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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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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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of the tropopause on such days. More- 
over, the radar reflectivity of these lay- 
ers is approximately 10-17 per centi- 
meter, which is comparable to, the 
values reported (4) for similar tropo- 
pause layers. Note, however, that tur- 
bulent clear-air layers also occur below 
the tropopause level. 

The severity of CAT has been bro- 
ken down into a relative scale based 
on the pilots' comments of zero, light, 
moderate, or severe turbulence, or 
combinations of these terms. The max- 
imum observed turbulence for all 
flights, moderate to heavy, occurred on 
20 March at a height of 11.5 km. The 

correspondence between the clear-air 
radar echoes and the location of the 
turbulence (Fig. 1) is obvious. The 
times and sources of the radar echoes 
and of aircraft reports of turbulence 
on 11 April and during the first flight 
of 12 April were nearly identical (with- 
in 5 minutes in time and 20 km in 

position horizontally). On 20 March 
and during the second flight of 12 
April, however, radar echoes and tur- 
bulence were detected as much as 80 
minutes apart, but still with good cor- 

respondence in height and horizontal 
location. 

The high-altitude radar echoes were 
narrow (200 to 600 m), stratified, and 
somewhat patchy (horizontal dimen- 
sions of the order of 5 to 15 km); 
moreover the echoes were not espe- 
cially persistent, often lasting less than 
a few tens of minutes. Also the tur- 
bulence was reported to be in relatively 
thin layers, the maximum thickness be- 
ing about 1.5 km, centered near an al- 
titude of 11 km during the first flight 
on 12 April. Although not determined 
quantitatively, the lateral extent of tur- 
bulence varied over narrow horizontal 
limits, usually less than 30 km. These 
dimensions are consistent with other 
aircraft probes of turbulence (6) and 
emphasize the patchiness that generally 
characterizes it; this patchiness is evi- 
dent from both the radar and aircraft 
probes. 

Note that on the second flight of 
12 April some light turbulence en- 
countered just above 9 km did not cor- 
respond to any radar echoes; similarly, 
light turbulence was apparently asso- 
ciated with some of the cloud bound- 
aries. Also, on 13 April a flight en- 
countered light-to-moderate turbulence 
in a region several kilometers beyond 
the maximum displayed range of the 
radars; thus the data for this day are 
not shown in Fig. 1. 

The regions of clear-air echoes above 
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Fig. 1. Heights of radar echoes and reports of clear-air turbulence. Clear-air echoes 
are solid, cloud echoes are hatched, and aircraft encounters with CAT are open. The 
severity of turbulence is indicated by a relative scale deduced from the pilots' re- 
ports. The horizontal extent of the clear-air layers enables a crude estimate of the 
relative strength of the echo. 

6 km that were simultaneously probed 
by aircraft were always found to be 
turbulent. This appears to be the first 
time that aircraft and microwave ra- 
dars have simultaneously probed the 
same regions of the atmosphere and 
confirmed the close relation between 
radar echoes from high-altitude clear 
air and turbulence for aircraft in flight. 

Zhupakhin (7) reported radar detec- 
tion of the tropopause, but provided 
few details and obtained no confirma- 
tion of CAT by aircraft. Buehler and 
Lunden (8) investigated detection by 
radar of turbulence in the upper atmos- 
phere, using several experimental tech- 
niques with very-high-frequency (VHF, 
1.4- and 4-m wavelength) radars; their 
initial results with ground-based radars 
were so encouraging that they are pro- 
ceeding with installation of a VHF ra- 
dar in an aircraft; but the results of 
these experiments are still unknown. 

The results in Fig. 1 suggest that 
ultrasensitive microwave radars can de- 
tect regions of CAT. A limitation, 
however, is the rather restricted range 
(less than 30 km) of the present ability 
to detect CAT. Doppler radar measure- 
ments of the echoing regions in clear 
air would also be valuable because the 
variance of the Doppler velocity spec- 
tra increases with increasing turbulence 
(9); it may be possible to determine 
the severity of CAT from the charac- 
teristics of the Doppler spectrum. Fi- 
nally, light CAT is occasionally en- 
countered (Fig. 1) that is not detected 
by radar, but radar did detect the one 
instance of moderate turbulence. 

Additional experiments are clearly 
necessary before the practical utility of 
radar as a detector of CAT can be 

established. The program at Wallops 
Island during the winter of 1967-68 
will include a period of intensive ob- 
servations, with radar Doppler data 
combined with quantitative measure- 
ments of CAT by an instrumented air- 
craft. 
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