
tion between =240 and ~ 340 km. Naturally the total content (although it has a rather flat
minimum) also exhibits a time delay which is close to the 25-minute upper limit. -

It is also possible to deduce time delay AT directly upon inspection of the electron
density contours shown in Fig. 7.5.* They appear to vary rather smoothly between
minutes at 275 km andx~45 minutes at 375 km. Since the total content below: 530.kimi
a time delay of ~25 minutes, the losses below 275 km are dominating the picture.,
[1970] suggests on theoretical grounds that AT should be ~12 minutes at 300.
=50 minutes at 600 km. The values of AT extracted from the present eclipse eri-
ment, as well as the prediction of Stubbe, are plotted in Fig. 7.7. One immediately’
notes that the experimental values of AT are roughly twice the theoretical ones in'the
overlapping height region. One also sees that the values of AT deduced from the rota-
tional isopleths follow a path which exhibits considerable curvature such that AT -

*The term "time delay, " denoted by the symbol AT, refers to the time difference bétwéen;thé‘ob-
scuration maximum and the electron concentration minimum. The "time constant" is of course
the e-folding time. ‘ o
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approaches a constant above 300 km. Several factors may contribute to this behavior,
Of primary importance, however, is that the largest electron-content dimunution ceeurs
below 275 km, and so the Faraday effect at great heights will be heavily weighted toward
the lower ionospheric response.

The values of AT discussed in this chapter are not exceedingly accurate, since no
Faraday profiles were obtained between =1400 and =1422 EST, a rather crucial region
of time. Nevertheless, due to the large temporal extent of the eclipse biteout, nine pro-
files were fortunately located within the region of interest. Referring to Fig. 7.4 and
assuming that o first order the biteoul at each altitude would be symmetrical, all gues~
tionable isopleths were appropriately smoothed. Thus more data points could help
determine the shape of the rotational extrema in the biteout region. The general con-
sistency of the data implies that the trend of the observed AT's, suggested by the shaded
area, representz Nature rather well, at least insofar as the Faraday rotational response
is concerned. Although the values of AT are interesting, they are not directly useful in
the determination of 3, since {a) the elecironic production term becomes significant for
the larger values of AT and {b) they cannot be obtained with sufficient accuracy.

The electron continuity equation relates the rate of change of the electron density
with certain logs and production processes. If one takes q(t) to be the production of
electrons and L{t) to represent the ioss of elecirons, then in the absence of significant
movement {given by div Nv)}, one has
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dN/dt = qit) —L{t)

Assuming that an attachmentlike process describes L(t) and that in the neig
maximum obscuration q = 0, then a simple differential equation to descr-i'p

concentration is

dN/dt= — SN,

to which the solution is of course
N = Ng e~ At,

Referring to Fig. 7.5, one notes that dN/dt is greatest in the vicinity o -3
phase, owing to the occurrence of 2 minimum in electron production. Using
aN/dt and N in this region, it is possible to determine 4 as a function of heig
Eq. (7.5). Fig. 7.8 is a plot of the electron density distributions obtained ;
phase and at times preceding that time by 4 and 14 minutes. The distribu
tween = 250 and ~500 km with the peak F-region densities naturally occurring pri Co S
maximum phase. A triangular (three-point) smoothing function* was applied-to:points below
300 km and to points above 420 km, where the electron density slopes were:g: Y
Trapezoidal (five-point) smoothing was applied to points in the vicinity of th
imum, since the data were more closely spaced in that region. e

From the distributions given in Fig. 7.8, it is possible to deduce (1/N)dN
the results are plotted in Fig. 7.9. One notes that the present determinatio

sool-
__ 400}
£
=
¥
300}
Bt
B
1 | L ! ] |
[3 7 a8 9 10 _‘ﬁ 12 13 1|4 _115
ELECTRON DENSITY (10" ELECTRON/M?)
Fig. 7.8 - Electron denasity distributions in the temporal neighborhood _ﬁf,ii. -
maximum phase
*Assuming N;, Np, N3, ..., Nr,... to be a set of unsmoothed electron densities, triangul ‘

of the {th value was accomplished as follows: I'\\Ic = 0.25N;_; + 0.5N, + 0.25N,,;. In lik
five~point trapezoidal smoothing followed the prescription &g =0.125Ny; 2+ 0.25N, + 0.25

N
Data-point accuracy of the order of 5% was obtained after smoothing, -
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plotted with the horigontal error bars, are in close agreement with those of Minnis
[1956], which were based on ionosonde data. Also shown are eclipse results obtained
by Savitt [1950] using an ionosonde and a model proposed by Ratcliffe et al. [1956]). Al-
though the Randle CLiff values are about twice as large as those due to Ratcliffe et al.
the e-folding distance is roughly the same, namely, 50 km. Because the Ratcliffe model
was based on nocturnal observations and the Randle Cliff values were obtained during the
day, one would not look for especially good agreement between the two. Furthermore,

a nonvanishing production term in the Randle Cliff analysis will increase the present
values even more when taken into account. Clearly the discrepancy in the Randle CHIf
values and the Raicliffe model is real, and may be due to a temperature dependence of 4,
It might also result from the fact that the constitution of the ionosphere exhibits a diurna}
variability. The movement term div Nv might also play a substantial role in the noctur-~
nal observations, since density changes are generally smaller and less rapid than cor-
responding changes during a solar eclipse.

The Randle Cliff determinations of 8 are thought to be the first obtained at & mid-
latitude Thomson scatter using the solar eclipse method. The Thomson scatter-sotar
eclipse method has been employed over the magnetic equator, however, and somewhat
larger values were obtained (Peterson et al. [1967]). No detailed comparison of the mid-
latitude and equatorial results can be made, since the divergence terms, if important,
would be expected to be quite dissimilar.

CONCLUDING REMARK

The solar eclipse eccurred on a day which was moderately disturbed, = Eg, being 33,
This activity may have induced an additional perturbation taking the form of TID. In
fact, a periodicity of =70 minutes was observed {Fig. 7. 4} to be superimposed upon the
eclipse excursion. Chimonas and Hines [1970} have proposed that the March eclipse
should produce gravity waves, and these might result in observable TID. However,
since the initial wavelike perturbation preceded the eclipse by several hours and siace
the perturbation would be expected to have the form of a bow wave {or waveiets), the
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waves observed at Randle Cliff were probably unrelated to the eclipse excursion Chi~ -
monas and Hines suggest that maximum energy associated with the gravity wa id-.
be centered more or less in California. In this regard, Davis and Da Ros
detected wave motions in the total content measured from Stanford; the wa
about 20 minutes.




EPILOGUE

During the preceding decade the topside ionosphere has been examined by Thomson
scatter radars, satellites, and infrequent rocket probes. BSatelliies yield excellent geo-
graphic coverage but inadequate local coverage. On the other hand, Thomson scatter
radarg, such as the Randle Cliff facility deseribed herein, are able to examine the loecal
ionosphere with great fidelity and are less expensive to operate per unit of information
obtained. Furthermore, Thomson scatter systems are tailer-made for studies of trav-
eling ionospherie disturbances (TID). The Randle Cliff Radar (RCR) is a unique system
by virtue of its combined location and operating frequency. The Faraday rotation tech~
nigue in conjunction with Thomson scatter has been adopted for deducing electron density
profiles over Randie Ciiff. This combination when emploved at a frequency of 140 MHz
is about optimumn over middie Iatitudes and yields values of electron density which are
unaffected by electron and ionic temperatures.

In this regard the RCR is the only midlatitude facility in the world engaged in studies
using Faraday rotation. The only other facility in the world conducting similar Faraday
rotation measurements on a routine bagis ig at Jicamarca, Peru, on the magnelic equa-
tor. However, since the jonospheric characteristics over the equator are far diffecent
from those over midiatitudes, there is litile duplication of effori. The Jicamarca facil-
ity possesses greater antenna gain and presenily has the more sophisticated data pro-
cessing equipment. In addition the capability of the RCR to produce estimates of drift
velocities and ionic temperatures has not been fully developed. Other major Thomson
scatter facilities which de not employ Faraday rotation are Millstone Hill {(Massachu-
setis), SRI (California), Arecibo (Puerto Rico), Malvern {Great Britain}, and the French
bistatic system at 8t. Santin.

In this report the potential of the Faraday rofation {technique when used in eonjunction
with Thomson scatter at midiatitudes has been investigated, Constraints upon the method
were explored and a new aliernative scheme for deducing eleciron densgities has been pre-
sented which involves Faraday dispersion. Although it is not clear how this procedure
may be used in the solution of new problems in aeronomy, it will at least be useful as a
backup procedure when more {raditional methods fall or give questionable resuits. In
addition a comparison of the rotational derivative and Faraday dispersion methods should
vield estimates of statistical error which is encountered in the data analysis, Both
methods may be refined by fitting a quasi-sinusoidal curve fo the data and thereby extract-
ing deviations from the average behavior. Although the computer routines required for
this procedure are rather trivial, the interpretation of the resulis is not so apparent, and
meore work is required in this area,

Fluctuations in the contents [, n dh and f *9y dh were compared by evaluating the
Faraday rotation associated with ATS-5 transmission at 137 MHz as well as the 139~
MHz RCR data. From the comparison, it was evident, not unexpectedly, that irregular-
itieg generzlly reside in the lower ionosphere. The most significant aspect of this type
of experiment is that it represents the first step in comparing stricily ionospherie etec-
tron content with the exospheric eleciron content using the methods of Faraday rotation
and Thomson scatter. Its relevance is secured by the fact that the upper limit of con-
ventional Thomson scatter radars is 800 to 1000 km, excent perhaps st Jicamarca, where
T./T, = 1 at great heights and profiles to almost an earth’s radius have been obtained.
Indications of electrodynamic drift, ionic diffusion, or particle precipitation through the
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boundary defined by the Thomson scatter upper limit may be provided by i
iments of this type. It is remarked that the antenna elevation at which the
was conducted at Randle Cliff was about 38° and as a consequence the sig
ratio was reduced to an unacceptable level about 400 km. A future experinién
volve illumination of the moon at maximum declination to obtain the cislungr e
content at more appropriate elevation angles while simultaneously conductiz
scatter observations. In addition to pelarization fading, the lunar signals
rather rapid librational fluctuations associated with surface roughness, but-th
average out for normal integration times. The only foreseeable troublesome-
this proposal would be the lunar motion; however, since the RCR antenna ig
able, this motion may be compensated for. .

In the chapter on traveling ionospheric distrubances (TID) several poitits.
The TID were found to be a regular feature of the ionosphere, and one conglu
have others, that one source of these wavelike disturbances is energy leakgge
auroral zone, The chapter emphasized that during the period of the presen
tions the magnetic activity was generally low; thus no obvious relationship
amplitude and magnetic index could be ascertained. Certain observable f
theory were elucidated in light of the RCR latitude, and special emphasis was-
on the relationship between fluctuation amplitude (either in terms of rotatiopal
or electron densities directly), wave period, and wavelength. Experimen
support some of these properties was presented. For example, one conclidé
electron-density wave amplitude is an increasing function of wave period an
fluctuation is cut of phase with layer height changes at least for the longer p
turbances. For a particular case a relation between layer height fluctuatio;
amplitude was deduced, and this information was used to estimate the verti
length" associated with the disturbances. The measurements of TID disclose
report represent the first midlatitude effort to detect wave motions in elect
using the Thomson scatter/Faraday rotation technique. Clearly the isopleth
which have been cbserved by this method are directly related to fluctuations
density alone; that is, the values of electron density obtained at Randle Clif;
scured by unknown variations in the ratio of T, to T,. A program to extract
T./T; is being initiated, and it is hoped that it will uncover the suspected i
ship between fluctuations in T./T; and electron density, '

One of the most rewarding aspects of any research is that unexpected or-
behavior is sometimes uncovered. For example, a peculiar noontime deca
was observed over Randle Cliff on December 16, 1969, not unlike the well k
biteout. Although well known, the midday biteout still lacks an unassailable
As mentioned in this report, some theoretical work by Kohl and King as well-as
perimental effort by the French group at St. Santin suggest that neutral winds-n
a role. However, the symmetry of Randle Cliff biteout about local noon and
layer motion, its short duration, and its occurrence in winter imply that othe
nisms should be given equal consideration in the present case. Other candi
electrodynamic drifts arising from horizontal £ fields and atmospheric oseill:
arising from solar thermal action. A long-term experiment designed to study th
nomenon in detail is being considered; it will involve the determination of elect:
sity profiles, drift velocities, and jonic temperatures. S

The solar eclipse of March 7, 1970, provided a unique opportunity to investigate the
ionospheric response at sunspot maximum using the Randle Cliff approach, :
effects observed was a decrease of = 27% in electron content and a time dela
maximum obscuration and minimum density, which increased with height, r
electronic delay controlled by an exponentially decreasing attachmentlike proc
though the vertical diffusion due to distribution collapse was not sufficient to
local enhancement in electron density, the electron density contours and oth
gest that a downdrift was in progress during the eclipse. It was found, however
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this contribution to the subpeak content could be neglected to a good approximation, since
the diminution ahove 330 km was only about 2% of the total ionospheric eleciron content,
Both slab thickness and layer height were found to be evhanced during the period of bite-
out; these enhancements imply that electron loss by attachment is dominant at ieast as
high as the ¥2 maximum. Vaiues of the attachment coeificient § were oblained by solving
the continuily equation at maximum phase under the assumption that the electron produc-
tion and movement ferms are negligible., The height dependence for 5 obtained by this
method is in agreement with values due to some workers but is in disagreement with
values over Jicamarea. It is emphasized that this discrepancy may result from the very
real differences batween the midlatitude and equatorial ionospheres. For example, the
two regions are subject to distinctly different forms of the movement term, and the iomic
constitution may be quite dissimilar owing to seasonal effects and differing solar activ-

ity.




APPENDIX

The formulation for the index of refraction relevant to the earth's ionosphere is
derived in this appendix. The so-called Faraday rotation of a linearly pol adio--
wave will be seen to result from the ionosphere being a magnetoionic medi -
anisotropy introduced by the magnetic field. It will turn out that the index. of-
is essentially double valued with one value corresponding to the ordinary mo
other corresponding to the extraordinary mode. For the simple case in whij
vector is parallel to magnetic field lines, the ordinary and extraordinary mo
sent oppositely rotating circularly polarized radiowaves. The Faraday eifect:
zation rotation) arises because these two modes travel with slightly differen
locities in the ionosphere. =

Before proceeding with the derivation, we assume that the medium is 1o
the electrons do not suffer collisions which would introduce a damping term in
equation of motion, and that the radiowave magnetic field B, is assumed neg
comparison with the earth’s field B, Thus the electronic motion is governe

mi = e [E+ (% x B),

where e is the electronic charge (1. 602 x 107!° coulomb), m is the electronic m

x 10~3! kg), and E is the electric field associated with the electromagnetie.
the static geomagnetic field, x is the electronic position vector, and the dot-no
used to represent time derivatives of various orders, with % being the veloc
being the acceleration. Furthermore, throughout this appendix, mks units-w
to be consistent with other more detailed studies of radiowave propagation.in
sphere. The term e(x x B) is the most important force in magnetoionic the
without it the anisotropy of the ionosphere would not exist. Clearly, both el&
ionic motion is helical with respect to B; however, one is not concerned with the
ions, since in the present context they are completely unimportant in view of thel
gish response to high-frequency radiowaves. o

Additionally it will be assumed for the sake of simplicity that the radio
rected parallel to local magnetic lines of force (the propagation will be sai
tudinal). As a result both the E and the B, fields associated with the electroms
wave will have no components along the direction of propagation, and the two.m;
ionic modes will be perfecily circular. In general, the two modes are elliptic:
the propagation under almost all reasonable conditions may be described as quz
longitudinal. Conditions for quasi-longitudinal propagation are discussed at'the giidiof .
this appendix. Finally, at the termination of the derivation it shall be most cotiveniént.

to employ the high-frequency approximation, which in brief requires that o >>a; and

plasma and gyro frequencies respectively. Matrix representations will be-us
ever possible to exhibit the tensorial character of certain quantities such as
permittivity and the ac conductivity.
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The electric field oscillations and the electronic velocity are taken to have a har-
monic time dependence of the form

E Eq
- eld giat o—ifK <5 , {32}
H %o

where k is the wave vector whose magnitude is simply «/v or wn/c and whose direction
is defined by the radiowave path. Using Eq. {Al)} together with Maxwell's equations, one
is now equipped to deduce the form of n, the index of refraction, through the solution
Eq. {A2). Choosing a coordinate system as indicated by Fig. Al, one may write Eq, (A1)
in component form as

= E, &, o
iwf %q 1= F?.' B+ % 21 0 - {43}
®3 O }'{3 B

-~
4
—_—
gy
—
B8
sarth ‘ Fig. Al - Coordinate System
~
— 23

In the above expression, the E; component has been excluded, since for a wave normal
paraliel to the earth's field ® - &} = B); it may be shown to vanish {gee for example
Budden [1864]). To show that E, vanishes is simple, but it serves no purpose to in-
froduce such a marginally instructive complication in the context of this derivation.
Carrying out the cross product in Eq. (A3), one has

):11 E, + x, B
tew )'{2 = r_?x E, —x( B N {A{}
%y O

Clearly #; = 0, and the other fwo components %; and %, are obtained by solving the Hrat
twae component equations in Egq. {A4)} simultaneougly. One finds that
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2
JWE, (§)+ E, B(%)

J.<1 (@)2 — w?
m
X2 =
2
) - e <]
%, iwE, (a) -, B(3)
2
(=
m
0

Note that a resonance (gyroresonance) exists for « = eB/m. ‘ ¢
cyclotron frequency @, and represents the rate at which electrons spiral about a,gn ic ~
lines of force. In the ionosphere, B is the order of 0.5 gauss (10-* weber/m .
since e/m = 1.759 x 10'! coulombs/kg, the electronic gyrofrequency w,/2m
1.42 MHz. The protonic gyrofrequency is similarly found to be only about
is immaterial at high frequencies and above (i.e., for «/27 above 3 MHz).

Maxwell's second curl equation
VXH=D= eol:]+J,

where ¢, is the permittivity of free space (8. 85 x 10-? farad/m), the dielectr;
being <¢/¢,, and J is the current density. This equation will be helpful in ded
tensor permittivity €jice (Alternatively, one could have written Eq. (A6) as-v
= ¢y E + P where P is the polarization of the medium. This procedure is fo
Davies [1965] in his monograph. ) Furthermore, since 5 = Net, and % is gi
(A5), the job is almost done. First, one can write Eq, (A5) as a product c
three tensor with the vector E:

r‘ -
e e B
. m m 1w
x 2 2 2 2 E
1 wg — wg—a) 1
Xq = ice E2
%5 e? B (e 0 0
m 1w m
0.)2—0)2 cu2 —w2
E B
0 0 A
et -t

where 4 will be determined. The tensor in Eq. (A7) must be proportlonal to-th
matrix as B -+ 0 since in that msta.nce Eq. (A7) obviously reduces to Eq. (A3
x x Bterm. Thus, & = —e/mw? to satisfy this condition, The electron curee
J = Nex is related to the electric field E through a conductivity tensor o ik whi
essentially the bracketed term in Eq. (A7) apart from a factor Ne. Since one
collisions, o;, is especially simple. That is,



87 J. M. GOODMAN

o1 ~iogy © E;
I =Neg = T E = igy, oyy O Ep s tAg})
[ Q oy E,
where
2
Ty T lea € ——-—NE /mSQ = iw € é}:
11 - [¢] = o s
z_ 2 2 _
wy — “wy «
!‘Iez,fme w 2
- ieB c ¢ _ i s “p
12 © 9 7 “e !
it ng — o &% .2
ard
] I\Iez,/mea ) ﬁfpz
o33 = —i€y ———— = —ieg; —

npon introduction of the so-called plasma frequency

@, = lNi/’mEu‘

Thus, from Egs. {(A8) and (A8},

fwegt ogy —doy, @ E,
VX EH= igy, iwegtoyy O E, £A&}
4] O a3 Qa

or for simplicity

Y= H= m;engkEZ iwe,, E,

ik
where
jo.g .
A ¢ _ 12 o
Lo EG we{}
[y .
Kip = méz 1y iwl-l ©
o & (A1}
r.
0 0 3

g ’59
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To illuminate certain features of the tensor ¢;, = ¢ K;,, which may be refe?red
the dielectric permittivity tensor, it will be convenient to return to the notatio

ing w, and o :

2 e w?
1+ “p L 0
G )
1w mf‘ wZ
K, = 2 3 1+ P 0
) m(wg - w) wé — w2
w2
] o 1-2
2

Note that if B + 0, then @, = eB/m » 0, and

lim wp)2 e
B0 ik = & 1 _(T

which in turn goes to ¢, for sufficiently large radio frequencies.

Maxwell's first curl equation

V x E=—i3:—in=-im,u0 H,

where the medium is assumed nonmagnetic (v, being the magnetic permittivity. of fiee .
space and equal to 4~ x 107 henrys/meter). This equation implies that m=" -
Thus Vx u = iwe; E= i/wpy (Vx VxE)and

{curl curl -cuz,u.o Ejk)E =0,

Now v x v x g = 9(V-E) - V2E. Maxwell's divergence equation v . g = »
Vx Vx E= -VZ%E, since the ionosphere is considered to be electrically neut
no net space charge may exist (o = 0). The coordinate system was chosen so.ths -
rivatives of field quantities (such as ) would be zero in the 8, and &; directichs, and. .
from Eq. (A2): g

VXVXE:(_i)zkxkxE:(in_)E
C

where x is parallel to a3 by
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3
nto 0 E,
wi? 2
(o) fono B, |=0
a0 9 E,

{A15)

Since w, /27 & 1.4 MHz, then if » /2~ 2 50 MHz, the term «f - o7 ~ -»% At the
radar frequency employed during this research {138.6 MHz) the difference between o 2 ~ wg
and -»? is about 0.01% of w? . Because «? can be neglected with respect to «? in the

denominators of the components ¢,;, «,,, €,,, and ¢,, , Eq. {415} is equivalent to

AT “\T2 . w\ ooy
oo -G v o\

*i°J2“050€3§)(%)2 (%‘)2“2 - B |3 - (%)2] ° B0 (a8
X . g |1 - () ) \ sy

Since E # ¢ , the determinant of the coefficient matrix must be zero. Expanding this
determinent, one obtains

Solving this, one finds that

o [ (][]

Since the free-space velocity of light ¢ = (u ) 172 , one finds that

i 2 e w2
oo s) T ()6 v




NRL REPORT 7221

where

and

in which n_ refers to the ordinary mode and n, refers to the extraordinary mp
in the ionosphere the electron density is usually less than 3 x 1012 electrons/
F2 maximum, it follows that the corresponding plasma frequency «wp= Ne /me
than about 15. 5 MHz/2+» = f,/2x. At a radar frequency of 138. 6 MHz, « w2/
1.25 x 102, Thus, one may expand Eqs. (A19b) and (A19¢) in Taylor serie
all powers of («; 2/5‘12)[1 t (wg/w)] higher than the first, that is

2
16 [
o 2 \w w

and
2

e 3 ()

The ordinary mode, whose index of refraction is n_, is right-hand circularly polarized,
and the extraordinary mode, whose index is n,, is “1eft~hand circularly polariz o
suming that the wave vector k is parallel to B. Note that the phase velocity ¥
associated with the ordinary mode is closer to the free-space value than is thezes
ordinary mode phase velocity v, = c/n,.

Using standard ionospheric terminology, that is,
@ \2 @

(2) =% (39)=x,
) al

one has that

and

_ 1
n,=1l-zX(1+Y),

It is clear that if B were to vanish, both indices of refraction would be ide:
n = 0, = n, would describe the refractive index for an isotropic plasma. If N-wer
proach zero, then regardless of B one sees that n = n, = n, would approach the:fg
value of uruty The general Appleton-Hartree formula, for which B makes anl di
with the wave normal and for which a lossy medium is assumed (Appleton [1927]
tree [1931]), is given by

g
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X

Vi Y7 w2
— 37 — 2
PR TR D ¢ [4(1_;:-;2}21%4 (AZ2}

where
F53 2
X= (J) ‘
[£33
e
z=(2)
“a
‘r‘L =(?) cos &,
and

(33
Yo :(T‘g) sinf .

For ¢= 0 and Z = § {no collisions) this expression reduces to Eq. (A21} in the high-
frequency approximation. When ¢ = 90°, one has iransverse propagation and when ¢ = 0°
one has longitudinal propagation. The most useful relations for Faraday rotation studies
arise upon consideration of the so-called quasi-longitudinal (QL ) mode of propagation.
The criterion for QL propagation is obtained on examination of Eg. {(A2Z) for z = { and
may be written as

Y/ - <<y (A23)
and

(mg/'w)q sin? @
4 [1 — (mp/w)2]2

<< (e, /w)? cos? G,

8 {A24}

Inserting f, = 10MHz, ¢ = IMHz, and f = 100 MHz into Eg. (A24) and carrying out the
arithmetic, one finds thagt QL propagation prevails over approximately all 4. The con-
straint defined by Eq. {A24) breaks down when the wave normal {propagation path} and
the magnetic field vector are within 2° of being orthogonal. Under QL propagation con-
ditions the two characteristic modes become approximately circularly polarized; since
n, and n_ are both less than unity, it follows that the associated phase velocities are
greater than the free-space velocily of light, but the extraordinary wave has a stightiy
greater phase velocity than does the ordinary wave. Faraday rotation resuits from the
"addition" of the ordinary and extraordinary modes, Since v, > v, the extraordinary
wave appears to have rotated legs rapidly than the ordinary wave afier having traversed
a given distance S. Thus, upon combination of the two modes {each assumed to have
the same ampliiucde}, one finds that the net rotation of the resultant linearly polarized
radio wave i8 in the clockwise sense, One gays that the medium ig levorotatory when-
ever g and the ray path vector I' have a nonvanishing positive dot product. I, however,
B - [ < 0, one says that the medium is dextrorofatory, and the Faraday rotation iz
coanterclockwise,
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After traversing a distance ds in a magnetoionic medium, the magnitudqé 0
angles formed by the electric vectors of the two characteristic waves are give.

dqbiz (cu/2c)ni ds, 1 =0, x,

where ¢, refers to the ordinary wave and is measured in the clockwise sense,
refers to the extraordinary wave and is measured in the counterclockwise sense
radio frequencies in excess of 100 MHz the angle between the direction of phase
gation (wave normal) and the direction of energy propagation (ray direction) is ly -
small. As a consequence the distinction between the directions of phase and-energy pro~
pagation may be neglected. In addition the ordinary and extraordinary waves-]
pected to propagate over identical paths. If an equal amplitude is assumed for
waves, the resultant electric vector will rotate by an amount d¢, over the distance. sy
given hy o

dp = depo/2 — deb /2 = (w,/2¢) (wp/w)2 cosd ds.

In mks units the differential (Faraday) rotation is given by

dé = 2,97 x 1072 =2 NH cos? ds,

Upon integration of Eq. (A27) over a distance s, one may obtain the total ‘T
rotation angle

S 5
0= f dg = 2.97 x 10~2 f_"’f HN cosd ds
1] [1]

where H 6, and N are known functions of distance along the path of propagation,..
by 1. (For a superionospheric satellite radiating linearly polarized radio Wave ‘
earth, one sometimes uses « as the upper limit of Eq. (A28).) Surely, [ H cs8'N.ds %
for the case of quasi-longitudinal propagation. However, Millman [1966] hag shi
a nonvanishing amount of rotation may exist in the transverse region. This rotatio
amounts to about 1% of the maximum longitudinal rotation. To relate (0 to a vertical:
electron density distribution, one uses the relation o

ds = dh sec X,

where X is the local zenith angle and dh is the differential altitude. Substituting ds-sec- x
for ds in Eq. (A28), one obtains SR ot

h
Q= 2.97 x 10-2 f-2f HN cos& sec Xdh,
[+]

where h is the altitude corresponding to the upper limit in Eq. (A28).

This substitution enables one to discuss vertical electron density functions-
obvious convenience for comparing results obtained over a variety of values-of % =
must be remembered, however, that any vertical density function N(h, [) is alse-a-func.
tion of the radio path I. In the limit of spherical stratification, N¢h) is inde -
. If one denotes Hcos 5 sec xby ¥, Eq. (A30) becomes e
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h
=297 x 1072 f—ﬁf N¥ dh, {A31)

[

Along each path of wave propagation [, ¥ is a continuous function of the measured dis-
tance s on [ consequentiy, from Eq, {A29), ¥ is a continuous function of altitude h.
Since N(h) is everywhere positive and ¥ is continuous, one may apply the theorem of the
mean fo Eq. {A31), provided N{h) is also cantinuous, and obtain

—_ h
=297 x 1002 -2 'P[ N dh, {A32}
i)
where
h
_{ PN dh
¥z —

n
f N dh

&

and is called the magnetic field parameter. Eq. {A32} expresses the Faraday rotation
as proportional to the product of ¥ and the eleciron content and inversely proportional
to the square of the radio frequency. This implies that [ N dh is readily obtainable,
provided  may be measured unambiguously.

Furthermore, in radar studies one is concerned with the two-way path. Thus, a
given electron content or population [ N dh yields twice as much rotation as sugpested
by Eq. {A32) for the one-way path. Hence,

h
0-595%x 102 2§ f N dh {A33)

7]

for two-way radar propagation. (Clearly, the rotation incurred following the reflection
does not cancel the prereflection rotation, since, although the medium changes from
levorotatory o dextrorotatory, the direction of ' is correspondingly reversed, )
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