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earth to Venus or Mercury when either 
echoes with a radar interferometer. 

One of the three classical tests of 

general relativity originally proposed by 
Einstein concerns the prediction that 
the path of starlight will be deflected 

by the sun (1). Although attempts to 
detect this frequency-independent de- 
flection have been made during almost 

every total solar eclipse since 1919, 
the results have been quite discordant 
and have verified the prediction only 
to within about ? 20 percent (2). The 

purpose of this report is to point out 
and discuss a new method with the 

potential for measuring the gravita- 
tional bending of light to substantially 
higher accuracy. The essential element 
of this method is the use of a radar 
interferometer. Since the maximum 

predicted bending is 1.75 arc sec for 

light just grazing the limb of the sun, 
conventional radar systems would be 
unable to detect such a deflection: the 
finest angular resolution at present ob- 
tainable with an interplanetary radar 

system is about 4 arc min-over 100 
times greater than the largest predicted 
general relativistic effect. By employ- 
ing two radar receivers in an inter- 
ferometer arrangement, however, the 
error in determining the angle of ar- 
rival of a signal can be decreased ap- 
proximately in inverse proportion to 
the receiver separation. Such interfero- 
metric techniques cannot be used ef- 

fectively at optical wavelengths for this 

purpose because the phase ambiguities 
introduced by the atmosphere are prac- 
tically impossible to unravel (3). By 
contrast, at centimeter wavelengths, the 

atmosphere introduces relatively few 
rotations of the phase vector which can 

probably be determined to a small 
fraction of a rotation. 

A specific realization of this method 
could involve illuminating Venus or 
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passes behind the sln and detecting the 

Mercury with a radiation of 8 X 10: 
Mhz (X-band) when either passes be- 
hind the sun and receiving the radio 
waves over a base line of approximately 
10 km (4). The deflection predicted by 
general relativity would then be meas- 
urable to within 10 to 15 percent. 
Longer base lines could yield propor- 
tionately higher accuracies. 

The theoretical expression for the 

bending can be obtained, for example, 
by calculating in isotropic coordinates 

(5) the difference q in angle of arrival 
between a ray propagating rectilinearly 
and according to general relativity. To 
first order in r0, we find 

X7 = r 
tan (1) 

where r0 , 1.5 km denotes the so- 
called gravitational radius of the sun 

(6), r, the heliocentric coordinate dis- 
tance of the earth observer at the time 
of detection, and 0 the planet-sun- 
observer angle with the planet's posi- 
tion being at the time of reflection. 
This apparently new result is remark- 
able in showing that the gravitational 
deflection undergone by an electro- 

magnetic ray is independent of the posi- 
tion on a given radial line from which 
the ray originates. The farther out the 
source is on the radial line, the farther 
the ray's closest approach is from the 
sun, but the longer its path to the re- 
ceiver; these two opposing influences 
on the total deflection just cancel as in- 
dicated by Eq. 1. 

Near superior conjunction when the 
radar signal to a planet passes closest 
to the sun, Eq. 1 may be written in the 

following way 

4- (r); d<, r', (2) d(7) 
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where rv is the heliocentric distance 
of the planet at reflection, r the recti- 
linear distance between the earth ob- 
server and planet, and d = (re r/ r) 
sin 0 the approximate distance of clos- 
est approach of the signal to the sun. 
Because of the finite planet-observer 
separation, the maximum deflection of 
4rO/d(-1.75 arc sec) is not attained. 
Thus, with Venus the target and with 
the signal grazing the limb of the sun, 
r - 0.73 arc sec. 

For a two-element interferometer 

operating at X-band with a 10-km 
base line, a change of one fringe 
would correspond to a difference in 

angle-of-arrival of at least 0.7 arc sec. 

But, depending on the signal-to-noise 
ratio and other factors, the phase with- 
in a fringe may be measurable to with- 
in about 10?, implying an error in the 
determination of the angle of arrival 
of only about 0.02 arc sec for this 
situation. Larger separations would lead 
to proportionately smaller errors. 

To determine the feasibility of such 
an experiment, we must consider the 
possible limitations on d, the refractive 
effects of the earth's atmosphere and 
the solar corona, the angular size of 
the target planet, the uncertainty in the 
orbital positions of the target and an- 
tennas, the possible ambiguities in the 

comparison of the echo phases re- 
ceived at the two sites, the absolute 

phase stability required between re- 
ceiver elements, and the necessary 
radar-system sensitivity. We discuss 
each in turn. 

The minimum usable value of d is 
set mainly by three constraints: the 

noncoplanarity of the orbits of earth 
and target planet, the radio noise 
emitted by the sun, and the turbulence 
of the inner corona. The resultant 
limitation, although depending on the 
radar system and varying with the 
solar cycle and from conjunction to 
conjunction, lies at about d = 3r, 
(r, is the solar radius) and implies that 
the largest detectable general relativ- 
istic deflection will be about 0.25 arc 
sec for planetary echoes. 

Variations in the earth's atmosphere 
set limits on the accuracy with which 
ground receivers can be used to infer 
the exo-atmospheric direction of propa- 
gation of radio signals. At the very low 
elevation angle of 7?, the 2-day root- 
mean-square fluctuations cr in the esti- 
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the exo-atmospheric direction of propa- 
gation of radio signals. At the very low 
elevation angle of 7?, the 2-day root- 
mean-square fluctuations cr in the esti- 
mate of azimuth angle for X-band sig- 
nals are about 2 arc sec for a l-km 
base line (7, 8). These fluctuations de- 
crease with the cosecant of the eleva- 
tion angle [thus, (T (45?) 0.3 arc 
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sec], with a decrease in the observing 
interval, and with an increase in base 
line (7). For example, we might an- 

ticipate (9) that a (45?) - 0.02 arc 
sec for the root-mean-square fluctua- 
tions over a several-hour interval with 
a 100-km base line. By making use 
of simultaneous measurements of at- 

mospheric properties near both sites, 
it may well be possible to reduce a 

further (9). Such measurements would 
also make possible precise estimation 
of the phase biases introduced by the 
atmosphere. Compensating for these ef- 
fects probably represents the most dif- 
ficult obstacle to be overcome in im- 
proving the accuracy achievable with 
interferometers. 

The solar corona appears not to be 
a serious impediment at X-band. Dur- 
ing a "quiet-sun" period, an electron 

density N(r) given by 

N(r) 5 X 105 (rs/,)2 electron/cm3 (3) 

characterizes the data (10) reasonably 
well from about r = 3rs to r = 
30 rs. The actual N increases more 

rapidly for r 5 3r, and decreases 
more rapidly than in (3) for r > 30 
r,; at times of maximum solar activity, 
N may be as much as a factor of 5 
higher at any given r (10). Using geo- 
metric optics and neglecting the mi- 
nute magnetic field and plasma collision 
effects, we easily find that near superi- 
or conjunction the total deflection e 
undergone by a ray propagating be- 
tween a planet and the earth is 

e 7 --r _ 2 An; An <. 1; 

3 rs < d < re, rl (4) 

where An - (2 X 1013/f2), and f 
in hertz is the frequency of the signal. 
For f = 8 X 103 Mhz and d = 3r,, 
Eq. 4 yields E -0.02 arc sec. The 

corresponding plasma-related difference 
80 in the phases of the waves arriving 
at the two receivers is given by 

27r2r2,rp An { 5r ? re 0 5) 
X hrd re d (5) 

where X is the signal wavelength, and 

(8r, 80) are the differences in the 
heliocentric polar coordinates of the 
two receivers. For a 10-km separation 
and values of f and d as given above, 
8&p < 10? with Venus the observed 
planet. The contributions of the earth's 
ionosphere to E and 8Io are far small- 
er. All the effects of plasma between 

target and receiver can therefore be 

neglected at X-band for almost all con- 

figurations of interest. In any event, 
two high frequencies can be used si- 
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multaneously to determine the plasma 
effects (11). 

At superior conjunction, the angular 
diameters of Venus and Mercury are 

approximately 9.7 and 4.8 arc sec, re- 
spectively. Since these planets reflect 
radar signals quasi-specularly, only 
about the central 10 percent of the illu- 
minated disk contributes appreciably to 
the backscattered signal. Moreover, by 
utilizing the principles of delay-Doppler 
mapping (12) and with the planetary 
rotation rate and scattering law ob- 
tained from high signal-to-noise radar 
observations at inferior conjunctions, 
it may be feasible to locate the cen- 
ter of the disk to within about 0.03 arc 
sec (13). 

From the accumulated optical ob- 
servations and radar measurements 
made during the past few years, the 
orbital positions of the three innermost 
planets have already been determined 
in isotropic coordinates with an error 
of the order of only 0.03 second of 
heliocentric arc (14), more than an or- 
der of magnitude higher accuracy than 
was achievable previously with optical 
observations alone. Further substantial 
improvements can be expected from 
radar observations currently being 
made. The positions of the receiver 
elements can be determined from in- 
terferometric observations of either 
planets or (point) radio sources (15). 
The effects of radomes and of any 
variations in focal positions caused, for 

example, by thermal expansion, steer- 
ing of the antenna, or tidal motions, 
are expected to be negligible (small 
compared to a wavelength) or measure- 
able from series of observations (16). 

Ignoring any possible error in the 
general relativistic theory of light de- 
flection, we see that the a priori un- 

certainty in the angle of arrival of the 
echo will correspond to less than one 
fringe at X-band for base lines under 
about 200 km. For an uncertainty of 
the order of the maximum predicted 
deflection, a 10-km base line would be 
sufficient to remove the fringe am- 
biguity. More generally, intercompari- 
son of an extended series of data 
would suffice to remove all ambiguity 
even for base lines in excess of several 
hundred kilometers. In an actual ex- 
periment, a series is mandatory if only 
to check the consistency of the plane- 
tary positions predicted from other ob- 
servations with the interferometric re- 
sults (17). 

Maintaining absolute phase stabilities 
at X-band frequencies between sepa- 
rated sites apparently poses no difficulty. 

Stability to within 3? has already been 
demonstrated over a propagation path 
length of 15 km (18); if necessary, an 
improvement of one order of magni- 
tude could easily be achieved (9). 

What facilities are available to per- 
form this experiment? Lincoln Labora- 
tory's Haystack radar is the most sensi- 
tive system currently in operation and 
can be used to transmit signals at 7840 
Mhz and detect echoes from Venus or 

Mercury when either is at superior 
conjunction (19). The other arm of the 
interferometer receiver could be pro- 
vided by Lincoln Laboratory's 60-foot 
(18-m) diameter Westford antenna, lo- 
cated slightly more than 1 km from 

Haystack (20). A far longer base line 

perhaps useful only for point sources 
(13) could involve either ithe 140-ft 
diameter antenna at Green Bank, West 

Virginia (base line 850 km) or Lin- 
coln Laboratory's 60-ft diameter an- 
tenna at Camp Parks, California (base 
line - 5000 km). Another possibility, 
provided that the X-band antenna ef- 

ficiency requirements could be met, 
would be to illuminate the planet with 
the Haystack transmitter and use as 
the interferometer receiver the Jet Pro- 

pulsion Laboratory's 210-ft and 85-ft 
diameter antennas, separated by 20 km. 
It may even prove feasible to use Hay- 
stack alone as an interferometer with 
the earth's motion providing the base 
line (21). (During the time required to 

produce a useful base line, the dif- 
fraction pattern of the target reflection 
must not change so greatly as to pre- 
vent proper correlations from being 
made.) If the regional facility proposed 
by the Cambridge Radio Observatory 
Committee (22) comes into being, it, 
combined with Haystack, would likely 
yield the most powerful interferometer 
for this experiment. Although some of 
these possibilities are obviously long- 
range in several senses, plans for using 
the Haystack-Westford system as a ra- 
dar interferometer for planetary ex- 

periments are already being imple- 
mented (21). 

Other variations of this deflection- 
detection experiment may well prove 
feasible. A suitably instrumented space 
probe in orbit about the sun, a trans- 

ponder on a planet, or a strong extra- 
solar point source of X-band radiation 
(perhaps from still unobserved maser 
action in this frequency range) might 
be used, provided that occultation by 
the sun occurs. 

IRWIN I. SHAPIRO 
Lincoln Laboratory, Massachusetts 
Institute of Technology, Lexington 
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At Wallops Island, Virginia, ultra- 
sensitive radars of 3.2-, 10.7-, and 71.5- 
cm wavelength are being used to in- 

vestigate the nature of all radar echoes 
from a clear atmosphere. One object 
of the program is to determine the 

feasibility of using radar for detecting 
clear-air turbulence (CAT); such tur- 
bulence at high altitude has recently 
attracted attention by the government 
and the airlines. Aircraft accidents 
have been attributed to unexpected en- 
counters with turbulence in cloudless 
skies. For increased safety and because 
of the high costs of damage to air- 
craft and of flying diversionary routes 
to avoid turbulence, a system for de- 
tecting turbulence from a distance is 
obviously desirable. 

The Wallops Island radar facility has 
been described (1). Its more important 
characteristics for this discussion are 
the beamwidths of 0.21, 0.48, and 2.9 
deg, and the minimum detectable sig- 
nals of -110, -115, and -112 dbm 
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(decibels referred to milliwatts) for the 
radars of 3.2-, 10.7-, and 71.5-cm 
wavelength, respectively. Using this 
multiwavelength facility, one can dis- 

tinguish between clear-air radar echoes 
and echoes caused by clouds, precipi- 
tation, or any other types of particu- 
late matter (1, 2). The clear-air echoes 
arise because of scattering caused by 
variations in refractive index; many 
have studied theoretically the mecha- 
nism responsible for the scattering (for 
example, 3). Although clear-air echoes 
are often observed in the lower tropo- 
sphere, clear-air radar layers from the 
tropopause also have been described 
(4); the tropopause marks the, upper 
boundary of the troposphere and the 
lower limit of the stratosphere. 

It is known that no unique relation 
exists between the intensity of clear-air 
radar echoes and the severity of tur- 
bulence (4). Instead, the intensity of 
the echoes depends on both the mag- 
nitude of the mean vertical gradient 
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of refractive index and, in a complex 
manner, the severity of turbulence. The 

large vertical gradients of refractive in- 
dex that frequently exist in the lower 

troposphere are detectable even when 
the turbulence within the region is 
much too little to affect aircraft. In 
the upper troposphere, however, the 
vertical gradient of refractive index is 
limited because of the almost negligi- 
ble presence of water vapor in the at- 

mosphere at high altitude. Under these 
circumstances it was inferred on theo- 
retical grounds (4) that turbulence suf- 
ficiently intense to affect aircraft ap- 
peared to be necessary before the re- 
gion of turbulence at the tropopause 
became detectable. This theory is sup- 
ported by the results of simultaneous 

probing of CAT regions with narrow- 
beam microwave radars and by air- 
craft; this is a preliminary report of 
the results. 

The experimental procedure with ra- 
dar consisted primarily in taking slow- 
scan (0.1 deg/sec) photographs of the 
range-height indicators of the three ra- 
dars. This type of scan provides a pic- 
ture of the atmosphere in a vertical 

plane, from which one can determine 
the location and extent of any high- 
altitude clear-air radar layer; this type 
of layer is revealed only by the 10.7- 
or 71.5-cm radar (4). Airplanes were 
used as direct probes to determine 
whether turbulence was associated with 
the source of the radar echoes. Air- 
craft (5) made spiral ascents and de- 
scents, level flights, or porpoise runs 
(a sawtooth pattern about a mean 
height) in predetermined flight zones. 
About every 15 seconds the pilots re- 

ported their altitudes and qualitatively 
estimated the severity of turbulence en- 
countered; their estimates were record- 
ed on tape. 

The results of four aircraft flights 
and observations by the 10.7-cm radar 
for regions above 6 km are summa- 
rized in Fig. 1. The heights of the 
sources of radar echo and their verti- 
cal extent were obtained from the 
range-height photographs. The altitudes 
of the radar layers and of the turbu- 
lences reported by aircraft are accurate 
within about 200 m. All high-altitude 
clear-air radar echoes are weak and 
are usually detected over a horizontal 
range of only 10 to 20 km. (The radar 
range of detectability is indicated quali- 
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radar layers occur near a height of 
11.5 km, which corresponds to the level 
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Clear-Air Turbulence: Simultaneous Observations 

by Radar and Aircraft 

Abstract. Ultrasensitive radars and uninstrumented jet aircraft in concert have 
probed regions of the clear atmosphere in search of clear-air turbulence. All 
sources of clear-air radar echoes above 6 kilometers that were probed simulta- 
neously by the aircraft were found to be turbulent. 
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