
would write examinations that empha- 
size interpreting data, applying tests to 
hypotheses, and drawing valid con- 
clusions instead of merely memorizing 
and regurgitating facts. On the other 
hand, in many universities the upper 
positions are still filled by men to whom 
biology means classification rather than 
experimentation, morphology rather 
than biochemistry, organ physiology 
rather than cell biology. We cannot 
afford to discard taxonomy, morphol- 
ogy, or gross physiology-they are 
important parts of biology and will 
remain so. But they do not comprise 
all of biology-they are only a dimin- 

ishing proportion of it. In Japan, as 
in the United States, the examination 
system must become more flexible. It 
must change with the development of 
science itself, must encourage scientific 
attitudes and cease defeating the intro- 
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duction of new disciplines, new out- 
looks, new subject matter. The uni- 
versities and the examining boards in 
some educational systems indeed ex- 
hibit a rigor mortis. 

On balance, the science education 
centers in Japan may well represent the 
most significant educational experiment 
of our time. Their vitality, which 
springs from their local relationship to 
the prefectural schools and their per- 
manent staffs, far exceeds in my own 
estimation that of most of the summer 
science institutes held in the United 
States, which lack that close relation 
to the local schools and which by their 
impermanency countenance ill-planned 
and ill-taught programs that are often 
little different from the usual summer 
school sessions. The best summer insti- 
tutes in the United States are indeed very 
good, but far too few of them reach a 
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passable standard. That is because, for 
the most part, their staffs are recruited 
quickly, teach their favorite subjects 
without much consideration of their 
appropriateness or suitability for im- 
proving science education in the lower 
schools, and depart without much con- 
tact with other members of the staff. 
What is needed is serious, continuous, 
prolonged, hard work devoted to the 
development of the right sorts of 
courses for renewing the training of 
science teachers. The Japanese seem 
to be achieving just that. We would do 
well, with our vast resources for the 
improvement of education, to emulate 
them. As they have profited by em- 
ploying and improving upon our NSF- 
supported programs in science educa- 
tion, we may likewise profit through 
the establishment of science education 
centers modeled on theirs. 
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Above an altitude of 300 kilometers, 
the density of the earth's atmosphere 
(less than 10-10 that at sea level) cor- 
responds to a good laboratory vacuum. 
Nonetheless, the region still exhibits 
important physical properties, particu- 
larly for the propagation of radio waves. 

Solar ultraviolet radiation and particle 
bombardment ionize the constituents of 
the upper atmosphere and produce the 
ionosphere (1). Extending upward from 
around 70 kilometers, the ionosphere is 
usually described in terms of the den- 
sity of free electrons (Fig. 1). The 
electron density increases in a series of 
regular layers (D, E or Es, FL, and F2) 
up to a peak in the vicinity of 300 
kilometers. Above the peak, in the 
topside of the ionosphere, the electron 
density continuously decreases to very 
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great heights. The fraction of the par- 
ticles which are ionized is minute at 
the base of the ionosphere, but increases 
with height and reaches the order of 
10 percent at 1000 kilometers. 

Because it is ionized, the ionosphere 
exhibits the properties of a plasma and 
profoundly affects the propagation of 
radio waves (2). At times it can reflect 
b,ack to the earth frequencies as high 
as 60 Mcy/sec, thus making possible 
shortwave radio communications over 
long distances. This practical applica- 
tion enhances the importance of under- 
standing the ionosphere. 

The neutral atmosphere, held to the 
earth by gravity, tends toward an equi- 
librium distribution in which the den- 
sity decreases exponentially with height. 
The scale of the variation (that is, the 
change in height for an e-fold change 
in density) is called the scale-height. It 
is proportional to the absolute tempera- 
ture divided by the mean molecular 
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mass. At the earth's surface the scale- 
height is about 8 kilometers. Above the 
peak of the ionosphere, where the mean 
molecular mass is less and the tempera- 
ture greater, the scale-height may be 
tens or hundreds of kilometers. 

Except for two factors, similar con- 
siderations apply to the ionized com- 
ponents of the topside ionosphere. First, 
the ions and electrons are bound to- 
gether by strong electrical forces which 
prevent their gravitational separation. 
The two act as a composite gas with a 
scale-height about twice that of the 
ions alone. Second, the equilibrium sit- 
uation pictured above is not always en- 
countered. Dynamic processes (such 
as the production of ion-electron pairs 
competing with the loss by recombina- 
tion or the diffusion of the ionized 
component through the neutral gas) 
can control the situation. Nonetheless, 
in the topside of the ionosphere the 
electron-density distribution is still es- 
sentially exponential, with the scale- 
height reflecting the temperature and 
mean ionic mass (3). 

Furthermore, thermodynamic equi- 
librium does not always apply. The 
temperature of the ions and the tem- 
perature of the electrons may differ not 
only from one another, but also from 
the temperature of the neutral gas. 
During the day the ions at the peak of 
the ionosphere may be somewhat hotter 
than the neutrals, and the electrons may 
be twice as hot as either the ions or 
the neutral particles. Toward greater 
heights in the topside the neutral tem- 
perature and the electron temperature 

SCIENCE, VOL. 154 

mass. At the earth's surface the scale- 
height is about 8 kilometers. Above the 
peak of the ionosphere, where the mean 
molecular mass is less and the tempera- 
ture greater, the scale-height may be 
tens or hundreds of kilometers. 

Except for two factors, similar con- 
siderations apply to the ionized com- 
ponents of the topside ionosphere. First, 
the ions and electrons are bound to- 
gether by strong electrical forces which 
prevent their gravitational separation. 
The two act as a composite gas with a 
scale-height about twice that of the 
ions alone. Second, the equilibrium sit- 
uation pictured above is not always en- 
countered. Dynamic processes (such 
as the production of ion-electron pairs 
competing with the loss by recombina- 
tion or the diffusion of the ionized 
component through the neutral gas) 
can control the situation. Nonetheless, 
in the topside of the ionosphere the 
electron-density distribution is still es- 
sentially exponential, with the scale- 
height reflecting the temperature and 
mean ionic mass (3). 

Furthermore, thermodynamic equi- 
librium does not always apply. The 
temperature of the ions and the tem- 
perature of the electrons may differ not 
only from one another, but also from 
the temperature of the neutral gas. 
During the day the ions at the peak of 
the ionosphere may be somewhat hotter 
than the neutrals, and the electrons may 
be twice as hot as either the ions or 
the neutral particles. Toward greater 
heights in the topside the neutral tem- 
perature and the electron temperature 

SCIENCE, VOL. 154 



are each essentially constant but dif- 
ferent, whereas the ion temperature in- 
creases with height to meet the electron 
temperature (4). 

The state of the ionosphere depends 
on a wide variety of factors. The den- 
sity of electrons, the ion composition, 
the temperatures, and even the relative 
importance of different physical proc- 
esses are strong functions of time and 
position. Among other factors, they 
change with local time, season, solar 
sunspot activity, and geographic posi- 
tion on the earth. 

The ISIS program (International Sat- 
ellites for Ionospheric Studies) is de- 
voted to the study of the topside of 
the ionosphere with satellite-borne ra- 
dio sounders (5). Participants in the 
program include NASA and ESSA 
(Environmental Science Services Ad- 
ministration) in the United States, the 
Defence Research Telecommunications 
Establishment in Canada, and the Ra- 
dio and Space Research Station in 

England, in addition to institutions and 
individuals in a number of other coun- 
tries. 

The purpose of this article is to 
describe some of the highlights of the 
ISIS program. I will begin with the 

topside sounding technique and experi- 
ments, and then proceed to the major 
conclusions in the following areas: the 
ambient ionosphere and the equatorial 
anomaly, irregularities in the distribu- 
tion of electron density, the structure 
of the high-latitude ionosphere, and 

finally, various studies of plasma phys- 
ics. 

Topside Sounding Technique 

Free electrons in the ionosphere are 
responsible for its influence on radio 
propagation. The electron current in- 
duced by the radio wave retards the 
propagation of energy. If the density 
of electrons is great enough, the wave 
may be totally reflected. The critical 
value of electron density necessary for 
reflection increases with the square of 
the frequency: N 0.0124 f2 electrons 
per cubic meter, where f is in cycles 
per second. The wave can pass vertical- 
ly through into space if the maximum 
electron density at the peak of the 
ionosphere is not this great. The earth's 
magnetic field modifies the picture in 
that it makes the ionosphere birefrin- 
gent. The additional "extraordinary" 
wave is retarded more and is reflected 
by a somewhat lesser electron density. 

Vertical reflection of pulsed radio 
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Fig. 1. Vertical profiles of the electron 
density in the typical ionosphere. The 
topside sounders measure the ionospheric 
properties above the altitude of maximum 
density (that is, in the "topside"). 

waves has been the principal technique 
of ionospheric exploration for about 40 
years (6). In this technique radio-wave 
pulses are transmitted upward into the 
ionosphere and the delays of the 
echoes are recorded as a function of 

frequency. After correction for the 
slower group velocity within the iono- 
sphere, these delays give the height of 
reflection, just as radar delays give the 
range of an aircraft. Since the electron 
density required for reflection is known, 
this technique yields the vertical profile 
of electron density up to the peak of 
the ionosphere. Approximately 100 
vertical-sounding instruments (called 
ionosondes) are currently being oper- 
ated at various locations throughout the 
world. 

Pulsed radio ionosondes can measure 
the electron density only up to the 

peak of the ionosphere. Radio waves at 
frequencies high enough to penetrate 
to greater altitudes are lost into space 
and produce no echoes. For this rea- 
son, the topside of the ionosphere was 
virtually unexplored before the devel- 
opment of satellites. In recent years 
topside sounder satellites have been 
used to complete the observations of 
ionospheric electron density above the 
peak. 

The topside sounder technique is es- 
sentially that of the ground-based 
pulsed ionosondes, but instrumented 
for an orbiting satellite. The satellite, 
placed high in the ionosphere, trans- 
mits radio pulses and receives echoes 
from the underlying ionosphere. The 
received echoes are then relayed to the 
ground on a very-high-frequency chan- 

nel. The purpose, of course, is to meas- 
ure the vertical electron-density profile 
downward from the satellite to the peak 
of the ionosphere, where it should meet 
the ground-based observations. 

The pulsed radio sounders have 
proved to be versatile. In both the 
ground-based and satellite situations 

phenomena more subtle than the simple 
ionospheric reflection have been identi- 
fied. For example, both instruments 
have been used to study irregularities 
in the density of electrons (meters to 
kilometers in size) which scatter radio 
energy back to the sounder over paths 
oblique to the vertical. The analysis in 
such a case is indirect. The propagation 
path and the echo mechanism in the 
ionosphere must be treated simultane- 
ously to arrive at a consistent interpre- 
tation of the echoes. Another example 
of versatility, peculiar to the satellite 
sounders, is the discovery of plasma 
resonances by the Alouette I satellite. 
The pulsed transmitter, immersed in 
the ionospheric plasma, was found to 
excite local oscillations at certain char- 
acteristic frequencies which are related 
to the density of electrons, the density 
of various ions, and the strength of the 
magnetic field. Irregularities and reso- 
nances will be discussed further below. 

The topside sounder experiments 
have been extraordinarily successful. 
Two rockets and three satellites have 
been successfully launched and each 
has provided unique observations. De- 
tails of the satellite experiments are 
collected in Table 1. Since preliminary 
rocket observations (7) have been sur- 
passed by the satellite observations, the 
rocket experiments will not be dis- 
cussed. 

Alouette I was constructed by the 
Canadian Defence Research Telecom- 
munications Establishment and launched 
by NASA (8). Now in its third year 
of operation, it has provided more than 
4000 hours of observations. Alouette I 
and its younger Canadian companion, 
Alouette II (9), sweep in frequency to 
permit calculation of electron-density 
profiles (see Fig. 2). Auxiliary experi- 
ments, measuring very-low-frequency 
radio waves and energetic particles, 
were included in Alouette I for correla- 
tive observations. This was carried a 
step further when Alouette II and a 
direct measurements satellite were 
launched by the same rocket to com- 
pare the two kinds of observations 
while both satellites were close in or- 
bit. Because the data analysis had just 
begun, the new Alouette II results are 
not covered in this article. 
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Table 1. Topside sounder satellites. 

Description Alouette I Explorer XX Alouette II* 

Launch date Sept. 1962 Aug. 1964 Nov. 1965 
Altitude 960 to 1030 km 870 to 1010 km 500 to 3000 km 
Inclination 80? 80? 80? 
Frequency Swept 0.5 to 12 1.50, 2.00, 2.85, Swept 0.2 to 14 

(Mcy/sec) 3.72, 5.47, 7.22 
Power 100 watts 8 to 45 watts 100 to 300 watts 
Pulse 100 ,usec 100 usec 100 ,usec 
Other VLFt receiver; Ion probe VLFt receiver; 

experiments particles particles; 
Langmuir probe 

* Launched with Direct Measurement Explorer A, which performs local measurements of composition, 
ion and electron temperatures, and so forth. t VLF, very low frequency. 

Explorer XX, the second of the 
three satellites to be launched, was con- 
structed by Airborne Instruments Lab- 
oratory, launched by NASA, and op- 
erated by ESSA. It sounded on six fixed 
frequencies in rapid sequence to pro- 
vide a finer spatial resolution than the 
Alouettes (10). Completing its sound- 

ing cycle in a tenth of a second, rather 
than 10 or 20 seconds, it could dis- 
tinguish details as close as 1 kilometer 

along its orbit. However, the necessary 
limitation to only six frequencies pre- 
cludes the reliable calculation of elec- 

tron-density profiles. Explorer XX ter- 
minated operation as this article was 

being written. In 16 months it had 
obtained 1000 hours of topside obser- 
vations. 

It is planned to continue the topside 
sounder observations for the remainder 
of a solar sunspot cycle. The subse- 
quent satellites will increase in sophisti- 
cation and will benefit from the experi- 
ence with their predecessors. ISIS-A, 
scheduled for 1967, will combine fixed- 
frequency and swept-frequency sound- 
ing and will include a number of direct 
measurements on the same spacecraft. 

It would be incorrect to imply that 
topside sounder satellites are alone re- 
sponsible for advancing our under- 

0.5 1.5 2.0 2.5 3.5 4.5 5.5 6.5 7.0 7.5 8.5 9.5 10.5 11.5 

.5 6.5 7.0 .7.5 

FREQUENCY (MC/S) 

Fig. 2. Alouette I satellite observations of radio echoes from the topside of the 
ionosphere. The echo delays increase downward, and the frequency increases toward 
the right. All three traces predicted by propagation theory are observed, as are 
reflections from the ground at high frequencies. 
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standing of the topside of the iono- 
sphere over the past few years. Among 
other techniques, incoherent scatter 
observations and satellite direct meas- 
urements have also proved invaluable. 

Incoherent scatter relies on the very 
weak signal scattered back by electrons 
at radio frequencies high enough to 
freely penetrate the ionosphere (11). 
Extremely large antennas and high 
transmitter powers are required to ob- 
serve this weak signal. The technique, 
implemented at four locations from the 
equator to the auroral zone, yields not 
only the electron density but also the 
electron temperature, the ion tempera- 
ture, and the ion composition. 

Direct satellite measurements involve 
diverse and specialized instruments to 
measure the characteristics of the me- 
dium surrounding the satellite (12). The 
densities and temperatures of electrons, 
ions, and neutrals, the total density, 
the ion composition, and the local mag- 
netic field are among the quantities 
sought. In spite of the difficulties of 
implementation and calibration (com- 
mon to their laboratory counterparts) 
such measurements are providing a 
great deal of valuable data. However, 
they do not make measurements over a 
large height range as do the topside 
sounders and the incoherent scatter de- 
vices. 

The Ambient Ionosphere 

The Alouettes are more than ade- 
quately fulfilling their purpose in pro- 
viding vertical electron-density profiles. 
Over one million swept-frequency rec- 
ords have already been recorded. A 
portion of them have been routinely 
analyzed and the results are published 
(13); others are analyzed as the need 
arises. 

The calculation of electron-density 
profiles is a straightforward integration 
based on the known variation of re- 
fractive index with frequency, mag- 
netic field, and so forth. Therefore it 
was surprising that the topside profiles 
did not always match with those ob- 
tained from the ground. There remains 
a small discrepancy, a few times the 
observational error, in some of the 
computed topside profiles (14). Figure 
3 is a typical case where the Alouette 
profile disagrees with both incoherent 
scatter and conventional ionosonde 
measurements near the ionosphere peak. 
Off-vertical propagation (into large- 
scale ripples in the ionosphere) is a 
possible explanation of the discrepancy, 
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but the matter is still an open question. 
The discrepancy limits the precision 
of Alouette I electron-density measure- 
ments to within 10 percent at the peak 
of the ionosphere. 

The vertical uniformity of the iono- 
sphere over quite a few kilometers near 
the satellite permits the accurate meas- 
urement of local electron density by up- 
ward extrapolation of echo traces like 
those in Fig. 2. The local density thus 
measured from the frequencies where 
the echoes cut off is felt to be accurate 
to 2 percent and independent of any 
perturbation caused by the satellite. 
The accuracy of the electron-density 
measurement therefore varies with 
heigh,t from about 10 percent at the 
ionosphere peak to about 2 percent at 
the satellite. 

An immediate application of the top 
side electron-density profiles is the de- 
termination of temperature and compo- 
sition from the scale-height or, better, 
from the overall shape of the profile 
(15). For this analysis hydrostatic equi- 
librium is assumed. Although such 
an assumption is sometimes question- 
able, this approach has been fruitful at 
low and middle latitudes. It has been 
found that the temperature (an average 
for electrons and ions) is in the range 
800? to 2000?K, and increases with 
latitude. At a given height, a greater 
fraction of heavier ions is found at 
higher latitudes. 

A further use of the profile has been 
in the study of the equatorial anomaly. 
In this anomaly the electron density at 
the peak of the ionosphere has a char- 
acteristic maximum on either side of 
the magnetic dip equator. It is an 
,anomaly to the simple theory of forma- 
tion of the ionosphere by production 
and loss, because that theory would 
predict only a single maximum where 
the sun is directly overhead. 

The topslide sounders have revealed 
a clear picture of the equatorial 
anomaly (16). At the 1000-km altitude 
of Alouette I or Explorer XX the max- 
imum electron density occurs at the 
magnetic dip equator. The contours 
of electron density in a vertical north- 
south plane, an example of which is 
Fig. 4, form a dome centered on the 
magnetic equator. In the afternoon, 
when the anomaly is strongest, a ledge 
forms within which the electron-density 
contours are often surprisingly horizon- 
tal. This ledge lies along the magnetic 
field lines which connect the enhanced 
densities toward the north and south. 

The dome and ledge structures are 
important clues to the explanation of 
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the equatorial anomaly. While the ex- 
planation is not complete, certain con- 
clusions have proved interesting (17). 
For example, it appears that hydro- 
static equilibrium exists along magnetic 
field lines. The question then becomes 
one of the division of electron density 
among the various field lines. Whether 
or not electric fields within the iono- 
sphere are responsible for a redistri- 
bution of density (and thus responsible 
for the anomaly) is not yet clear. 

Irregularities 

Ionospheric irregularities are varia- 
tions in electron density, of up to a few 
percent, and of a size which depends on 
the method of observation. Because of 
the large mobility of ions along the 
magnetic field, relative to that across, 
the irregularities are usually greatly 
elongated along the field. 

As with ground-based ionosondes, 
the topside-sounder observations of ir- 
regularities involve the interpretation 
of the additional echoes they produce. 
Most of the successful echo interpre- 
tations have relied heavily on the field- 
aligned geometry. For frequencies 
around 1 Mcy/sec, the echoes fall in- 
to_ two categories (see Fig. 5). Irregu- 
larities thinner than the wavelength 
(width < /2 km) produce echoes es- 
sentially perpendicular to their long 
dimension by coherent scattering. The 
directional property comes from the re- 
quirement that echo wavelets from dif- 
ferent parts of the irregularity must add 
in phase to produce a strong echo. Ir- 
regularities thicker than wavelength 
(width > /2 km) can produce ducted 
echoes by guiding radio energy along 
the magnetic field. When the ducted 
waves are launched from a satellite 
while it is within an irregularity, ex- 
tremely strong echoes are obtained. 
Weaker ducted echoes may be obtained 
when the satellite is above the irregular- 
ity for propagation paths which couple 
to the irregularity at lower heights. 

The topside sounders have yielded 
many observations of irregularities, by 
both ducting and scattering (18). At 
low and middle latitudes irregularities 
occur primarily at night; at high lati- 
tudes they occur at all times. As with 
the previous ground-based observations, 
an intense band of irregularities was 
found in the nighttime equatorial re- 
gion. 

The topside sounders have proved 
that the duct irregularities can be con- 
tinuous along the magnetic field be- 
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Fig. 3. Simultaneous Alouette I and 
ground-based measurements of electron 
density over South America, about 2015 
U.T., 28 May 1964. The agreement is 
good, except for a small discrepancy near 
the peak of the ionosphere. 

tween the northern and southern hemi- 
spheres. Such irregularities were first 
observed near the magnetic equator 
with Alouette I (19). Later they were 
observed up to 40? north and south of 
the magnetic equator with Explorer XX 
(20). These continuous irregularities, 
called conjugate ducts, are as long as 
30,000 km between reflection points 
and are only a few kilometers wide. 
Furthermore, strong conjugate echoes 
were obtained with transmitter pulses 
as weak as 8 watts, indicating that prop- 
agation along the conjugate ducts 
must be extremely efficient. Conjugate 
ducts are most common in the morning 
between 0200 and 1000 hours local 

I0? N 0' 10? 201 30? 40'S 
GEOGRAPHIC LATITUDE 

Fig. 4. A topside-sounder observation of 
the equatorial anomaly over South Amer- 
ica, 1550 local time, 17 February 1963. 
The distribution of electron density in the 
anomaly is controlled by the earth's mag- 
netic field. (Unit of electron density: 10' 
cm-3.) 
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Table 2. Electron plasma-wave resonances. 
Definitions: N, density of electrons; e, elec- 
tronic charge; m,, electronic mass; B, mag- 
netic field strength; e0, permittivity of free 
space. 

Resonance Frequency 

Plasma wN = (Ne/eomic)n 
Electron cyclotron WU = eB/me 
Electron cyclotron 

harmonics }iwu, n = 2, 3, .. 

Electron hybrid T = (w2, + w2H) 

Electron hybrid 
harmonic 2wv 

time. The relationship between these 

conjugate ducts, observed at 1 to 4 

Mcy/sec, and the whistler ducts (21), 
observed at 2 to 30 kcy/sec and at 

higher latitudes, is not yet clear. 

High Latitudes 

The topside sounders have proved 
especially valuable at high latitudes, 
where the horizontal electron-density 
structure is too small to be resolved 

by any reasonable network of ground- 
based ionosondes. Figure 6 is an ex- 

ample of the Alouette I observations of 
such structure. Around 50? to 600 geo- 
magnetic latitude, an east-west trough 
of greatly depressed electron density 
is observed at night (22). The trough 
appears to be a major feature of the 

night-time ionosphere which lasts from 
about 1800 to 0600, magnetic time. Its 
width is characteristically 500 to 1000 
km. Inside the trough the electron den- 

sity is drastically reduced, by as much 
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DIRECT 
SPACECRAFT . 

x SCATTERING 

\ / / 

KI ; \ / j / /'o SCATTERING AFTER 

..J? ! ?/ . .. IIONOSPHERIC 
F"^ -_ i -~"" REFLECTION 

DUCTING 
* POLE EQUATOR * L 

COMBINATION CONJUGATE DUCTING 

f MODE DUCTING 

- - - - - DIIRECT DUCTING 

COUPLfNG TO DUCT WHERE 
, < ,/ '^-^ REFRACTED TO PARALLEL 

Fig. 5. The geometry of echoes from elec- 
tron-density irregularities observed by the 
topside satellites. Thin irregularities scat- 
ter the radio energy. Thick irregularities 
duct the radio energy along the magnetic 
field-even to the conjugate reflection 
point in the opposite hemisphere. 
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as a factor of two, at 1000 km altitude, 
and by as much as an order of mag- 
nitude at the peak of the ionosphere. 
Other satellite measurements indicate 
that the temperature (at least the elec- 
tron temperature) is much greater with- 
in the trough (23). 

At latitudes just poleward of the 

trough, the ionosphere places even more 
serious demands on the resolution of 

measuring instruments. It has been 
found that the electron density can 

vary by a factor of two within a few 
kilometers, and occasionally within a 
few hundred meters, across the mag- 
netic field. The electron density is us- 

ually as high as that observed equator- 
ward of the trough. It is attractive to 
relate these large, irregular densities to 
the precipitation of auroral particles 
(24). 

At latitudes above the auroral zone, 
the polar cap electron density remains 
relatively high. It is usually much 
smoother than that either in the trough 
or in the auroral zone itself. 

Plasma Studies 

In addition to the ionospheric meas- 
urements, the topside sounders have 
proved very useful in the observation 
of plasma wave phenomena. This, and 
a parallel situation with orbiting very- 
low-frequency receivers, has focused 
attention on the use of the ionosphere 
for plasma wave studies. 

The ionosphere is an attractive plas- 
ma because a number of convenient ap- 
proximations actually pertain to the 
topside region. Except for the surface 
of the satellite itself, the ionospheric 
plasma is virtually infinite and is not 
disturbed by boundaries. It is often 

essentially uniform for many kilo- 
meters. The characteristic frequencies 
of the plasma are convenient: mega- 
cycles per second for electron phenom- 
ena; hundreds of cycles to kilocycles 
per second for ion phenomena. Above 
1000 km the frequencies of particle 
collisions (which impede coherent plas- 
ma interactions) are orders of magni- 
tude less than these characteristic 

frequencies. It is truly an unbounded, 
uniform, collisionless plasma. In addi- 

tion, it is a plasma for which the 
electron density and magnetic field can 

easily be measured to an accuracy of 
2 percent. 

The confirmation of the cold-plasma 
dispersion relations by the topside 
sounder experiments is usually taken 
for granted. The pattern of echoes 

observed by the Alouettes (Fig. 2), for 
each of the "o," "x," and "z" modes, 
is consistent with the theory. Further- 
more, true-height calculations based on 
different modes always give consistent 
results. Not only is there internal con- 
sistency between the three modes, but 
there is also agreement with the in- 
coherent-scatter measurements (such as 
that in Fig. 3 from the satellite altitude 
downward for a few hundred kilo- 
meters). 

In addition to the well-understood 
electromagnetic echoes, the topside 
sounders have revealed that the iono- 
spheric plasma is resonant at certain 
characteristic frequencies (25). These 
frequencies, listed in Table 2, are re- 
lated to the electron plasma frequency 
ow (proportional to the square root of 
the electron density) and the electron 
cyclotron frequency wo[ (proportional 
to the magnetic field strength). On the 
Alouette records, such as Fig. 2, they 
appear as "spikes" extending down- 
ward from the transmitter pulse. On 
the Explorer XX records the spikes 
are greatly expanded and a fringe 
pattern is revealed (Fig. 7) (26). The 
fringe patterns are not yet fully under- 
stood. It is felt that they must be beats 
between different components of the 
oscillations near the satellite (either in 
frequency or in wave number) which 
are excited simultaneously. 

Although the theoretical explanation 
(27) of the resonances is incomplete, 
it appears clear that the resonances are 
caused by plasma waves with group 
velocities so small that the oscillations 
in the nearby plasma can travel with 
the satellite. For the resonances at the 
plasma frequency and at the upper 
hybrid frequency the waves are essen- 

tially electrostatic, in which the re- 

storing force of the oscillation comes 
from electrostatic forces of charge sep- 
aration. The cyclotron resonances are 
similar, but with the additional subtlety 
of phase-bunching of the electrons in 
their gyration about the magnetic field. 

The very-low-frequency receivers on 
the Alouette satellites, as well as those 
on a few other satellites, have also re- 
vealed interesting plasma-wave phenom- 
ena involving various ion waves (28). 
These phenomena, the lower-hybrid 
resonance band and the ion whistlers, 
have already proved their usefulness in 
the measurement of ion composition 
and temperature. 

The lower-hybrid resonance band is 

very-low-frequency noise excited in the 

vicinity of the satellite by naturally 
occurring fractional-hop whistlers. The 
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frequency spectrum of the noise forms 
a band with a low-frequency limit at 180o 40 

the local lower-hybrid resonance fre- 
quency. Most of the noise bands de- 
crease in frequency toward the poles. 
This indicates the change in composi- 
tion to heavier ions at higher latitudes. 
With the additional measurement of 
local electron-density by the Alouette \ 
sounder, quantitative limits on the ion 
composition have been established from 
the lower-hybrid resonance observa- 
tions (29). 

The ion whistlers received in a satel- 
lite are separate branches of the whis- 
tler signal caused by the influence of 
ions on the wave dispersion relations. 
The main (electron) whistlers are re- Fig. 6. / 
ceived as descending tones. The ion which sh 
whistlers branch away from the main penetratic 
whistlers at a "crossover" frequency trder-of 
and ascend in tone toward the ion cy- 
clotron frequency. Ion whistlers have 
been observed for both hydrogen and 
helium (30). Since the crossover condi- 
tion depends on the relative concen- o- 
tration of different ions, the crossover 
frequencies provide a measure of the 
local composition. It is likely that the z 
observation of ion whistler phenomena 100 
will develop into a powerful measure- J 

ment technique. 
These plasma wave studies have 5 2000-- 

opened a new avenue for plasma re- 
search, that is, the performance of 
primarily plasma physics experiments, 
rather than geophysical experiments, 
in the ionosphere. It is surprising that 
the topside sounder and very-low-fre- 0 
quency experiments have been so fruit- E 
ful in this respect, in view of the fact - 

c9 that the instruments were designed for z 
other purposes. 1o000-- 

Summary 

Over the past few years,. the satellite 
topside sounders have significantly con- 
tributed to the understanding of the 
upper ionosphere. A great quantity of 
radio echo data has been accumulated, 
from which the ionospheric electron- 
density distribution can be determined. 

The topside measurements of elec- 
tron density essentially agree with simi- 
lar measurements from the ground, 
except for an occasional 10-percent 
discrepancy near the peak of the iono- 
sphere. While horizontal non-uniform- 
ity is a likely cause, this discrepancy 
has not yet been adequately explained. 

The electron-density scale heights 
measured at a constant altitude indicate 
both a higher temperature and a heav- 
14 OCTOBER 1966 
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Fig. 7. Fringe patterns of the plaslma resonances observed by Explorer XX. These 
resonances, which appear as downward spikes in Fig. 2, are attributed to electrostatic 
plasma oscillations in the vicinity of the satellite. 
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ier mean ion mass at high latitudes. At 
low latitudes the topside measurements 
have shown the detailed latitudinal 
structure of the equatorial anomaly, 
demonstrating control by the geomag- 
netic field. 

A variety of electron-density irregu- 
larities have been studied. Most are 
greatly elongated along the magnetic 
field, and produce echoes either by 
lateral scattering, if they are thin, or by 
longitudinal ducting, if they are thick. 
Some of the thick irregularities are 
continuous between the hemispheres 
and support conjugate echo propaga- 
tion. 

The topside sounders have revealed 
the complex structure of the ionosphere 
near the auroral zone and at higher 
latitudes. At night an east-west trough 
of greatly reduced electron density oc- 
curs equatorward of the auroral zone. 
At the auroral zone itself the electron 
density is high and quite variable, both 
in space and time. The electron density 
at the polar cap within the auroral zone 
is often uniform and smooth. Iono- 
spheric irregularities are common in the 
area of the trough and the auroral 
zone. 

Among other satellites, the topside 
sounders have been used in various 
plasma studies involving the excitation 
and propagation of waves. These studies 
suggest that the ionosphere is an ap- 
propriate region for future plasma 
physics investigations, especially with 
rocket and satellite payloads designed 
specifically for that purpose. 
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The topside sounders have revealed 
the complex structure of the ionosphere 
near the auroral zone and at higher 
latitudes. At night an east-west trough 
of greatly reduced electron density oc- 
curs equatorward of the auroral zone. 
At the auroral zone itself the electron 
density is high and quite variable, both 
in space and time. The electron density 
at the polar cap within the auroral zone 
is often uniform and smooth. Iono- 
spheric irregularities are common in the 
area of the trough and the auroral 
zone. 

Among other satellites, the topside 
sounders have been used in various 
plasma studies involving the excitation 
and propagation of waves. These studies 
suggest that the ionosphere is an ap- 
propriate region for future plasma 
physics investigations, especially with 
rocket and satellite payloads designed 
specifically for that purpose. 
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Internal Clocks and Insect Diapause 

Insects use photoperiodic information to bring their 
growth and dormant periods into harmony with season. 
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Many insects have internal "clocks" 
that measure with utmost precision 
the duration of light and dark in each 
day. This photoperiodic information is 
used by the insects to perceive changes 
in season. The clock is especially im- 
portant to phytophagous insects living 
in temperate zones, for they must 
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unfavorable season well in advance of 
its occurrence. Changes in the lengths 
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Since Garner and Allard (1), Mar- 
covitch (2), and Rowan (3) discovered 
that the photoperiod plays an important 
role in enabling many plants and ani- 
mals to synchronize their activities with 
the seasons, many examples of this 
phenomenon in insects have been re- 
ported (4-6). Withrow computed that 
organisms must have a clock that meas- 
ures day length with a precision of 1 
to 3 percent if they are to measure 
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