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Radar Detection of Cloud-Seeding Effects 

Abstract. The effects on precipitation of art$cially seeding clouds with Dry Ice 
have been monitored from cloud to ground with a radar that has a wavelength of 8.6 
millimeters. 

The evaluation of the effects of artifi- 
cial ice nucleants on clouds and precipi- 
tation is a difficult task that requires, in 
general, careful physical measurements 
and statistical evaluations ( I ) .  We de- 
scribe here a powerful physical tech- 
nique that utilizes an 8.6-mm-wavelength 
radar (2) with color display for detecting 
the effects of artificial seeding from 
cloud to ground (3). 

To test the utility of the radar, we 
carried out a series of cloud-seeding 
trials in December 1979 and February 
1980. The radar was located at Gray- 
land, Washington, on the Pacific coast. 
In each trial an aircraft was used to seed 
layers of supercooled cloud with Dry Ice 
along tracks oriented perpendicular to 

the wind direction and located at various 
distances upwind from the radar. The 
antenna of the radar was pointed verti- 
cally in order to detect the seeded tracks 
and unseeded portions of the cloud as 
they moved overhead. After seeding, the 
aircraft made a series of passes at differ- 
ent altitudes through the seeded and un- 
seeded clouds in order to obtain detailed 
measurements of their microstructures 
(4). 

During the course of the Zmonth ex- 
periment, 108 tracks were seeded. We 
describe here the results obtained on 1 
day. 

On 20 February 1980 a broken, non- 
precipitating, altocumulus cloud deck 
was situated over Grayland. Cloud tops 

ment of the foraminiferal carbonate shell. 
19. A. W. H. B6 and 0 .  R. Anderson. Science 192. 

890 (1976). 
20. We used the following formula 

where w is the speed of the particle; x is its mean 
diameter; p, and p, are the mass of a unit 
volume of the particle and seawater, respective- 
ly; g is the gfavitational acceleration; and v is 
the seawater kinematic viscositv IJ. C. Bmn- 
Cottan, thesis, University of pa&-(1976)l. Nu- 
merical values to be used are as follows: 
v = 1.5 x lo4 cm2 sec-I; n = 981 cm sec-'; 
p, = 1.03; p, = 1.2 (this low value reflects the 
occurrence of water which fills pores and the 
inside of the shell). The diameier x must be 
given in centimeters, and w has the dimensions 
centimeters per second. 

21. A comparison of the size of G. sacculifer shells, 

a t  Fig. 1. Time-height display of radar echo pattern. The echo extending from - 0 to 0.5 km above 
on average, the shells are 18 pm larger in the ground is due to radar "ground clutter" and not to cloud. Clouds are located between - 5000 
sediment than in the plankton tows. This differ- and 10,000 feet (- 1.5 to 3 km). The gray areas represent the weakest radar echoes, black areas 

~,"~,"~~t~~i~~~,"~,"",f":h",b1",",'~,"~a~,",","~f"tfh~ regions of intermediate radar echo strength, and white areas the strongest radar echoes. The 
sediment specimens to those of the third seeded track has precipitation falling from it that reached the ground at the radar site (see 
plankton specimens. We devised a simple model Fig. 3). 
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Particle diameter (CM) 

Fig. 2. Particle-size spectra measured during aircraft penetrations through the seeded (solid 
lines) and unseeded (dashed lines) clouds. (a) Track 1, pass A (2.3 km above MSL, -8.9T, 33 
minutes after seeding); track 1, pass B (2.0 km, -6.1°C, 39 minutes after seeding); pass C (2.4 
km, -8.8OC) through an adjacent portion of nonseeded cloud. (b) Track 2, pass A (2.3 km above 
MSL, -9.3"C, 23 minutes after seeding); track 2, pass B (1.8 km, -5.g°C, 35.5 minutes after 
seeding); pass C (2.4 km, -9.YC) through an adjacent portion of nonseeded cloud. (c) Track 3, 
pass A (2.4 km above MSL, -9.9OC, 7 minutes after seeding); track 3, pass B (1.6 km, -4.2OC, 
41 minutes after seeding); pass C (2.5 km, -9S0C) through an adjacent portion of nonseeded 
cloud. 

were at an altitude of 2.5 km above mean 
sea level (MSL), where the temperature 
was -93°C. Winds were from 220" at 12 
to 15 knots (6.2 to 7.7 m sec -I) .  Prior to 
seeding, spectacular glories were ob- 
served from the aircraft flying above 
cloud top, revealing that the cloud con- 
tained fairly uniform water droplets (5). 
Seeding with Dry Ice was carried out at 
cloud top along several tracks located at 
various distances upwind of the radar. 
Measurements and observations on 
three of the seeded tracks will be de- 
scribed. 

The first seeded track was situated 9 
km upwind of the radar and was seeded 
at a rate of 0.05 kg of Dry Ice per 

kilometer along a line 17 km long. This 
track passed over the radar between 
1245 and 1248 PST about 21 minutes 
after it was seeded. As the seeded track 
passed over the radar, it produced an 
enhanced radar echo between altitudes 
of - 2 and 2.7 km above MSL (Fig. 1). 

The first aircraft penetration of the 
seeded portion of the cloud was at an 
altitude of 2.3 km above MSL (-8.9"C) 
33 minutes after seeding and 12 minutes 
after the seeded track had passed over 
the radar. The size spectrum of particles 
measured during this penetration is 
shown as curve A in Fig. 2a. The seeded 
cloud contained particles between 200 
p,m and 1 mm in size in measurable 

concentrations, whereas the adjacent 
unseeded cloud (curve C) did not. 

A second aircraft pass was made 
through the seeded cloud at an altitude of 
2.0 km above MSL (-6.1°C) 39 minutes 
after seeding and 18 minutes after this 
cloud had passed over the radar (curve B 
in Fig. 2a). It shows concentrations of 
large particles similar to those of curve 
A, but the concentrations of smaller par- 
ticles (< 50 p,m) are much lower than 
those shown in either curve A or curve 
C. The progressive depletion of the 
smaller particles in the seeded cloud was 
no doubt due to their collection by the 
larger ice particles, since observations of 
the latter with instrumentation aboard 
the aircraft showed that thev consisted 
of graupel-like particles and ice crystal 
aggregates. Precipitation particles from 
the seeded cloud, extending below cloud 
base but not reaching the ground, were 
observed visually from the aircraft after 
the cloud had passed over the radar. 

The second track that was seeded was 
also located 9 km upwind of the radar; 
Dry Ice was again dispersed at a rate of 
0.05 kg krn-' into cloud top, but the 
length of the seeded track was increased 
to 25 km. The seeded track passed over 
the radar 25 minutes after seeding (at 
1257 to 1307 PST) and produced a more 
extensive radar echo than the first seed- 
ed track (Fig. 1). However, as was the 
case for the first track, no precipitation 
reached the ground at the radar site. The 
aircraft made four passes through the 
seeded cloud. The particle size spectra 
measured on two of these passes are 
shown as curves A and B in Fig. 2b. 
They reveal effects due to seeding very 
similar to those noted for the first seeded 
track: the appearance of large ice parti- 
cles and subsequently depletion of the 
small particles. In this case, the mea- 
surements shown as curve A in Fig. 
2b were obtained just 2 minutes before 

Fig. 3. A vertical cross section of the radar echo pattern of track 3 through a cloud. The natural cloud (purple and blue) is fairly uniform in struc- 
ture and not precipitating. A portion of the cloud that was artificially seeded with Dry Ice produced a more intense radar echo (green, yellow, and 
red) and a trail of precipitation that reached the ground. 
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the seeded cloud passed over the radar. 
The seeding of the two tracks de- 

scribed above produced significant 
changes in the structures of the clouds 
that enhanced their radar reflectivities. 
However, it appeared that the seeding 
was being carried out too close to the 
radar to allow sufficient time for the large 
particles produced by the seeding to 
reach the ground at the radar site. Con- 
sequently, the third seeded track was 
located 18 km upwind of the radar (twice 
the spacing used in the second track). In 
addition, the rate of Dry Ice seeding was 
doubled (to 0.1 kg km-'). 

The third seeded cloud passed over 
the radar between - 1326 and 1328 PST 
(- 40 minutes after seeding). Precipita- 
tion trails from this cloud reached the 
ground between - 1331 and 1334 PST 
(Fig. I). (An expanded view of the radar 
display of this seeded track is shown in 
Fig. 3, where various radar echo intensi- 
ties are depicted in different colors.) The 
amount of precipitation that reached the 
ground at the radar site was quite small 
(observers on the ground reported a 
trace). The fact that the radar detected a 
strong signal all the way to the ground 
illustrates its sensitivity. The particle 
size spectra measured in this third seed- 
ed track are shown as curves A ahd B in 
Fig. 2c; curve C shows the measured 
spectrum in an adjacent cloud that was 
not seeded. The spectrum shown in 
curve B was measured at an altitude of 
1.6 km above MSL (-4.2OC) just 1 min- 
ute after the seeded cloud passed over 
the radar, Aggregates of ice particles 2 
mm in size in concentrations of - 30 per 
liter were measured on this pass. 

Each one of the three seeded tracks 
passed over the radar within a few min- 
utes of the times predicted by the scien- 
tist aboard the B-23 aircraft. These pre- 
dictions were based on the location of 
the seeding with respect to the radar and 
the velocity of the winds. 

These observations illustrate that a 
short-wavelength radar can provide a 
unique and powerful tool in evaluating 
the effects of cloud seeding. It permits 
continuous remote sensing of precipita- 
ble particles from cloud to ground, a 
capability that thus far has not been used 
in cloud-seeding research. 
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Sodium Pump in Skeletal Muscle: Central Nervous 
System-Induced Suppression by a-Adrenoreceptors 

Abstract. The central nervous system regulates active sodium and potassium 
transport in rat skeletal muscle during hypokalemia. This regulation is achieved by 
the apparent release of catecholamines onto muscle following nerve activity. This 
effect can be prevented by treatment with agents that block the a-adrenoreceptor. 

Potassium-deficient diets cause a de- 
crease in Kf concentration in blood 
plasma and skeletal muscles but not in 
cerebrospinal fluid or brain tissue. Dur- 
ing the first 4 to 5 weeks of potassium 
deficiency, decreases in the rat muscle 
Kf are not compensated by equivalent 
increases in muscle Naf.  However, dur- 
ing further hypokalemia, the ratio of the 
number of Na ions entering the muscle to 
that of K ions coming out approaches 
one (I). The plasma K' concentration in 
hypokalemic rats decreases from a nor- 
mal level of about 4.6 mM to about 1.6 
mM, a value that is sufficiently high to 
maintain activity of the Na-K pump in 
muscle. Furthermore, when muscles 
from hypokalemic rats are excised and 
placed in a Krebs solution at 37OC, the 
intracellular Naf concentration, [NaIi, is 
promptly reduced, whereas the intracel- 
lular K f ,  [K],, is increased even when 
the external K+ concentration is as low 
as 1 mM (2). Therefore, in hypokalemic 
rats the high [Na], and low [KIi of mus- 
cles in situ cannot be attributed to pump 
inhibition by plasma hypokalemia; there 
must be an additional mechanism by 
which activity of the Na-K pump in 
muscle of hypokalemic rats is sup- 
pressed in vivo. 

We report here that sectioning of a 
peripheral nerve, decerebration, or spi- 
nal transection can remove suppression 
of the active Na-K transport in rat soleus 
muscle during hypokalemia and that the 
neurally mediated inhibition of the mus- 
cle Na-K pump is also abolished by a -  
adrenoreceptor blocking agents. 

The experiments were performed on 

1252 W36-8075181/0911-1252$01.M)i0 Copyright O 1981 AAAS 

soleus muscles of male Wistar rats that 
had been given free access to a potassi- 
um-deficient diet and deionized water for 
5 to 7 weeks. Chemical analysis of Naf 
and K +  contents in muscles and plasma 
samples were carried out with a flame 
spectrophotometer. The [Na], and [K], of 
tissues were calculated from the tissue 
cation contents, plasma cation contents, 
extracellular space, and the ratio of dry 
weight to wet weight according to the 
conventional method described by Des- 
medt (3). 

The most striking finding was a dra- 
matic reversal of the effects of hypokale- 
mia on muscle [Nali and [KIi by the 
sectioning of the tibia1 nerve branch or 
the sciatic nerve (Fig. 1 and Table 1) (4). 
After denervation, the soleus muscles 
promptly restored their [NaIi and [KIi to 
values close to those of "fresh" soleus 
muscles of normal rats (5). The half- 
recovery time of these internal cations 
was about 20 minutes. The recovery 
values leveled off within a few hours 
after denervation and the recovered 
[NaIi and [Kli remained unchanged for 
several days. The results under different 
experimental conditions are summarized 
in Table 1. When ouabain, a specific 
inhibitor of the Na-K pump, was admin- 
istered prior to denervation, there was 
no recovery of the effects of hypokale- 
mia on [Na], or [KIi after denervation 
(see Table 1). Thus, the ouabain-sensi- 
tive Na-K pump must be involved in the 
denervation-induced recovery of the so- 
dium and potassium contents of the mus- 
cle of hypokalemic rats. 

Further characterization of the neural 
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