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BACK-SCA'ITERING OF 3. 21-CM RADIATION 

BY WATER BUBBLES 

Abstract 

Calculations have been made of the back-scattering of 3,21-cm waves 
from water bubbles ranging in diameter, D, from 0.2 to 5.0 cm. Film 
thicknesses between 2 and 103 microns were considered. As the diameter 
increases the back-scattering cross-section shows a gradual upward trend 
but sharp minima occur at intervals of D which are at integral values of 
)/2. As the film thickness increases there is a general increase of the 
back-scattering cross-sections with the increase being most pronounced at 
small film thicknesses. Except at int1:;rvals of D close to .A /2, the back
scattering cross-sections of bubbles are higher than that from water spheres 
of the same mass. 

I. INTROtUCTION. 

A great deal of attention has been given in the last few years to the 

back-scattering of microwaves by water and ice spheres. The authors have 

recently completed a series of calculations of the back-scattering cross

sections of dry and wet ice spheres (6, 7). Equations developed by Aden and 

Kerker (1, 2) from the complete Mie equations were used for this purpose. 

Aden's model deals with concentric spheres having different indices of 

refraction. In the case of the melting ice sphere, one has a shell of 

water surrounding a sphere of ice. In studying the back-scattering cross

sections of a bubble, one has a "sphere of air" surrounded by a shell of 

water. 

1Ihis problem is of interest for several reasons. In the first place, 

the results of these calculations assist in the interpretation of the 

results of calculations and measurements of the back-scattering by wet 

spheres. Atlas et al. and Gerhardt et al. (3) have recently completed a 

series of measurements which, in general, are supported by calculations (5), 
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Fournier d 1Albe in private communication proposed the possibility of 

seeding clouds with bubbles. 1 He has suggested that radar might be used to 

detect the bubbles and note if they lead to rain. In this sense the bubbles 

may act as tracers as well as seeding agents. 

II. RESULTS. 

An electronic computer (IBM-650) was used to calculate the back-scattering 

cross-sections of bubbles whose diameters ranged from 0.2 to 5.0 cm and whose 

film thickness ranged from 1 to 8 microns. In a few cases greater film 

thicknesses were considered. The bubbles were taken to be composed of water 

with a complex index of refraction of 7.14 - 2.44 i, a value appropriate at 

a wavelength of 3.21 cm and a temperature of 0°C. 

Figure 1 shows a series of curves of back-scattering cross-section, o , 

as a function of film thickness, F, for various bubble diameters. This 

diagram shows that o increases monotonically with F. Until the film 

thickness reaches about 0.005 cm, c increases at about the same rate for 

the three drop sizes shown. At larger values of F the slopes of the curves 

differ considerably as the particles behave more and more like homogeneous 

water spheres. 

Figure 2 shows a plot of cT as a function of bubble diameter, D, for 

various film thicknesses. The extremely large changes of (f over small 

intervals of Dare quite striking. It seems clear that these are 

interference patterns. The three peaks of ~J are separated by intervals 

of D of about 1.5 and 1.6 cm; the three minima are separated by diameter 

differences of 1.7 cm. The average of these four intervals is 1.6 cm, a 

lsome aspects of the proposed new seeding technique are mentioned in a 
recent whimsical article by Fournier d 1Albe (4). 
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value very close to one-half a wavelength. The differences of the individual 

readings have come about at least in part, because calculations were made 

of intervals of D of 0.2 cm. 

It is clear that the back-scattered wave is composed of energy 

scattered from all four interfaces, two air-water and two water-air. The 

resulting back-scattered beam is then the superposition of many multi

scattered waves of various phase relationships, and it thus becomes 

difficult to interpret the resulting interference patterns using the 

techniques of geometrical optics. However, because the maxima and minima 

occur at intervals of diameter D = A /2 it appears highly probable that 

they are due to interference between the rays scattered from the two front 

interfaces and those scattered from the two rear interfaces. 

From an examination of Figs. 1 and 2 three important points can be 

made: (1) with film thicknesses of the order of a few microns the back

scattering cross-sections are two to three orders of magnitude smaller than 

with all-water drops and the back-scattering increases with film thickness; 

(2) the variations of 6 with Dare such as to produce minima at intervals 

of ~/2; (3) the phase of the amplitude is such that minima occur at values 

;\ (2n-l) A 
of D corresponding to 7 while maxima occur at D = 4 where n is 

any integer. 

We have not succeeded in arriving at a satisfactory physical explana

tion of all three observations, but believe that the first can be explained 

in terms of the interference between reflections from the front and back 

surfaces of the bubble film. The back-scattering from the bubbles 

apparently has a small net amplitude resulting from many scattered waves, 

most of which almost cancel each other. Let us consider only those waves 
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which are scattered from the front two interfaces under the assumption that 

it was a flat surface. (See Fig. 3.) Here, the reflectivity of the air

water interface is r, that of the water-air interface is -r because of the 

phase change, the transmission from air to water is t, and that from water 

to air t', where tt' = 1 2 - r . Now if the thickness of the water film is 

8 , the total distance travelled by the internally reflected rays will be 

some integral multiple of A • In this case it can easily be shown by 

summing all the reflected rays except the first, that they add up to -ar. 

Thus, they exactly cancel the first reflected ray and the resulting 

intensity is zero. When the film thickness equals A/4 the back-scattering 

would have a maximum value. As the film thickness decreases from A/4 to 

O, the back-scattering decreases and approaches zero. In the case a film 

thickness of several microns each reflected ray comes out slightly out of 

phase relative to the preceding ray. Cancellation is not complete, and the 

result is a small net back-scattered ray. In the actual bubble, of course, 

to the net amplitude of the scattered beam from the front film must be 

added the waves resulting from multiple reflections within the back film, 

plus reflections resulting from beams scattered back and forth between the 

two films. It is this latter group of reflections which cause the diameter 

dependence of cf , as their total distance travelled, and therefore their 

phase, will depend upon the diameter of the bubble, Thus, the net reflection 

is then the superposition of many waves which nearly, but not quite, cancel 

each other. As the film thickness increases, absorption of the reflected 

rays increases, thereby cancelling less of the primary reflected beam, 

resulting in an increase of cf toward the all-water value, and a decrease 

of the amplitude of the interference effects. 

Although the principals of geometrical optics appear to explain the re

duction of if with increasing F, the location of the minima cannot be 
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explained in this way. If one considers the bubble to consist of two 

parallel films separated by a distance D, one would expect to find a 

minimum at A/4 but quite obviously this does not occur. This aspect of 

this problem needs further attention. 

Atlas et al. (3) have suggested that an all-water sphere acts like a 

metal sphere in the sense that all the back-scattering is from the front 

surface. They have stated that this is true because virtually all of the 

incident electromagnetic energy is either scattered or absorbed in the first 

100 microns (approximately) of water. The calculations shown in Fig. 1 show 

that this conclusion is not quite correct for some of the larger particles. 

For example, the increase of o from a sphere of 1.0 cm diameter is very 

large when the film thickness increases from 0.01 cm to 0.05. It is clear, 

however, that most o~ the increase of (F does occur before F reaches 

0.01 cm. 

III. RADAR DETECTABILITY OF BUBBLES. 

If bubbles are to be used as radar tracers, one must know if their 

reflectivities are high enough to give radar echoes. For the sake of this 

comparison, bubbles are assumed to have a film thickne.ss of 4 microns. 

Ranz (8) concluded, from experimental work, that a film thickness of 4 

microns is reasonable. 

One point of interest is how the if of bubbles compared with water 

spheres of the same mass. Diameters of these equivalent spheres as a 

function of bubble diameters are shown in Fig. 4. The back-scattering 

cross-sections of the homogeneous spheres were calculated from Rayleigh 

approximation 
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where 'A is wavelength, m is the complex index of refraction and D is diameter. 

Over the range of particle sizes involved, this approximation is quite 

adequate. 

It is evident from Fig. 5 that over most sizes considered, the bubbles 

have higher reflectivities than water drops of the same mass. The reverse 

is true when the bubble diameters are close to(~ A) where n is any integer. 

On the other hand, the bubble reflectivities are highest at diameters close 

(2n - 1 'i.) to 4 r1 where n is any integer. If one wished to detect water 

bubbles with radar, he should choose bubble diameters close to these values. 

The back-scattered power from a volume of randomly distributed bubbles 

is given by 

where Pt and Pr and the peak transmitted and received power respectively, 

~ is the apertural area of the antenna; and r is the range. The summation 

is performed over all the bubbles from which power is scattered back to the 

radar set so as to arrive at the same instant. Also the averaging of Pr 

must be performed over a sufficient period of time (of the order of 10-2 sec) 

to allow the bubbles to array themselves into a number of independent 

distributions. 

If one takes the radar set AN/TPS-lOA as a typical radar set, one may 

calculate the number of bubbles needed to give an echo. The properties of 

6 \ 2 this radar set are the following: Pt = 5 kw; (\ = 3.3 cm; Ap = 2,05 m ; 

and the minimum detectable signal about 10-12 watts. 

Table 1 shows the results of the calculations of the number of bubbles 

of 1-cm diameter required to just give an echo at the indicated ranges. 

Since the bubbles must back-scatter radar energy which arrives at the radar at 
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the same instant, the number of bubbles calculated must be within a volume 

defined by a range interval equal to half the radar pulse length and the 

beam widths of the radar set. These volumes, at various ranges, are shown 

in Table 1. In the case of the AN/TPS-10, half the pulse length amounts to 

150 m and the beam widths are 2.0° and 0.7° in the horizontal and vertical 

planes respectively. From the numbers given in the table and Fig. 2, and 

the,requirements set forth above, one may calculate the numbers of bubbles 

needed to give an echo of any particular intensity. 

Table 1. Calculated values of £:. o needed for a radar echo at 
various ranges and the number of bubbles of 1 cm 
diameter needed in volumes of the given size. 

Range Volume L6°: Number of 
km m3 cm2 bubbles 

5 48.8 X 104 7.68 2,96 X 10 
4 

10 19,5 X 105 1.28 X 102 3.34 X 105 

20 78.0 X 105 2.06 X 103 5.35 X 106 

30 17.6 X 106 1.04 X 104 2.70 X 107 

In summary the authors wish to point out that this study was not 

initiated for the purpose of promoting a program for cloud seeding with 

bubbles. Instead, it was intended to examine from theoretical considerations, 

whether bubbles have greater radar reflectivities than water drops of the 

same mass. For most bubble sizes, the answer is in the affirmative. If one 

could produce bubbles of sizes approximately (y) ,>, the radar reflectivities 

are more than an order of magnitude greater than water drops of the same mass. 
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Finally, it should be noted that this study considered only bubbles 

composed of water, If the effects of soap or glycerine were considered the 

results would be slightly different because the index of refraction of the 

liquid would be different. However, one would not expect the essential 

features of the curves to be different. 
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FIGURE 1. Back-scattering cross-sections as functions of film thickness for bubbles 
having diameters of 0.4, 1 .0, and 2.0 cm (:>\ = 3.21 cm). Water 
spheres with these diameters have back-scattering cross-sections of 
approximately 0.03, 2.03 and 2.04 cm2 respectively. 
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FIOURE 2. Back-scattering cross-sections of bubbles as functions of 
bubble diameter for skin thicknesses indicated on the curves. 
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FIGURE 4. Diameter of drops having the same mass as bubbles of the indicated mass. 
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FIGURE 5. Back-scattering cross-sections as functions of bubble diameter. 
Sol id curve: bubble of 4-micron skin thickness; dashed curve: 
water drop having same mass as a bubble of the diameter indicated 
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