uation research programs should there-
fore be expanded and their results used
in operational systems.
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Radar Measurement of
the Upper Atmosphere

In 1958 William E. Gordon suggested
that radars then in existence had the
power and sensitivity to detect the
Thomson scattering of electromagnetic
radiation by free electrons in the iono-
sphere (/). That this suggestion was cor-
rect was shown almost immediately by
Bowles (2), who used a powerful radar in

James C. G. Walker

Accordingly, work was begun on facili-
ties specifically designed to exploit the
new technique. Gordon led the team that
built the Arecibo Ionospheric Observa-
tory (now the National Astronomy and
Ionosphere Center) in Puerto Rico, while
Bowles led the team that built the Jica-
marca Radar Observatory in Peru (3).

Summary. In the last two decades large radars have proved to be powerful in-
struments for the measurement of the properties of the upper atmosphere. These
radars were used initially to measure properties of the ionosphere by the Thomson
scattering technique at heights above 100 kilometers. Careful interpretation of the
power and spectrum of radar echoes yielded data on electron and ion densities and
temperatures as well as on bulk motion of the ionospheric plasma, all as functions of
height and time. More recent developments have made it possible to measure wind
speeds and the structure of turbulence in the stratosphere and mesosphere at alti-

tudes below 100 kilometers.

Illinois that was originally constructed
by the Smithsonian Astrophysical Ob-
servatory for the study of the ionized
trails produced by meteors in the upper
atmosphere. Radar measurement of
Thomson scattering offered a means of
determining the profile of electron den-
sity as a function of height in the iono-
sphere, and had many advantages over
other techniques available at the time.

The first observations of Thomson
scattering from the ionosphere were sur-
prising, however. The measured spec-
trum of the scattered radiation was very
much narrower, and therefore much eas-
ier to detect in the presence of noise,
than Gordon had predicted. Because of
this original misunderstanding of the the-
ory of the phenomenon, the instruments
constructed at both Arecibo and Jica-
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marca were considerably more powerful
than they needed to be in order to carry
out their original missions. Successful
measurements of ionospheric properties
by the Thomson scattering technique
(now called incoherent scatter) have
since been made by much smaller radars
in France, England, Massachusetts,
Canada, and Alaska ). The power of
the original incoherent scatter radars at
Arecibo and Jicamarca has not been
wasted, however, as these instruments
have been used as test-beds for the de-
velopment of new techniques for the
measurement of a range of properties of
the upper atmosphere wider by far than
anyone could have imagined in 1958.
The first extension of the capabilities
of incoherent scatter radar was soon re-
alized as theoretical plasma physicists
explained the difference between the
measured and predicted spectral width
of the scattered radiation (5). Elec-
trostatic forces between negatively
charged electrons and positively charged
ions in the ionospheric plasma couple the
motions of the electrons to those of the
more massive ions. Although it is elec-
trons and not ions that scatter electro-
magnetic radiation, their motions and
therefore the Doppler shift they cause in
scattered radiation are constrained by
the ions. The spectrum of the scattered
radiation has a width that is character-
istic of the mean thermal motion of the
ions. The shape of the spectrum depends
strongly on the ratio of the temperature
of the electrons to that of the ions in the
plasma that is scattering the radiation,
and there is an additional weak depen-
dence of the shape on the proportions of

The author is senior research associate at the Na-
tional Astronomy and Ionosphere Center, Arecibo
Observatory, Arecibo, Puerto Rico 00612.
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ions of different molecular mass that are
present. Measurements of the spectrum
of radiation incoherently scattered from
the ionosphere can therefore be analyzed
to recover height profiles of electron and
ion temperature and ion composition as
well as of electron density.

It was these enhanced capabilities that
led, during the late 1960’s and early
1970’s, to the implementation of the in-
coherent scatter technique at a variety of
existing radar installations in Europe and
North America. In addition to those at
Arecibo and Jicamarca, the instruments
at St. Santin in France, Millstone Hill in
Massachusetts, and Chatanika in Alaska
are still active, a new incoherent scatter
radar built by a consortium of European
nations is approaching completion in
Scandinavia, and plans are being devel-
oped for a radar in Greenland near the
earth’s magnetic pole. Either formally or
informally all of these radars operate ef-
fectively as resources of the geophysical
community (in the United States they
would be called National Centers). Their
facilities and data are available to all sci-
entists with suitable programs of re-
search.

The measurement capabilities of inco-
herent scatter radars have progressed
much beyond ionospheric density, tem-
perature, and composition, as I shall de-
scribe below. Particularly useful has
been the ability to measure bulk motion
of the ionospheric plasma by detection of
the Doppler displacement of the scat-
tered radiation from the frequency of the
transmitted radiation. This capability has
made incoherent scatter radars our prin-
cipal source of information on the dy-
namics (winds and electric fields) of the
thermosphere, the region of the atmo-
sphere above a height of about 90 kilo-
meters in which most of the ionosphere
is located (6). New measurement capa-
bilities have been developed at a rate
that has accelerated over the years since
the first radars were built, and much of
this development has been a result not of
improvements in transmitters or receiv-
ers but of improvements in data process-
ing facilities. The spectrum of a radar
echo contains much useful information,
but the rate at which data are collected is
so high that much of the information is
wasted. Atmospheric radar scientists
have been using digital electronic de-
vices to cut down on that waste.

A surge of activity in the second half
of the 1970’s has resulted from the dis-
covery, made at Jicamarca (7), that inco-
herent scatter radars can measure dy-
namical properties of the stratosphere
(15 to 50 km) and mesosphere (50 to 90
km). Facilities dedicated to exploitation
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Fig. 1. The Arecibo telescope consists of a fixed reflector, a segment of a sphere, with a diame-
ter of 305 m and an area of 73,000 m2. Suspended 132.5 m above the reflector are movable
carriage houses on which are mounted the radially directed line feeds that collect electromag-
netic energy brought to a focus by the reflector. The longest of these feeds (about 30 m) is used
in atmospheric radar work at a frequency of 430 MHz. The radar transmitter emits pulses of
circularly polarized radiation at peak powers of 2.5 MW and durations adjustable between 2
usec and 1 msec. The average power output is 150 kW. The radar receiver uses a parametric
amplifier with a bandwidth of 10 MHz to achieve a system temperature of about 120 K.

of the new measurement capability have
been built in West Germany, Colorado,
and Alaska. Along with the operating ra-
dars I have already mentioned, they
promise a contribution to our under-
standing of the dynamics of the middle
atmosphere (stratosphere and meso-
sphere) as important as the contribution
of incoherent scatter radars to our
knowledge of the dynamics of the ther-
mosphere.

In this article I describe the measure-
ment capabilities of upper atmosphere
radar, drawing on the work of the many
scientists who have used the facilities of
the Arecibo Observatory.

Approaches to Atmospheric Radar

The experiment of Marconi, in 1901, in
which radio signals were sent across the
Atlantic Ocean, indicated the presence
of a reflecting layer in the upper atmo-
sphere. This layer was interpreted as the
ionosphere, a region containing free
electrons and ions produced by the ac-
tion of solar ultraviolet radiation at very
short wavelengths (< 1000 angstroms),
which photoionizes the constituents of
the atmosphere. The refractive index of
a plasma (a mixture of equal numbers of
ions and electrons) depends on the den-
sity and also on the frequency of the
electromagnetic wave undergoing refrac-
tion. In particular, the wave is complete-

ly reflected (the refractive index be-
comes zero) whenever the wave frequen-
cy is equal to the plasma frequency. The
plasma frequency is a natural resonant
frequency of the plasma, and is depen-
dent only on the density. It is the fre-
quency with which the electron gas
would oscillate in the electrostatic field
of the ion gas if electrons were pushed
out of a region of the plasma, leaving
positively charged ions behind, and then
released ().

The phenomenon of total reflection of
a wave of sufficiently low frequency was
exploited in 1924 by Appleton and Bar-
nett and by Breit and Tuve in the first
measurements of the properties of the
ionosphere [see (8)]. A radio wave trav-
eling upward into the ionosphere en-
counters a region of steadily increasing
electron density and plasma frequency
until it undergoes reflection at the level
where plasma frequency equals the fre-
quency of the wave. The height of the re-
flecting layer can be determined by mea-
suring the time for a wave to travel up to
the ionosphere and back to a radio re-
ceiver on the ground.

Out of this early work grew the iono-
sonde, an atmospheric radar that has
been ‘used, principally, to measure the
height profile of plasma frequency and
thus electron density up to the level of
maximum electron density. Before the
beginning of the space age, ionosondes
were our main source of information on
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Fig. 2. Electron densi-
ty profiles measured by
R. M. Harper at 15-
minute intervals during
a particular night at
Arecibo (/7). The den-
sity scale is logarith-
mic, there is a change
in height scale at about
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measured ion and electron temperatures. Actual data points are shown along with statistical
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Fig. 4. Ion composi-
tion as a function of
altitude measured on
10 February 1972 at
2230 by Hagen and
Hsu (26). Dots and
crosses represent the
actual data.

the properties of the ionosphere, and
they remain the most widely dispersed
ground-based instruments today. Per-
haps 50 are in operation around the
globe, operating generally at frequencies
below about 16 megahertz, which is the
maximum plasma frequency usually en-
countered in the ionosphere. Limitations
of the HF (high-frequency) sounding
technique include its inability to measure
electron densities at heights above the
maximum, since reflection occurs only
as the wave penetrates regions of in-
creasing density, and errors in the height
calibration that result from corrections
for refraction where the refractive index
is not always well determined.

The incoherent scatter radar tech-
nique, as originally conceived, promised
to overcome these limitations. Because
it was believed that it would detect scat-
tering from individual electrons rather
than depending on an increase of plasma
frequency with height, it would measure
density profiles above the maximum as
well as below. Errors in height calibra-
tion could be avoided by using radar fre-
quencies so much higher than the plasma
frequency in the ionosphere that the in-
fluence of refraction was negligible (inco-
herent scatter radars now in operation
use frequencies ranging from 350 to
1300 MHz). The technique has fulfilled
its promise on both accounts.

Other approaches to atmospheric ra-
dar that have proved useful but are not
the subject of this article depend on re-
flection, either total or partial, from
sharp spatial gradients in refractive in-
dex. The meteor wind technique, for ex-
ample, measures radar signals reflected
from the cylindrical trails of enhanced
ionization produced at heights around 95
km by meteor bombardment of the atmo-
sphere. During their short lives these
trails are swept along by the wind. Wind
speed can therefore be determined by
measuring the Doppler shift of the radar
echo. There are about ten meteor wind
radars in operation around the globe, and
together they are our most useful source
of information on atmospheric circula-
tion at heights between about 85 and 105
km (9). A frequency of operation near 30
MHz is most common as a compromise
between the need for detectable echoes
from ionized meteor trails (lower fre-
quency waves are more strongly scat-
tered) and the need to avoid reflection
from the ionosphere (which would ob-
scure the meteor echoes).

Another example of this class of atmo-
spheric radars are the weather radars
that detect scattering from clouds or
raindrops in the troposphere (heights
less than 15 km). In their simplest form
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Fig. 5. The vertical ion drift velocity as a function of height and time for two days and the intervening night. The contour interval is 10 m/sec,
while the shading denotes downward motion. The heavy line marks the height of maximum electron density, and the crosses show the height of

the intermediate layer of enhanced density (/5).

they locate storms. If spectral analysis is
used to measure the velocities of the re-
flecting particles they also provide valu-
able information on the dynamics of
storms.

Incoherent scattering of radar waves
from the atmosphere depends on a dif-
ferent principle (/0). The scattering is
from the very small random fluctuations
in density (refractive index) associated
with the random thermal motions of the
individual particles of the gas. Imagine a
spatial Fourier analysis of these random
fluctuations at an instant of time. That is,
imagine that the instantaneous density
distribution is represented by the super-
position of an infinite number of density
waves of different wavelengths propagat-
ing in all directions. Now consider the
scattering of a radar wave by the succes-
sive peaks of each of these waves. De-
structive interference eliminates the ra-
diation scattered by nearly all of the den-
sity waves. For two of the waves, how-
ever, interference is constructive, and
significant scattering is possible. These
two waves are those propagating for-
ward and backward along the direction
of the incident radiation with wave-
lengths equal to one-half of the wave-
length of the incident radiation (this
wavelength criterion applies when the
velocity of propagation of the density
wave, which might be a sound wave, is
negligible compared with the speed of
light). This condition for constructive in-
terference is equivalent to the Bragg
law that describes the scattering of x-
rays from crystal lattices.
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Fig. 6. Ion tempera- 1320

ture (degrees kelvin)
as a function of height
and time in the day-
time E region over
Arecibo on 4 January
1974. [Courtesy of R.
M. Harper]
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Fig. 7. Eastward wind as a func-
tion of height and time in the
daytime D region over Arecibo
on 8 December 1977. The con-
tour interval is 20 m/sec (27).
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Fig. 8. Comparison of eastward winds measured by meteor wind radar and by incoherent scat-
ter radar. On the left are shown winds as a function of time at two different heights. On the right
are winds as a function of height at two different times (28).

The incoherent scatter radar, then, de-
tects very small random density fluctua-
tions associated with the finite temper-
ature of the scattering medium. Con-
structive interference between signals
scattered from a large number of fluctua-
tions is what makes the phenomenon de-
tectable in spite of the small amplitude of
each individual fluctuation. Random
fluctations in the density of neutral mole-
cules scatter radio waves also, but ex-
cept in special circumstances the scatter-
ing is too weak to be detected by radar
methods. Random fluctuations in the
density of the free electrons in the iono-
sphere, in contrast, scatter radio waves
strongly, and it is this scattering that is
measured by incoherent scatter radars.

The density fluctuations correspond to
a variety of waves (ion-acoustic waves,
Langmuir waves, cyclotron waves)
propagating through the ionospheric
plasma. Various equilibrium and non-
equilibrium processes within the plasma
excite these waves, maintaining a
steady-state spectrum influenced by dis-
sipative forces. The amplitudes of the
waves therefore depend on the proper-
ties of the plasma and on their velocities
of propagation (governed by the dis-
persion relation appropriate to each par-
ticular type of wave). The radar wave
that is scattered from a density wave of
appropriate wavelength, propagating
along the line of sight of the radar, suf-
fers a Doppler shift in frequency depen-
dent on the velocity of the density wave.
Thus measurement of the spectrum of
the scattered radiation (amplitude as a
function of frequency) provides informa-

184

tion on the properties of the plasma (5,
10).

In a typical radar experiment a short
pulse of radiation is transmitted, and the
scattered signal is recorded and analyzed
as a function of time after transmission.
In this way the properties of the iono-
spheric plasma are measured as a func-
tion of height (one-half the delay time di-
vided by the speed of light). The signal is
very weak. Typically, the power scat-
tered in all directions amounts to less
than one part in 10! of the transmitted
power, whereas less than one part in 106
of the scattered power is collected by the
receiving telescope. Thus incoherent
scatter radars require large reflectors to
collect the scattered radiation and focus
it onto the receiver (see Fig. 1). They al-
so require powerful transmitters and sen-
sitive receivers. And even when all of
these have been provided it is usually the
case that the signal-to-noise ratio is still
less than one. What makes the technique
feasible is the ability to transmit hun-
dreds of pulses every second and to re-
cord and average thousands or millions
of returns. Fast data processing equip-
ment is therefore as essential as any of
the other components of a radar system.
As already noted, improvement in data
processing capabilities has been largely
responsible for recent gains in the capa-
bilities of upper atmospheric radars.

Ionospheric Properties

Electron density. Incoherent scatter
radar was originally proposed as a meth-

od to measure height profiles of iono-
spheric electron density as a function of
height. How well the technique has suc-
ceeded in this respect is shown in Fig. 2,
where successive profiles measured at
15-minute intervals are arranged one be-
hind the other to give an isometric view
of ionospheric behavior during a single
night at Arecibo (/7). On the right lies
the region of maximum electron density,
called the F region. It oscillates up and
down in altitude, responding to changes
in winds and electric fields that cause
vertical motion of the plasma, but it
changes little in amplitude. Electron den-
sity drops by several orders of magni-
tude below the F region. At these heights
the radar is measuring as few as 300 elec-
trons per cubic centimeter at a range of
150 km. Near 100 km (the E region) are
sharp layers of ionization that persist,
with some change in amplitude, through-
out the night. Density drops precipitous-
ly below the E region. A most striking
feature is the pronounced layer of en-
hanced density that emerges out of the F
region at the beginning of the night, de-
scending slowly in altitude to disappear
quite suddenly around 0400 hours. I shall
say more about this layer below. The in-
crease in density at all levels after 0600
hours is caused by sunlight, which pro-
duces new ions and electrons by photo-
ionizing neutral atmospheric molecules.

Electron and ion temperature profiles.
An example of electron and ion temper-
ature profiles is shown in Fig. 3. These
are daytime data. The maximum in elec-
tron temperature near 200 km is a con-
sequence of photoionization. Photoioni-
zation of atmospheric molecules by solar
ultraviolet radiation produces photoelec-
trons with energies of typically 10 elec-
tron volts, much greater than thermal
energies (~ 0.1 eV). These photoelec-
trons travel through the ionospheric
plasma, losing energy gradually in colli-
sions with the ambient thermal elec-
trons. The ambient electrons gain, as
heat, the energy lost by the photoelec-
trons. The electron temperature is raised
as a result. The thermal electrons lose
energy in collisions with the cooler am-
bient ions. This cooling is particularly
rapid near 300 km, where the ion density
is at a maximum. A minimum in electron
temperature results. The ions, in turn,
lose heat as a result of collisions with
ambient neutral molecules. At lower alti-
tudes, where the neutral density is rela-
tively large, the thermal coupling be-
tween ions and neutrals is close. At high-
er altitude the neutral density is too low
to control the ion temperature closely.
Both ion and electron temperatures rise.

SCIENCE, VOL. 206



30 RS A s —
LYY =
- =
N 3
”~ <. . hel
; 2
= ] < _
27 F o T

400

Wind speed (m/sec) — Wwind direction (degrees) —

Fig. 10. Comparison of profiles of wind speed and direction derived from the frequency shift of
radar echoes from atmospheric turbulence and from the tracking of a rawinsonde balloon, 6
April 1977 21). Broken lines with solid circles indicate radar-derived winds at Arecibo, from
1939 to 2013 hours (60°W); solid lines indicate rawinsonde winds at San Juan, from 1900 to 2051
hours.

Altitude (km)

1 T T 1 1 1 1 T 1 ¥ T T T 1

T T 1
Arecibo observatory
S-Band radar
Stratospheric echoes

60 m resolution

Altitude (km)

Eastward velocity (m/sec) 0402 0406 0410

Fig. 9. Radar scattering from atmospheric tur- Time (AST)

bulence as a function of height and frequency, Fig. 11. The power of radar echoes from a layer of turbulence in the stratosphere as a function
here shown as the eastward wind speed which  of height and time. Dark shade corresponds to strong echoes. The horizontal straight lines
produces the corresponding Doppler shift in  delimit, approximately, the region of the atmosphere explored by the radar beam. [Courtesy of
frequency. [Courtesy of R. F. Woodman 29)] R. F. Woodman (29)]

12 OCTOBER 1979 185



Heat is removed from the high-altitude
plasma by thermal conduction in both
ion and electron gases (/2).

Composition. An example of ion com-
position measurements extending up to a
height of 1600 km is shown in Fig. 4. Be-
low about 700 km the dominant ion is
O*, produced, during the day, by the
photoionization of O, the dominant neu-
tral constituent of the atmosphere at F-
region altitudes. The density decreases
with altitude above the maximum in a
balance between the gravitational force
on the ions, directed downward, and a
force corresponding to the gradient of
pressure, directed upward. Hydrogen
and helium ion densities decrease with
altitude more slowly than oxygen ion
density because the gravitational force
on them is weaker. The hydrogen ions
are produced by a charge exchange reac-
tion between oxygen ions and neutral hy-
drogen atoms, while the helium ions are
produced, during the day, by photoioni-
zation of neutral helium. The low-alti-
tude decrease in ion density is caused by
recombination reactions, which become
more rapid as neutral density increases
with decreasing altitude (/3).

Bulk motions. An important achieve-
ment of the incoherent scatter radar
technique has been the measurement of
the bulk motions of the ionospheric
plasma (/4). The measurement is techni-
cally difficult because typical plasma
drift velocities are very much smaller
than typical ion thermal speeds, so it is
necessary to measure a Doppler shift of a
spectral feature that is very much small-
er than the width of the feature. In spite
of the difficulties, all incoherent scatter
radars today make drift velocity mea-
surements (6). As an example, Fig. 5
shows contours of the vertical com-
ponent of the ion drift velocity measured
on two successive days and the inter-
vening night at Arecibo (15). Direct mea-
surement of velocity below 200 km is not
possible at night; electron densities are
too low.

The data show a remarkable pattern of
velocity, alternately upward and then
downward, that starts at high altitude
and moves steadily downward, repeating
itself at 12-hour intervals. This pattern is
a consequence of a tidal oscillation in the
wind field in the thermosphere. Atmo-
spheric tides are produced by periodic
solar heating of the atmosphere. In the
thermosphere their amplitudes are so
large as to dominate atmospheric dynam-
ics. The winds are horizontal but they
cause vertical motion of the ionospheric
ions because the ions are constrained by
their charge to move only along the lines
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of force of the geomagnetic field (in the
absence of an electric field). Thus the
ions slide up along the field lines when
the wind blows toward the equator and
down along the field lines when the wind
blows away from the equator. The down-
ward progression in the phase of the
wind field is a characteristic feature of at-
mospheric tides (16).

The heavy line in Fig. 5 shows how the
height of maximum electron density
changes in response to the slowly oscilla-
ting drift velocity of the ions. Similar
vertical movements of the F region have
already been noted in Fig. 2. Of particu-
lar interest are the contours of zero drift
which separate an underlying region of
upward drift (clear) from an overlying re-
gion of downward drift (shaded). These
lines mark levels of convergent ion mo-
tion, with ions flowing inward from both
above and below. Convergent motion
produces a sharp layer of enhanced elec-
tron density like the layer shown in Fig.
2 that descended out of the F region at
the beginning of the night. Electron den-
sity data have been used to extend the
contours of convergent ion motion in
Fig. 5 downward into the nocturnal iono-
sphere below 200 km where direct veloc-
ity measurements are not possible.

Time Direction
(AST) of scan

Tidal measurements at lower alti-
tudes. Radar measurement can be used
to trace the tides to lower altitudes to see
how their properties change. In the E re-
gion they are most clearly revealed in
data on the ion temperature, which at
these heights is equal to the neutral tem-
perature, such as those shown in Fig. 6.
Although temperature measurements at
these heights are possible only during
daylight hours, the strong semidiurnal
period of the oscillation is readily appar-
ent as is the downward progression in
phase. Maximum temperatures occur
first at the top of the picture. By the time
the maximum has progressed to the low-
est altitudes illustrated, the temperature
at the highest altitudes has already fallen
to a minimum (/7).

Measurements of the D-region iono-
sphere. The results I have discussed thus
far might be described as resulting from
traditional incoherent scatter radar; that
is, from regions of moderately large elec-
tron density. They are based on mea-
surement of electron and ion temper-
atures and densities and ion drift veloci-
ties in the E and F regions of the iono-
sphere (heights above 100 km). In the
last few years it has become possible to
use the power and sensitivity of the Are-
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Fig. 12. Successive cross sections of a sporadic E layer measured, at intervals of a minute or
two, by determining electron density as a function of height while the radar beam scans back
and forth across the sky. A scan takes a little over a minute to complete, so the separation of
horizontal and temporal change is not perfect. Contours of electron density are shown with
contour intervals of 10 electrons per cubic centimeter. The horizontal scale of distance is com-
pressed (25). The data were obtained at Arecibo on 17 July 1975.
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cibo radar system for incoherent scatter
measurements in the D region of the ion-
osphere, below 100 km, where electron
densities are low and the radar return
correspondingly weak (/8). Figure 7
shows contours of the eastward com-
ponent of the ion drift velocity, which at
this altitude is equal to the neutral wind.
One-half hour of integration is needed to
measure a profile of wind speed at these
heights. The height resolution is 600 m.
The atmospheric tide is still obvious in
these data at heights above about 85 km,
as indicated by the downward progres-
sion of phase. At lower heights the
wind becomes more nearly steady; tidal
oscillations no longer dominate the
dynamics. Although not obvious in data
for a single day, analysis of longer series
of data has shown that tides in the D
region exhibit a strong diurnal (24 hour)
component that is absent in the over-
lying E region.

The D-region measurements by inco-
herent scatter radar overlap the height
range in which winds can be measured
by the meteor radar technique. The new
measurement capability therefore pro-
vides an opportunity for comparison of
the two techniques in order to verify
their accuracies and to gain a better un-

derstanding of their strengths and weak-
nesses. Figure 8 presents a comparison
of meteor radar and incoherent scatter
winds measured within 50 km of one an-
other over Puerto Rico. The agreement
is, in general, very good. The dis-
crepancies that exist are readily attrib-
uted to differences in the height and time
resolutions of the two techniques. Be-
cause the meteor radar samples the wind
field at random times and random points
in height and horizontal position, when-
ever and wherever appropriate meteors
arrive, the data must be smoothed in
height and time to yield the wind field.
The meteor wind data shown in Fig. 8
were smoothed over several hours in
time and several kilometers in height. Al-
though not matching the incoherent scat-
ter technique in height or time resolu-
tion, the meteor wind technique offers
advantages of economy, both in capital
investment and operating cost, and it
provides data at night as well as during
the day.

Very recent developments have dem-
onstrated the capability of incoherent
scatter radar to measure the density of
electrons in the D-region ionosphere, the
density of negative ions, and the ion-neu-
tral collision frequency, which is propor-

tional to the neutral density (/9). These
measurements will provide much-im-
proved opportunities to explore the
chemistry and dynamics of the lowest
layer of the ionosphere.

Turbulence

A new approach to the measurement
of dynamical properties of the middle at-
mosphere was developed at the Jica-
marca Radar Observatory in 1974 (7) as
an outgrowth of work at other locations
on radar scattering in the troposphere
(20). Like the techniques already dis-
cussed, this technique measures the ra-
dar signal scattered by random fluctua-
tions in the refractive index of the atmo-
sphere, and the scattering mechanism is
the same. However, it relies not on the
very small fluctuations produced by ran-
dom thermal motions but on the much
larger fluctuations produced when turbu-
lence mixes high- and low-density air
from different levels of the atmosphere.
This technique has made possible the
measurement, by means of radar, of the
dynamical properties of the lower strato-
sphere, a region of the atmosphere
where conventional incoherent scatter
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Fig. 13. Radar echoes from turbulence in the ionospheric plasma measured as a function of height and time over Jicamarca, 19 March 1974. Dark

shade corresponds to strong echoes (25).

radar is powerless because of the ab-
sence of free electrons.

Figure 9 shows measurements plotted
as contours of scattered power as a func-
tion of height (between 9 and 30 km) and
frequency. The contour interval is loga-
rithmic, which means that the radar ech-
oes, which appear as an enhanced band
moving first to the right and then to the
left, are several orders of magnitude
more intense than the noise that fills the
rest of the figure. The strip up the middle
is ground-clutter: echoes caused by sta-
tionary objects outside the main beam of
the radar. It should be ignored. The vari-
ation in the frequency of the radar return
with altitude is a consequence of the
Doppler shift caused by the wind which

carries turbulent irregularities along with -

it. Figure 10 compares the profile of wind
speed as a function of altitude measured
by the radar with that deduced by track-
ing a rawinsonde balloon released from
San Juan International Airport, about 80
km away (2/). The two measurement
techniques are in excellent agreement,
but rawinsonde balloons are normally re-
leased at 12-hour intervals, whereas ra-
dar echoes are always present, allowing
measurements of upper air wind speed to
be made with a time resolution of min-
utes. Clearly the radar offers a powerful
new capability for the study of short-pe-
riod changes in the wind.

Equally interesting is the information
provided by the radar on the distribution
of turbulence in the upper troposphere
and lower stratosphere. Woodman’s
data (Fig. 9) show echoes at all heights
up to the tropopause, near 15 km. Turbu-
lent irregularities in density are therefore
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present throughout the upper tropo-
sphere. The tropopause itself is marked
by very strong turbulence associated
with rapid change in wind speed with
height (strong shear). In the strato-
sphere, turbulence becomes increasingly
erratic in occurrence until, at the highest
levels explored, it appears only in isolat-
ed layers separated by as much as 500 m
of air devoid of turbulent irregularities in
density. The height resolution of these
data is 150 m, sufficient to reveal the lay-
ered structure of turbulent regions sepa-
rated by air devoid of turbulence, but not
sufficient to resolve the structure of the
turbulent layers themselves. For a closer
look at an individual layer, a radar of
greater bandwidth, capable of finer
height resolution, must be used.
Measurements with such a radar are
shown in Fig. 11. This figure presents
echo power on a logarithmic scale of
shades as a function of height and time.
The height resolution, corresponding to
a single horizontal stripe of shade, is 60
m. These measurements were made in
the region of intersection of the beams of
separate receiving and transmitting
antennas, a region whose upper and
lower limits are approximately indicated
by the straight lines. Echoes from alti-
tudes much outside this region are of un-
certain origin. The measurements show
that a layer of stratospheric turbulence is
sharply bounded both above and below
by air free of density irregularities, that
the turbulence is strongest in a layer typ-
ically only 180 m thick, and that the
strength of the turbulence within the lay-
er varies over height intervals as small as
60 m and during times as short as 20 sec-

onds. There is evidence that layers of tur-
bulence in the stratosphere may be much
thinner than 60 m (23).

These measurements are so new that a
clear physical understanding of the na-
ture of stratospheric turbulence has not
yet been achieved. What follows is a ten-
tative account of what may be happen-
ing (23). First, the stratosphere is so
named because it is stably stratified.
Vertical displacement of air, such as that
associated with turbulence, is opposed
by the force of buoyancy. A parcel of air
displaced upward is denser than the sur-
rounding medium and tends to return to
its original level. Thus turbulence in the
stratosphere does not occur spontane-
ously but is driven by shear in the wind
(a vertical change in the horizontal wind
speed or direction). When the wind shear
is large enough, small perturbations in
the flow of the air can be amplified by
nonlinear processes that convert vertical
differences in horizontal velocity into
vertical velocity. This breakdown of
laminar flow into turbulence occurs only
if the wind shear is at or above a critical
value. But, by mixing air from different
levels with different speeds, turbulence
extracts energy from the wind field, elim-
inating the shear that was the cause of
the turbulence in the first place. So we
believe that stratospheric turbulence is
sporadic. Shear in the wind field builds
up until the critical value is achieved,
whereupon the flow breaks down into
turbulence. The shear is reduced by the
turbulence, but even after their source of
energy has disappeared it takes some
time for the turbulent motions to die
out. Once laminar flow has been re-
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established, the wind shear begins to
increase again until the whole process
is repeated.

We do not yet have observations of
the entire life cycle of a layer of strato-
spheric turbulence, but a remarkable se-
ries of radar observations by Miller and
Smith (24) has 'shown the sequence of
events I have just described taking place
in the E region of the ionosphere, at a
height of 107 km. To obtain these obser-
vations one uses a thin layer of high elec-
tron density, called a sporadic E layer,
as a tracer of atmospheric motion, much
like the thin layer of dye that one might
use to trace motions in a laboratory ex-
periment in fluid dynamics. The sporadic
E layer is produced by convergent verti-
cal motion of ionospheric ions and elec-
trons that results from wind shear, in the
manner described for Fig. 5. Examples
of sporadic E layers can be seen on the
left of Fig. 2.

Figure 12 shows successive ‘‘snap-
shots’’ of the horizontal and vertical dis-
tribution of the electron density in a spo-
radic E layer measured by swinging the
radar beam in azimuth (24). The first five
frames of Fig. 12 show an oscillating per-
turbation in the height of the layer that
grows in amplitude until the peak, caught
in the higher wind at higher altitude,
curls over the trough, much like an
ocean wave about to break. The remain-
ing frames of Fig. 12 show what happens
when the wave breaks, dispersing the
sporadic E layer into a broad band of ir-
regular patches of enhanced electron
density, like foam. The sporadic E layer
has been engulfed by turbulence. Turbu-
lence is dying out by the end of the se-
quence of pictures and the sporadic E
layer is beginning to form again. The tur-
bulent episode has lasted about 15 min-
utes, and an approximately equal period
of time was occupied by the growth of
the wavelike instability that broke down
into turbulence. Observations such as
these can tell us much about the basic
physics of turbulence in stably stratified
fluids and also about the effects of turbu-
lence on the dynamical and chemical
properties of the upper stratosphere.

I have shown, thus far, measurements
of turbulent motions of the neutral atmo-
sphere, but it is possible, under certain
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conditions, for turbulence to occur also
in the ionospheric plasma, at high alti-
tudes where the coupling between the
motions of neutral and ionized constitu-
ents of the atmosphere is weak. Plasma
turbulence can generate very strong fluc-
tuations in electron density, readily de-
tected by atmospheric radar when the
geometrical situation is such as to permit
constructive interference of the scat-
tered radar signals. Figure 13 shows a
particularly spectacular example of scat-
tering from turbulence in the ionospheric
plasma measured by Woodman and La-
Hoz (25) at the Jicamarca Radar Obser-
vatory, close to the geomagnetic equa-
tor. Irregularities in electron density at
latitudes near the geomagnetic equator
had long been known from a variety of
measurement techniques, but their inter-
pretation was obscure until the Jicamar-
ca measurements revealed that they are
associated with a disturbance that arises
in the F region of the ionosphere and
moves upward, at first fast and then
more slowly, much like a lighter-than-air
balloon. The suggestion, made by Wood-
man and LaHoz and since confirmed by
further experimental and theoretical
studies, is that the disturbance is, in fact,
associated with bubbles of low-density
plasma that originate near the bottom of
the ionosphere and rise through the den-
ser overlying ionosphere under the ac-
tion of buoyant forces. As the bubbles
rise, they leave trails of turbulent plasma
that look, in the radar data of Fig. 13,
much like plumes of smoke.

Conclusion

Radars with the power and sensitivity
to measure upper atmosphere properties
are too few to provide coverage of the
globe adequate for a full understanding
of the dynamics of the upper atmo-
sphere. Simpler instruments are needed
for the upper atmospheric equivalent of
weather stations. The big radars can be
used either alone or in conjunction with
other instrumentation for comprehensive
local study of the details of the dynami-
cal processes that control the properties
of the upper atmosphere. For this their
capabilities are unmatched.

As our measurement capabilities im-
prove we continue to uncover previously
unexpected levels of complexity in the
behavior of the upper atmosphere. I
have presented here only a few of the
surprises that have resulted from recent
radar work.
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