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Introduction

Shortly after the launching of the first man-made
satelllites, W.E.Gordon (1958) suggested that some of the
measurements: that were performed in situ by satellites
could. be made by means of ground based radar technigues.
Two very large radar observatories, one in Jicamarca, Lima,
Feru, and the other in Arecibo, F.R., were built for this
purpose. Soon after, French scientists built a bistatic
radar {for the same purpose. followed then by a few other
installations. FRecently, Germany, United kKingdom. France,
Norway, Sweden and Finland have built EI1SCAT. El
multinational Incoherent Scatter facility in the
Scandinavian Artic. The technique has proved toc be much
more powerfull tham originally envisioned. We could sav
that ou- modern understanding of the ionosohere 1= 1n great
part due to the observations made with trese lnstruments

The techniague is known 1n the literature as Incoherenc

Scatter or Thomoson Scatter when applied to 1ohospheric
plasmas in thermodynamic equilibrium. Eut. the same
instruments have been &also succesfully used when the
plasmas are not in thermal eqguilibrium, 1.e. when the
electron density fluctuations responsible for the
scattering show some coherence. Hence., we shall use here
the term Ionospheric Scatter tecnniqgue whenever we want tc
strese ite more general application.

The tecnnique 15 not limited to the studv of the
ioncEphere. The techniaue i1c based on the theory o+ plecsme

+luctusaTtion dynamics and as such can be considered as an
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experimental tool for the study of Plasma FPhysics in
general. In this regérd, it has made important
contributions in validating the goodness of Plasma Kinetic
Theory mathematical models.

OQur intention in this paper is to give an introduction
of the theory and practice of the Ionospheric Scatter
Technigue, with emphasis on the contributions it has, and
it can make, in the more general field of Flasma Fhysics
and in Fluctuation Theory in particular. The paper 1is
addressed to the plasma physicist who 1= having his first
contact with this technigue.

The theoretical base of the technique invaolves - as

most problems of concern to Flasma Fhysics — cumbersome
mathematics. ke shall try to give sufficient heuristical

insight intoc the theory and at the same time briefly
present the solid theoretical and mathematical foundationg

orn which is based.

Brief Description of the Radar Incoherent Scatter
Technique

The Incoherent Scatter Technigue or.in more oceneral
terme. the loncospheric Radar Scatter Technigue is besed on
the analvysis of the statistical properties of radar returns
from the ioncsphere. Typically, with this techniaue. the
ionosphere is illuminated by & radio electromagnetic pulse
with frequency between S0 to 1000 MHz. The ionospnere is
Transparent to these waves and most o4 the radio enargy
goes  throuah, but for a very small fraction which 1¢
scattered in all directions by the {free electrons. A small
fraction of thie scaetter energy 1is collected by the
receiving  antenna. The contributions from different
volumes at different ranges are discriminated by their
corresponding time delay between the time of pulse
transmiz==sion to the time of reception. Usually. the same

antenne used faor transmission 1E used for recsptian in @
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radar fashion. Many ranges are observed simultaneously in

parallel.

Relationship between the Statistical Properties of the
Signal Received and the Dynamics of the Medium.
Heuristic Description

The signals received in an ionospheric scatter radar
experiment result from the linear superposition of the
contributions from each scattering electran within the
scattering volume defined by the beam pattern and the pulse
length. Each contribution has & phase which depends on the
radial position of the electron and a phase rate which
depends on the radial velocity of it. Since the positions
and velocities of the electrons define a random process in
space and time, 1t is expected that the superposition of
their contributions, 1.e. the received signal, be also a
random process in time.

Intuition would tell us that the power of the signal
received should be proportional to the number of electrons
and that the freguency spectrum of the siagnal recelveo
should be spread around the transmitter frequency with =
spectral width determined by the Doppler shi+ft
corresponding to the thermal velocity of the electraons.
Thie would 1indeed be the case if the pesition ot the
electronsz woulc be independent from each other. when &t
distances smalier than the radar wavelength. But, thie
do=2e not occur in the real world: not with the densit:es
sncountered in 1onsopheric plasmas and the wavelenoth of
the radars used. When the interpartical dependance
(Coulomb 1nteraction) is taken into account, 1t results
that the power received 1c close to one half the electron
gensity (if the plasma 1 1nm thermodyrnamic equilibrium) anc
the cspectrum has a width which correspond toc the thermal
velocity of the ions and not of the electrons,

The theory which predicte the enact spectral shapes of

tne radar returnse in terme of the thermodyvrhamic oropertie
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of the medium -when i1n thermodynamic equilaibrium - 1is
referred to as the Incoherent Scatter Theory. This theory
is based on very solid agrounds and has been +ully tecsted
experimentally, as we will have a chance to see later.
Although length constrains for the present paper will not
allow us to go into it fully, we shall later present the
startino point and the general conclusions. The reader 1s
referred to the work by Dougherty and Farley (1350, 196
Farley (12&4, 19&&), Fejer (19250, 19461), Hagfors (1561),
Re=enbluth  and Rostoker (1962), Salpeter (1960, 1%63) and
Woodman (1957) for details.But first, let us try toc ewplain
heuwristically and gualitatively the conclusion a&about the
roll of the ions stated earlier .

Let us first consider a plea=ma model with no 10ns. In
order to take care of the cecllective charge of tre
electrons, let wus replace the ions by & continuous anc
rigid fluid of constant positive charge with a charoe
gensity egual to the average of the electron density. in
order that the plasma be neutral in the average. As far acs
the electron gas is concerned. we will consider & resalistic
electron plasma model. Because of Coulomt
electron—electron repulsion, we expect that the prosability
to find another electron in the vecinitv of anv of them
should be low and directly related to their distance. in
terms of electron densities, we would eixpect that. it we
label & particular electron, the averaage densitv of tne
others will show & hole around tne labeled electron. This
iz the classical Debye problem, which when solved give us a
cusped shape for the electron hole with a characteristic
length (Debye length) given by H=KT/4¢hm with typical
lonospheric values of the order of ten centimeters.

The i1ntegrated charge of the electron hole is equal to
the charge of +the electron in the center, effectively
shielding its electric field and confining it to a few
Debve 1lenaths. If we illuminate  this plasma with an

electromagnetic wave, with a wavelength larger than the
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Debye 1length, the labeled electron would oscillate and
exite a scattered wave. But so would the hole arcund the
electron, with an intensity equal to that of the electron.
The scatter field of the hole of electrons would scatter
but with opossite phase. FBoth scattered waves will cancel
each other with the net result that our hypothetical model
would not scatter at all.

This is not what one observes in a resal experiment.
To oabtain any scattering we need to include the nature of
the ions.

If we let the ions come into the picture, we have =2
realistic situation. As before, we can label a particular
ion and find that the electrons would cloud around it,' and
that the other ions would make a similarlv shaped hole.
The cloud of electrons and the hole of 1ons around the
labeied ion produce similar shielding as before, with the
difference that half of the shielding is dus to the ion
hole and half to the electrons, as eunpected from an
eguipartition of energy point of view. I+ now, we
illuminate the plasma with an electromagnetic wave, the
ione, because of their much larger mass, would produce
nealigable scattering., but the electron hole with hal+

charge, would produce scattering egual to the negative _of

what it would be produced by half a2 single electron. This
explainse the factor of one half stated before.
Furthermore, as the ion moves, the electron cloud will

follow it adiabatically and will scatter at a freguency
equal to the transmitter freaquency plus a Doppler shift
determined by the proper projection of the velocity of the
ions. Hence, eventhcough it is the electrons who are
responsible for the scattering, the intensity and the
dynamics of the scattered field is determined by the
dynamics o©of +the ions and not by the electrons. This
includes the width of the frequency spectrum of the signal
which, as we concluded earlyer, is determined by the

thermal velocity of the ions,
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It is clear, then, that for a given compositian, the
width of the spectrum would be a measure of the ion
temperatwe. In fact, since the expected 1on composition
in the inosphere is confined to three major constituents,
namely O+, He+ and H+ (alsoc NO+ and 02+ at lower
Aaltitudes) it is possible, by euxcluding unrealistic
temperatures, to detsrmined the ionic composition as well.

Figure 1 show a theoretical calculated spectrum, Flwl),
far the cesze of 0+, no magnetic field and no collisionrs.
bz =hall say more about the matnematical theory later on.
The control of the ions over the spectral width 1s evident
for the casze where the radar wavelength is larger than
Debye leroth we have discussed. FEut note that when when
the probing wavelenath of the radar ics smaller trnan the
wavelenoth. the spectrum has a width comparable tao the
thermal velocity of the electrons. In this case only the
labeled electron contributes to the scattering. The
electron hole is large enouah to make cancelling positive
and negative contributions because of oppesite pnases of
the illuminmating as well as scattered-wave. The spectral
line at the plasma fregquency 1s a consequence of the
tendency of the plasma toc oscillate at this freguency. i
i= exited by the motions of the very fast electrons at the
tail of the Mauwellian distribution. The total power under
this 1line 1is & small fraction of the power under the
ion-controlled part of the spectrum.

it should be clear by now the potential of the
Incoherent Scatter Technigue in the studv of Ionospheric
plasmas. We have menticned already five properties of the
medium which can be measured by the technigue namely:
density., temperature. 0+, He+ and H+ composition. We can
easily add to the list the three components of the plasma
bulk velocity by simple Doppler shift arguments. Two
components, those perpendicular to the magnetic field. are
a measure of the Electric Field, since for the small

collission freguencies present in the lonosphere., the 1ons
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and electrons gyrate along the magnetic field and they
all drift perpeﬁdicular to the magnetic field " with a
velocity given by ng/B:.

Theoretical approach
The starting point in a theaoretical approach is, as in
the case of above heuristic description, the’ linear
superposition of the contributions of each electron. Let
sft)=s(x; (t),v; (t)) be the contribution of single electron
position at x;. Then, the signal at the receiver end of an

Ionospheric Scatter radar is given by
S(t)=E5L(t) (1)
It i=s possible to express the right hand side in terms
of & spatial microscopic integrals and instantaneous
density of electrons, n,(xz.t). This density is & randonm
process imn space and time and hence, Si{t) 1s & random
process  in  time. It is fully charactherized by its
correlation function.C(T).defined as:

»
C(T)=<S(t)S(t+T) > (2)

Replacing the integral eguivalent of (1) into (2), one

obtains an exprecssion of the form:
4 a2 1 s - ., r -
C(t)=deﬁQrdtdtyit;t,E)X(t+t:t*t.E+:)R(r.t) s (30

where R(r.T) is the space-time autocorrelation function of

the electron density defined as:
Rir.Tr=in.(x.ting {n+r b+ > (€N
and X(t:t251 ie & deterministic function which describes

the <=ignal received.sft). in the cZase an electron appeares

instantanecusly in 27 at t7.
A
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The important fact about equation (3) is that C(T) is a
functional of R(S,ﬁ )s which defines the medium, and
xxt;tax}, a KkKernell which defines the instrument. Under
certain conditions, or justifiable approximations, one can

write

-

C(D)= KR(2K,T) ()

where ﬁ(Zk,Z) is the spatial Fourier transform, k 1is the
wave number of the incident illuminating radiowave and K is
a constant of proportionallity.Notice that only the
fluctuations with wave-number 2k contribute to the radar
signals. Fourier components with different wave—number do
not contribute because of self interference, i.e. for
every region in space which contributes to the echoe with &
given phase, there 1is another which contributes with
opposite phase.

Equation (5) can be written instead i1n terms of 1ts
temporal Fourier transform, F(w),i.e. the more familiar
frequency power spectrum of the signal and the wave-number-
freguency spectrum,ﬁ(Zk.w) 3 of the electron density

fluctuations of the medium under observation., namely:
Flw)= KR(ZK,w) (o

Equation (5) .or more generally, (3),is the basis of the
lonospheric Radar Scattering Technigue. Ecssentially. thev
both tell us that it is possible to ainfer from the
statistical properties of the radar =ignal received.
information about the statistical properties of the medium.
The power of the technique can be appreciated if one
recalls that a fluctuating medium 1s fully characterized bov
ite space—time (or wave—-number and freguency)
autocorrelation function (or spectrum) ,which we are
effectivelly meassuring remotely from the ground

In the case of thermodyrnamic equilibrium. 1t 1%
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possible to obtain theoretical expressions of ﬁ(2k,f), or
of its Fourier. transform, ﬁ(fk,w), in terms of the
thermodynamical paéaéeters that define the medium, as we
shall see in more detail later on. These parameters can
then be obtained by comparing the experimental versus the
theoretically determined values of C(T).

We have already discussed hewistically and
gualitatively the effects of temperature composition and
bulk or drift velocity on Fiw). We can add other
parameters 1like collision frequency, electron over ion
temperature ratio, direction and magnitude of the magnetic
field.All of these parameters can be measured as a function
of time and altitude, which makes possible in turn the
measurement of the macroscopic properties of the medium and
its dynamics. Figures 2 to & show profiles and contour
plots of some of these parameters to illustrate this
potential. (see Evans. 1759, and Walker., 1979 for further
examples).

When the medium 1s not in thermodynamic equilibrium and
specially when it 1is in an unstable state, it is not
possible to obtain analytical - or even numerical -
expressions for ﬁ(Zk,t). Mevertheless, expessions (3) to
(3) are still valid and one can obtain still usefull
information from the experimentally determined C(7T) cr
F(w). This information is usually limited to the physical
interpretation of the first three moments of Fiw).

The zeroeth moment, 1i.e. the area under Fiw). or
equivalently, the value of C(T) at t = 0, C(0), is a direct

z
measure of <A,y , the electron density fluctution variance

at wave number 2k, In the case of & turbulent plasma. far
instance. it i1s a direct measuwre of the turbulence
intensity. Figure 4. 1llustrates the potential of the

technigue for the study of the morphology aof F-region
ignospheric 1rregularities. This picture gave an impartant
clue (Woodman and La Hoz . 1976) about the phvsical

mechanlisme recponcsible for F-region eguatorial
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irregularities, a phenomena that had been studied close to
S0 vyears and for which there was no valid physical
explanation.

The first moment is a measure of the mean Doppler shift

of the echoes and directly related with the radial velocity

of the medium. It has been used to measure winds at
mesospheric heights (Fig. 7) and electric +fields and
turbulence behaviour at the E and F region af the

ioncsphere {(see kKelley and Fejer, 1980, for a review).

The second moment is a measure of the frequency spread
of the <spectrum and can be interpreted either as the
lifetime o0f a wave with 2k wave—-number or as the variance

of turbulent velocities in a turbulent medium.

Ionospheric Scatter Radars as an Experimental Tool for
Plasma Physcis.

We have discussed the potential of Incoherent Scatter
or lonospheric Scatter Radars for the study of the state of
the ionosphere and the phvsical processes which take place
in it . The potential of these instruments is not limitec
to this applicationi they can maike important contributions
in the understanding of the dynamics of waves anc
turbulence in plasmas in general.

We can think of the 1onosphere as & natural plasma
laboratory without any problems of confinement. It as
unbounded and, hence, mathematical modelling is simpler.
It is wsually in thermodynamic equilibrium. which alsc
simplifies modelling. ionospheric plasmas can also present
instabilities, either because of the existance of large
enough density gradients or because counter—streaming of
ions and electrons. Some of these instabilities can be
scaled to esimilar conditions in laboratory plasmas, and
what is learned about plasmas in the ionosphere can be
applied to the laboratory.

We have just seen above that radar techniques permit a

direct study of plasma fluctuations. As mentioned before.
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the fluctuation field is completely determined by the
space—time autocaorrelation function of the fluctuating
parameter, Radar technics permit the direct experimental
evaluation of the spatial Fourier transform aof the electron
density correlation functinn,ﬁf?k,f * ) evaluated at a
particular wave number 2k, Other fluctuating quantities
like electric field fluctuations, can be related to it.
Radar measursments are statistisal in nature related to
statistical properties of the electron density random
field. But they can also be interpreted in terms of the
deterministic behaviour of deterministically exited wave in
the same plasma. It can be shown (Weinstock 1984, Woodmar

1967) that the temporal behaviow of ﬁ(ﬁk.t) as a function

of T . is exactly the =ame as the temporal behaviour —-as a
function of t- of an electron density wave n{{(2k,t)
responding to & particular initial perturbation. This

should not be surprising since the dyrnamics of a thermalls
and randomly exited wave should not be different than the
dyrnamics of & deterministic externally exited one, providecd
it 1s 1n the linear regime.

One of the principal objectives of the kinetic theory
of plasmas is to give us the laws of behaviour of the
fFlhrov t), or 1ts corresponding density nix. t). Radars
permit an experimental determination of the time behaviour
of one of the Fourier companents , fi2k,t). of nfx.t), to
be compared with theoretically determined values of the
same (see -below). The wavelenghth depencance, although
fixed for & particular radar, can also be checked by
scaling the results from different characteristics lenghts
of the ionospheric plasma, for instance Debve lengths, mean
free path. gyro radius, etc. Ionospheric radar experiments
give perhaps the best experimental confirmation of the

goodness of plasma kinetic theory models.
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Theory of fluctuation dynamics
Woodman (1957) has shown that R(:.t) can be exprescsed

as the product of two densities, namely!

o ?
Rir,t)= n,n, (r,t) (7)
*
where n, i1s the actual electron density of the medium and
netr,ty 1i1s the electron density of the <=ame medium but
disturbed at time t=o0 and r=0 by the presence of an
"average electron'". Maore precicsely, n;(i, b o} is the

solution of an initial value problem suchk that
- Y 3
ni(ﬁ’t’= ne + dxfe(y,v,t] (8)

where fg (3.v.t) 1= given by the solution of the linearized

set of integro-differential equations:

()
with initial conditions:
: 2= ’
f/u,t:_:.g.t)‘ = Oue00) = nudluenp (al/h) /T (10)
Ez=zo
There is one equation of the form (9) and (10) for

every A, where/u_stands for the electrnns.e.and‘each one of
the different ion species. S%#,is the gyrofreqguency. JﬂL an
effective Fokker Plank collision freguency, I.J_/A is the
thermal vechity,\qg the plasma freguency and Z . the charge
number corresponding to the different ions (=-1 for the
electrons). The function ng) i1 a Maxwellian
distribution.&ug is egqual to zero exept for the electron

specie
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Equations (9) are a set of extended Vlasov eqguations,
where the effect of collisions and magnetic field is
included. Collisions are modelled in  terms of a
Fokker-Plank collision model.The different equations
coresponding to the different species are coupled through
the self concicstent electric field represented on the right
hand side of the eguations.

Despite the formidable appearance of eguations () and
{10),they can-be solved analytically. The eguations have
bzen solved by Woodman (19867) including numerical
evaluations and discussions of the functions T o2k, T,
(hence of C(T)) for typical wvalues of the ionosphere and
for the wavelenagth of {he Incoherent . Scatter radar &t
Jicamarca, Lima. Feru (2k = 0,021 cm—-1). The solution 1sg
found in terms of the space—-time Faurier Laplace

trans{orm,ﬁe(g.:J.oF ntif,t) «which is given by:

- 1 () Z_ 710§, 2)
Ao(f.z)= I, 8.0~ — Se —— = (11
Me(d: < i 4 fl S it
T &n -

and Iq(é.g) and S (i ) are in turn the Laplace transforms

of (£ t) and § 7 .t) given by:

? T
L _ ‘ €MU -
I(f,t)— H(Erexp( - —Dr—(ﬂt—l*e“p(—kk)) -
u
- ;*—\CGS&H+ Yitcos Qt-261)) (12
J/+_Q
z
(E,t u
%(g.t)= —1—5—l<-52—~~c51nu +exp (-Vt)sin §1t-6))
= HED A&
T 2
inu =
+—ij(1 —exp (—=¥/t))) 13)
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where 1,5,/,2.6 stand for au.gu.gﬂ.%;.eg_for each of the
ion species and the electrons. Here 9 =arctn (‘%ﬁ).

Since CH(7) decends on the spatial Fourisr transform
®izk, ) of Rir,7),we need only to perform the Laplace
inverse of T {£.,2)} and evaluate it for the particular wave
vector 2kt i; not our intention to overwhelm the reader
with the :umbérsome formulas shown in (11) to (13). Our
intention 1s to show the solid grounds on which the theory
is based,and that analytical expressions for the
theoretical shape of the density correlation function
exist, with no approximations other than the ones that go
into modelling the ion—ion and electron—-ion collisions, and
the linearization of the kinetic eqguations., highly
justified for the small thermalk€luctuatians.

Numerical ewvaluations of the theoretical shapes of the
autocorrelation function, C (Z). have been performed using
zbove formulas. Figures 8 to 10 show saome of these
computetions, where some of the parameters have been varied
tc discuss their effect.

Despite the compliexity of these functions. we can
discuse tneir shape in physical terms. Let us start with
curve A in Figure B which corresponds to pure 0+ and a wave
vector parallel to the direction of the magnetic field.
Under these conditions, tte dynamics of a fluctuation wave
ie not affected by the magnetic field and has a shape
identical to the case where there is none.This curve
corresponds to the transform of F{w) shown in Figure 1 for
a = 0.0024,

Based on eguations (7) and (8) .We can interpret. Ci(t),
as the time history of a wave,ﬁ}(Zk,t),with wave—number 2}
= 0.0021 cm—1 whose initial conditions are those
corresponding to eqguations (10). It corresponds tc  an
electron wave which follow adiabatically an ion wave. with
almost the same amplitude. Both form a qgquasi-neutral
perturbation.Because of the free streaming of the ions., in

a time comparable to the time it takes an average 1ion to
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travel half a wavelength, the initial ion wave is almost
dicsipated. The actual dissipation of the wave at this
time(~ lmeec), as shown in figure 8, is not complete: the
reason being, that the neutralization of the Coulomb forces
is not erxact. The faster thermal motion of the electrons,
try to impose a faster diffusion than the ions would allow,
producing & polarization field. This +ield prodduces a
secondary disturbance in the backaground plasma, such that,
when the initial wave has been dissipated. a negative
amplitude wave has been created as a result of the
repulsion produced by the residual pesitive charge in  the
original perturtation. This secondary wave diffusss 1in
turn, producing this time a positive terciary wave. The
resultant sequence is the slight oscillation depicted in
figure 8. The decay of the wave is exponential, and after
a +ew characteristic times the wave amplitude nas been
reduced to practically zero.

Figure 8 illustrates the mature of damoing 1in plasma
WaVEES. If we consider tne case of a wave vector slightlv
off perpendicular, let us say curve E, we see practically
the same time history as before., but 1f we wait long
enough, after a time corresponding to a gyro-period (4C
times longer than the diffusion characteristic time) the
amplitude o©of the wave practically resurrects to a wvalue
comparable td the initial one. The damping of the wave can
be identified with ion Landau damping, and the
"resurrection” 1= evidence that this type of damping daoes
not increase the entropy of the wave. The aorder af the
plasma 1is still there. despite the disappearance of the
initial perturbation. The ions stream away from their
original position. destroying the original perturbation.
but come back to the same field line after a gyro period.

Not shown on Figure 8 are some small high frequency
oscillations corresponding to the plasma frequency. These
oscillations are predicted by theory, (see freguency spectra

on Fig. 1) their amplitude is =emall as compared tao the
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fluctuations produced by the discrete nature of the ions.
Theory (Perkins et al, 1965) predicts they should be
enhanced whenever there is a population of electrons with
velocities which match the phase velocity of the plasma
wave under opbservation (v= We/2k). This velocity range is
almost empty in purely thermal distributions, but are
enhanced wunder the presence of photoelectrons. This
enhancement has been observed experimentally and has been
used to inferred information about the electron dencsity
(defines w,) and the physics of photoelectron production in
the ionosphere.

Figure 11 shows experimental measurements of the
"resurrection” of plasma fluctuations in the ionosphere
under the presence of the magnetic field.We could have also
=now thousand of experimental curves showing agreement with
the theaoretical shapes for T°s close to the origen. Trney
constitute the basis for the success of Incoherent Scatter
Theory 1n determining the different parameters that define
the state of the ionosphere.

It is this type of agreement which gives us great
confidence i1in the validity of the Incoherent Scatter theory
and technique, and in the validity of Flasma Finetic Theory
including the theory on the dynamics of fluctuations.

The beauty of the incohent scatter technigue 15 that
despite the complex dependance of C(T) on all of the
parameters that define the medium, the large number of
degrees of freedom and the complexity which this function
has with respect to time., the experimentally determined
values agree with the theoretical predictions. within the

e:xpected statistical errors aof the measurement.
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structure. (R.M. Harper, personal communication).
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Notice that the temperature of the electron. 1on  and
neutral gas is not the same. Temperature of the neutrals
nas been 1nferred theoreticalliy. (Harper, personal
communication).

(LI
B
> 000 -
o
B
z L
[
0
1t e el e
Lonceniranor (gr3)
Fig. 4. Ilonic compositior and total electron content
measurec at Arecitcoc. (Hager and Hsu, 1974..

166



(Km)

HEIGHT

' ] ] i ] i H : !
JICAMARCA, PERU 6.0
+800 |- ELECTRON CONCENTRATION (cm?)
MARCH B, 1970 N
.55
600 |- / h 4
Sibift
/
- r 60 -
400 |- -
L. Hmax
LS n
6.0 £
= i,
200 —5,5_%\:_{ S § _
= = o
Silifc e
N +80:
f +40 =
"""""""" Al ff +20+
0 E, ,/V/J < 0~
L ' : ' !]__ ! ' ' I | | -20*‘ |
06 09 12 15 18 21

TIME (75°W) —

Fig. B3Sa. Electron density caontours as a function of time
and altitude and wvertical drift wvelocities measured at
Jicamarca during one of the largest magnetic storms of the
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collision are included. (Woodman 1967, Farley 1%67).

174



