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ABSTRACT 

The doppler spectrum obtained by means of a vertically-pointing X

band pulsed doppler radar may yield information on the size distribution 

of hail in the free atmosphere. It is concluded that the quantity A in 

-AD the size distribution curve for hail, N = N0 e is sometimes more than 

-1 twice the values 2.27 or 2.93 cm proposed by earlier investigators. It 

is also shown that when both rain and hail are present the variance of the 

2 doppler spectrum may exceed 20 m -2 sec 



Introduction 

DETECTION OF HAIL BY MEANS 

OF DOPPLER RADAR~': 

Louis J, Battan and John B. Theiss 
University of Arizona 

Tucson, Arizona 

The scientific literature contains little information on the size 

distribution of hail. Atlas and Ludlam (1961) presented some data on large 

hailstones reaching the ground from two storms in England, They obtained 

hail data in various places and plotted the concentration at the -10°C 

level of the largest stones falling at those places, The diameters of the 

stones ranged from 1 cm to about 6 cm, The data could be fitted with a 

-AD -3 -1 -1 
distribution curve N =Ne where N = 40 m cm and A= 2,27 cm • 

0 0 

Atlas and Ludlam indicated that such a spectrum of hail would represent a 

-3 -1 
liquid water content of 4,3 gm and a precipitation rate of 278 mm hr , 

A series of hail measurements at the ground in Alberta, Canada were 

analyzed by Douglas (1960). The hailstone diameters ranged from about 0,2 

to 1.8 cm. The size distribution exhibited peak frequencies at diameters 

between 0,6 and 1,0 cm and could not be readily fitted by a single curve 

-AD 
N =Ne • Douglas' (1960) hail samples corresponded to rainfall inten

o 

sities between 0,2 and 20 mm hr- 1 • 

In a later paper Douglas (1964) presented results of 57 samples of 

hail in Alberta. When all the data were grouped together, the stones 

having diameters between 1 and 4 cm were best fitted with a curve having a 

*Research supported by the Atmospheric Sciences Section, National Science 

Foundation, NSF Grants GP-5539 and GA-1431. 
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-1 slope A= 2.93 cm , but some individual samples differed markedly from 

the mean. 

Clearly the sample of hailstone size distributions measured at the 

ground are quite small. Direct quantitative observations of hail aloft are 

virtually non-existent. Statistics of airplane damage caused by hail give 

some notion of the geographical distribution of large hailstones, but these 

data do you yield adequate information on size distributions. 

The paucity of relevant information and the difficulties in obtaining 

hailstone-size data aloft by direct sampling methods, argue for the de

velopment of indirect methods for procuring such information. Pulsed

doppler radar appears to offer the opportunity for obtaining hailstone size 

distribution at least in certain circumstances. For this reason Battan and 

Theiss (1966) have made some attempts to calculate the size distribution of 

ice spheres corresponding to a particular doppler spectrum. Various as

sumptions had to be made in the analysis. Some are subject to question and 

will be discussed in some detail later in this report. 

Recently Wexler (1967) examined the limitations of doppler radar as 

a tool for hail size detection and raised questions about earlier related 

work by Battan and Theiss (1966, 1967). 

The purpose of this article is to examine some of Wexler's (1967) 

reservations and to present some new data and updated ideas on the use of 

doppler radar for the measurement of hailstone size distributions. 

Hailstone fall speeds 

The terminal velocities of hailstones have been considered by various 

investigators, e.g., Macklin and Ludlam (1961), Bartishvili, et aZ. (1961), 

List (1959) and others. The first two authors made a series of measure

ments near sea level of the fall of plasticine and ice particles having 



-3-

various shapes in order to measure the drag coefficient CD. For smooth 

spheres its value is near 0.45, but Macklin and Ludlam propose 0.60 as a 

reasonable mean value for actual hailstones having diameters exceeding 1 cm. 

Terminal velocity of hailstones can be calculated from the expression 

(1) 

where p. and p are the densities of the hailstone and the air, respec-
1. a 

tively, and Dis the diameter of the equivalent sphere of density pi, 

(McDonald, 1960). This equation is obtained by equating the drag force 

and the gravitational forces on the hailstone. 

If pi' pa and CD are constant, we can write 

(2) 

Spilhaus (1948) found that this equation applies to raindrops having 

diameters smaller than about 4 mm and showed that the appropriate value of 

0 5 -1 k at sea level is 1,420 cm• sec • 

-3 If one takes p. = 0.9 cm , 
l. 

-3 -3 
C = 0.60 and p = 1.15 x 10 g cm one 

D a 

finds that k = 1300 cm0 •5 sec-1• This is the quantity obtained by Wexler 

(1967) and apparently regarded by him as a reasonable figure for hail. 

Battan and Theiss (1966) calculated fall velocities of smooth spheres 

at an altitude of 8 km (p = 0.52 x 10-3 g cm-3), by means of a procedure 
a 

proposed by McDonald (1960). Drag coefficients between 0.40 and 0.45 are 

appropriate for the Reynolds numbers involved. These data yield a k = 

0.5 -1 -3 2,360 cm sec for spheres of density 0.9 g cm This value of k, 

about 1.66 times the Spilhaus value for raindrops, was employed by Battan 

and Theiss (1967) to explain, in part, the differences in updraft speeds 

inferred from doppler radar data by means of Rogers' (1964) method and the 
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use of the positive bound of the doppler spectrum. Wexler (1967) rejected 

this argument on the unacceptable grounds that k = 1,300 cm0 •5 sec-l is a 

more appropriate value for hail. 

All doppler radar observations used in our calculations of "hailstone" 

size distributions were well above sea level. For this reason, values of 

k would be considerably larger than the quantity cited by Wexler (1967). 

Table 1 gives k as a function of drag coefficient and air density with pi= 

0.9 g 
-3 

cm • 

Table 1. Calculated values of k at various altitudes for mean sounding 

over Tucson on days with heavy thunderstorm. Ratios of k to 

1,420 cm0 •5 sec-1 , the Spilhaus (1948) value for rain, are shown 

in parentheses. 

p - mb 

T - °C 

RH - % 

(xl03) - g 
a 

CD= 0.45 

CD= 0.60 

-3 
cm 

900 

29 

39 

1.03 

1,590 (1. 12) 

1,380(0.97) 

700 

12 

64 

0.85 

1,750 (1.23) 

1,520(1.07) 

500 

-6 

63 

0.65 

2,000 (1.41) 

1,740 (1.23) 

400 

-16 

46 

1.54 

2,200(1.55) 

1,900 (1.34) 

It can be seen that even with the drag coefficient of 0.60, the value 

of k exceeds the Spilhaus value at all altitudes except those below the 900 

mb level. The data employed in this study were obtained when the doppler 

radar was located on a mountain peak at an altitude of 8,200 ft (MSL) 

where the surface pressure was about 750 mb. 
' 

T k . 0 9 d O 60 k 11 1420 o. 5 -l a ing pi = • an CD = • , wi exceed cm sec for all 

values of air density smaller than 0.97 x 10-3 g -3 cm • 
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The results of this analysis obviously do not lead to the same con

clusions as those drawn by Wexler (1967). He probably is correct in con

cluding that our initial estimate of k (Battan and Theiss, 1967) was un

realistically high. On the other hand his estimate of k is unrealistically 

low. Appropriate value of k for hail having CD= 0.60 at levels between 

approximately 3 and 8 km MSL for mean atmospheric conditions over Tucson 

2 0 0.5 -1 
during thunderstorm days range from 1,5 0 to 1,9 0 cm sec , respec-

tively, which are 7 to 34 per cent higher than the value of 1,420 cm0 •5 

-1 
sec If the drag coefficient of the hailstones were closer to 0.45, the 

value which would be appropriate to smooth spheres, the coefficient k, be

tween 700 and 400 mb, would be some 23 to 55 per cent higher than the k for 

water drops at sea level. 

These results indicate, as was noted in Battan and Theiss (1967), 

h h f . k h 1 420 o. 5 -l · h tat t e use o a more appropriate tan , cm sec improves t e 

agreement between values of updraft speed estimated by means of Rogers' 

method and values obtained from the positive bound of the doppler spectrum. 

Size distribution of hail 

Wexler (1967), notwithstanding some reservations expressed in the last 

paragraph of his paper, accepts the size distribution N = N e-2 •27D as a 
0 

realistic estimate of hail size distribution aloft. As already noted, 

-1 -1 
this expression yields a rainfall rate of 278 mm hr when N = 40 cm 

0 

m3 , the value of N given by Atlas and Ludlam (1961). Although some in-
o 

tense hail storms may produce such extreme precipitation rates for brief 

periods, it is difficult to accept the suggestion that such rates are 

common. Douglas' (1964) data indicate that most often hail storms produce 

precipitation rates between about 3 and 30 mm hr-1• 
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Douglas (1964) analyzed 57 samples of point hailfall. He concluded 

-1 
that when all the samples were combined, a line with the slope A= 2.93 cm 

gave a good fit over the diameter range 1 to 4 cm. Wexler (1967) cites this 

result as supporting the generalization of a hail distribution curve having 

a slope about 2.5. An examination of Douglas' (1964) data for 14 cases of 

low liquid-water contents (0.01 to 0.1 gm-3), indicates a better fit is 

-1 
obtained with a line having a slope A= 5.2 cm over the diameter range 1 

to 3 cm. The combined hail spectra for low liquid water contents indicated 

peak frequencies at about 0.8 cm. In general the individual spectra were 

considerably narrower than the mean spectra. 

In the interpretation of the observations of hail spectra observed 

at the ground, one must take into account the effects of melting both in 

the fall from the 0 C level to the ground and the melting after reaching 

the ground but before observation. 

Mason (1956) examined the melting of falling hailstones. He con

cluded that if the 700 mb level were at 0 C and the lapse rate were 6.5 C 

-1 
km , particles having diameters smaller than 0.6 cm would melt completely 

before reaching the ground. 

The effects of melting would be to reduce the slope of the size 

distribution curve. The most numerous small stones would melt. It appears 

that if the distribution curve of hailstones observed at the ground were 

-2.93D N =Ne , one would expect a steeper slope aloft. This point needs 
0 

to be checked by means of calculations. 

We noted that one of Douglas' (1964) classes of hailstones observed 

at the ground had a A= 5.2 (approximately). It would be expected that the 

appropriate slope A in the distribution aloft might be steeper than this. 

Battan and Theiss (1966) used doppler data to calculate a "hail" 

distribution curve. An observed doppler spectrum at 8 km MSL was employed. 
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The positive bound of the spectrum was used to obtain updraft speed. The 

scatterers were assumed to be smooth ice spheres having densities of 0.9 

cm-3 whose terminal velocities as a function of diameter were calculated 

by means of the procedure published by McDonald (1960). The calculated 

size distribution extended over a diameter range of 0.2 to 1.1 cm and could 

-14D be fitted approximately by a curve N = 90 e • Obviously the slope of 

the curve is much larger than those derived from observed hail at the 

ground. In part the large slope was a result of the assumption of smooth 

spheres with small drag coefficients and high velocities. The largest ice 

spheres had diameters of 1.1 cm while the Atlas and Ludlam (1961) curve 

was derived from data on hailstones greater than 1 cm. 

A new series of calculations of 11hail 11 size spectra were made and are 

discussed in subsequent parts of this report. 

Calculation of hail spectra 

On June 22, 1964 hail was observed at the ground at the doppler radar 

site on the top of an 8,200 ft. mountain peak in the Santa Catalina 

Mountains of southeastern Arizona. The hailfall lasted for about 15 

seconds at 1453 MST. Individual hailstones, observed as they hit the 

ground, were called "small" meaning they had diameters less than about 5 DDll. 

Rain accompanied the hail. At 1454 there was a momentary gush of large 

drops suggesting the presence of melted hail. 

During the period of hailfall, the vertically-pointing radar measured 

a large range of doppler velocities aloft. The radar echo distribution 

indicated that the hailstones reaching the ground were moving into the plane 

of observations. Hence, it was not possible to associate hailstones on the 

ground with radar observations aloft at the same or an earlier period. 
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The storm of interest occurred over the radar set between about 1444 

to 1500 MST. During this period, a number of doppler spectra were so 

broad as to indicate the presence of hail. They were examined in attempts 

to estimate particle size spectra. 

Figure 1 shows the smoothed doppler spectrum produced by scattering 

particles located at an altitude at 5,240 m MSL at 1450 MST. 

On the basis of comparison of the spectra calculated by means of com

puter with spectra observed by a bank of filters and from an examination 

of the shape of individual spectra, it was estimated that the signal thresh

old was at 3.1 x 10-12 watts (normalized to an altitude of about 1,600 m). 

The updraft velocity was taken to be the velocity at the upper bound of 

-1 the doppler spectrum plus 1 m sec • Hence it was assumed that at the 

-1 
time of this observation there was an updraft of 7.5 m sec • 

The validity of using the upper bound of the doppler spectrum as an 

indicator of updraft velocity has been questioned by Donaldson (1967) who 

believes that turbulence spread of the doppler spectrum can be quite large. 

Battan and Theiss (1967) have also examined this point, and, although 

recognizing that some turbulence spreading does occur, we do not believe 

-1 it is more than perhaps 1 or 2 m sec This view is reinforced by the 

work discussed in this article. Note, for example, that in Fig. 1 the 

power spectrum is not symmetrically shaped around the mean doppler velocity 

-1 
of 8.7 m sec • 

The ordinate in Fig. 1 also shows a scale of terminal velocity, V, 

obtained by taking V = V - V, the air velocity minus the doppler velocity. a r 

In order to infer hail concentrations as functions of sizes, it is 

necessary to be able to relate hail diameter to terminal velocity and to 

back-scattering cross section. Clearly there are many unknowns in this 
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problem: particle shape, particle density, particle drag, character of the 

ice -- dry, wet or spongy. 

It was assumed that the scattering particles are ice spheres. We 

recognize that such an assumption is subject to serious question, but have 

no other recourse at this time. 

Figure 2 shows the calculated normalized back-scattering cross section 

-3 of various ice and water spheres of density 0.9 g cm (Herman and Battan; 

1961a, 1961b) for a wavelength of 3.21 cm. 

As noted earlier the relationship between terminal velocity and ice 

sphere diameter depends on a number of factors. We made calculations as

suming various parameters. Specifically it was assumed that the particles 

-3 had a density of 0.9 g cm and that the drag coefficient was either 0.45 

or 0.60. The air density was taken to be 7.0 x 10-4 g cm-3 , the appropriate 

value at the altitude of 5,240 m when the observed temperature was about 

0 C and the pressure was about 550 mb. 

Having both back-scattered power and scattering cross section as a 

function of diameter, it was possible to calculate particle concentration as 

a function of diameter. Figure 3 shows the distribution curve of concen-

-3 -1 
tration N(m cm ) versus diameter D(cm) for the case of terminal velocity 

0 5 3 -3 
V = 1,930 D • (CD= 0.45 and pa= 0.70 x 10 g cm ). 

Two straight lines can be fitted to the distribution curve. The one 

corresponding to diameters greater than 0.4 cm is given by 

N = N e-5.6D 
0 

where N = 0.7m-3cm-l and Dis in centimeters. 
0 

(3) 

At diameters smaller than 0.5 cm, the appropriate straight line is 

N = N e-31.8D 
0 

(4) 
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It appears reasonable to speculate that equation (3) gives an estimate 

of the 11hail" size distribution while (4) describes the distribution of 

"rain" or rain-sized ice particles. The dotted line shows the distribution 

obtained by assuming that the scatterers falling at speeds less than 13 m 

-1 
sec were raindrops. As you would expect, the concentrations are about 

5 times smaller than if the particles were ice spheres. The slope of the 

dotted curve is quite close to the one for small ice spheres. 

According to the expression for rain, Marshall and Palmer (1948) 

A= 41R-0.21 (5) 
-1 a value of A= 31.8 corresponds to a rainfall intensity R of 3.4 mm hr . 

Figure 4 compares observed and calculated power spectra. The solid 

lines show observed spectrum of effective reflectivity, Z, plotted against 
e 

terminal velocity obtained for the case of CD= 0.45. The dashed lines in 

Fig. 4 give the doppler spectrum calculated from an assumed size distri

bution. 

N = N e- 6D (6) 
0 

The reflectivity is in terms of N and hence arbitrary. The vertical axes 
0 

have been shifted so that the solid and dashed spectra are nearly super-

imposed. 

Figure 5 is similar to Fig. 4 except that power is plotted as a 

function of diameter. At diameters greater than 0.4 cm and velocities ex-

-1 
ceeding about 10 m sec the curves are strikingly similar. Both curves 

show the distinct minimum at about 1.5 cm which corresponds to the first 

minimum in the backscattering curve (Fig. 2). 

A crucial step in arriving at the diameter scale was to take the pos

itive bound of the doppler spectrum as a measure of the updraft velocity. 

The second step involved the calculation of diameter as a function of 

terminal velocity. In order for the minimum in the observed power spectrum 
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to fall at a diameter of about 1.5 cm, both steps had to be reasonably 

correct, or errors in one had to balance errors in the other. 

Calculations of the ' 1hail" spectrum were also made assuming that the 

drag coefficients of the back-scattering particles was 0.60 but that all 

other factors remained constant. The calculated spectrum of "dry ice 

sphere" sizes (Fig. 6) shows a distinct maximum at a diameter of about 1.5 

cm and a distinct minimum at 2.0 cm. This is consistent with the observed 

power spectrum of Z versus D and the backscattering curve (Fig. 2), but e 

physically such a distribution of 11hail" sizes appears to be implausible. 

In this case, dealing with observed particles at an altitude of about 

5 km, it appears that if the particles were ice spheres, a drag coefficient 

of 0.45 is more realistic than the 0.60 proposed by Macklin and Ludlam 

(1961) and Wexler (1967). 

Returning to Figs. 4 and 5, it is clear that the solid and dashed 

curves are most different at diameters below 0.5 cm and velocities below 10 

-1 
m sec An examination of Fig. 3 makes the reason obvious. The dashed 

curves in Figs. 4 and 5 are based on an assumption that only ice spheres are 

present and that they are distributed as N = N e-6D. According to Fig. 3, 
0 

N 
0 

-3 -1 is about 0.7 m cm The 11hail" distribution does not take into account 

the coexistence of scatterers of raindrop size. The doppler radar observa

tions examined in this case were made in a cloud where hail and other hydro-

meteors were present. 

Thus far it has been assumed that the scattering particles were dry 

ice spheres. Figure 2 allows an assessment of the consequences if the 

scatterers were composed of water, in whole or in part. For all diameters 

smaller than 1 cm the back-scattering cross sections are monotonic with 

diameter for the four types of particles considered. All-water particles 

would have concentrations about 5 to 10 times smaller than dry ice spheres 
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of the same size. This range of ratios applies out to a diameter of about 1.5 

cm. At larger sizes, the change of back-scattering cross section, and 

hence of particle concentration, with particle diameter depends crucially 

on the composition of the particle. These results indicate that the esti

mates of particle size spectrum are likely to be most reliable at diameters 

less than 1.6 cm. 

Variance of doppler spectrum 

The variance of the doppler spectrum can be defined as follows: 

V 
(v-v/ dV J Na (V) 

crz 0 = 
V 
J Ncr(V) dV 
0 

where Vis the mean doppler velocity, cr(V) is the back-scattering cross 

section of particles having velocity V and NdV is the number of particles 

between diameter V and V + dV. 

Wexler (1967) calculated the doppler spectrum, the mean doppler 

velocity, V, and variance,cr 2 , for dry and wet hail size distribution 

. b -2.27 OO 0.5 4 given y N =Ne , V = 1,3 D and a radar wavelength of 5. cm. In 
0 

such an analysis, it is necessary to specify the upper limit of hailstone 

diameters (and velocity). Wexler results are shown in Table 2. 

Table 2. Mean doppler velocities and variances of dry hail distributed as 
-2.27D 

N =Ne calculated by Wexler (1967). Calculations apply at 
0 

sea level when a wavelength 

Maximum Hailstone 

Diameter - cm 

1 

2 

3 

of 5.4 cm 

(m 

is employed. 

V 
2 a 

-1 sec ) 2 -2 
(m sec ) 

12 1.5 

16 3.5 

17 6.0 
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2 
Table 3 and Table 4 present values of Vanda under various con-

ditions. 

Table 3. 
2 

Calculated values of Vanda for dry ice spheres and the indi-

N = 

N = 

N e 
0 

cated conditions. In these calculations maximum diameter was 

taken to be 2.04 cm, and it was assumed that V = 1,300o0 •5 the 

expression given by Wexler (1967) and applicable when p = 1.15 
a 

-3 -3 x 10 g cm and c0 = 0.60. 

3.25 cm 

V 
2 

a 

Wavelength 

V 

5.4 cm 

-L 
(m sec ) 

2 -2 
(m sec ) 

-1 
(m sec ) 

-2.270 15 6.0 16 

2 
a 

2 -2 
(m sec ) 

3.5 

N e-6.00 12 3.7 13 5.1 
0 

Table 4. Same as Table 3 except V = 1,93000. 5 • (Applicable when p = 
X 10-3 g cm-3 and 

a 
0.70 c0 = 0.45. Also see Table 1.) 

Wavelength 

3.25 cm 5.4 cm 

V 
2 V 02 a 

1 (m sec ) 2 -2 (m sec ) -1 (m sec ) 2 -2 
(m sec ) 

N N e -2.27 22 13 .1 24 7.5 = 
0 

N N e -
6.00 18 8.2 20 9.9 = 

0 

Tables 2, 3 and 4 illustrate various points. As noted by Wexler (1967), 

if only hail~ present the variance of the doppler spectrum will generally 
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be small. If maximum hail diameter is about 2 cm, a hail shower near sea 

2 2 
level will usually have a doppler variance below 6 m sec when observed 

by means of 3-cm radar. On the other hand even in the absence of rain, 

hail observed at altitudes above 5 to 8 km (depending on the drag co

efficient) may display a doppler variance twice as large as those at sea 

2 -2 
level, i.e., exceeding 10 m sec • 

If CD= 0.60, V = 1,930DO.S at about 400 mb where the altitude is about 

6,700 m. The quantities shown in Table 4 apply in such a circumstance. 

As noted earlier, when rain coexists with hail, the variance of the 

doppler spectrum may be substantially larger than the variance of either 

hail and rain alone. When only rain is present the variance is less than 

2 -2 
1 m sec (Lhermitte, 1963). 

Donaldson (1967) measured values of the variance up to about 20 m2 

2 
sec. He attributed these largely to turbulence. Wexler (1967), indicating 

2 -2 
that his calculations show a variance of only 6 m sec expressed agree-

ment with Donaldson's conclusions. 

The results presented in this paper do not support these views. The 

doppler spectrum can be broadened by the coexistence of rain and hail. 

This point is illustrated by Fig. 4. If the hail distribution is given by 

N = N0 e-6D, the variance of the curve with hail alone is o2 = 8.2 m2 sec-2 

(Table 4). 2 -2 
The variance of the observed doppler spectrum was 22 m sec 

If only that part of the observed doppler spectrum at velocities exceeding 

lo -l "d d h . . b 11 2 - 2 m sec are consi ere, t e variance is a out m sec • 

Conclusions 

The analyses in this article lead to various conclusions. First of 

all, it is clear that at present it is not possible to specify a single 

representative hail size distribution with any degree of confidence. Atlas 
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-AD and Ludlam (1961) and Douglas (1964) proposed curves N =Ne with values 
0 

-1 of A equal to 2.27 and 2.93 cm , respectively. In certain circumstances, 

in particular with relatively small liquid water contents, the value of A 

may be at least twice as high as the quantities already mentioned. Douglas' 

(1964) data support a A of about 5 in the case of low liquid water contents. 

A value of A of about 6 was calculated from a doppler spectrum. More data 

are needed before generalizations are valid. 

Although the variance of the doppler spectrum of hail alone is 

2 -2 generally below about 10 m sec at a wavelength of 3 cm, when hail and 

2 -2 rain coexist the variance may exceed 20 m sec • Such large variances 

indicate the presence of hail. 
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Fig. 2. 
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LEGENDS FOR FIGURES 

Doppler spectrum at one time and place. 

Normalized back-scattering cross sectionsfor various types of 

ice and water spheres. 

Spectra of dry-ice spheres and of raindrops calculated from 

doppler spectrum shown in Figure 1. It was assumed that the 

terminal velocity at the ice spheres V = 1,930n°· 5• 

Radar reflectivity as a function of terminal velocity for hail 

-6D O 5 spectrum N - Ne and V = 1,930D • (dashed line) and the ob-o 

served reflectivity shown in Figure 1 (solid line). 

Similar to Figure 4 except the reflectivity is plotted as a 

function of the inferred particle diameter. 

Similar to Figure 3 except that it was assumed that V = 

1,6son°· 5 • 



t:rj .... 
OQ 
C: 
Ii 
ro 
I-' 

~ 
!;i 
~ 10-" I 
Q: 
u.J 

~ 
a.. 
0 
I.J.J 
Q: 
u.J .._ 
5 10-12 
en 
~ u 
<( 
cc 

22 July 1964 
Time: 1450 MST 
Altitude: 5,240 m (MSU 

J+i+r+r+·+-+\i+-+ 

f'l+I+ l+ 

r-+-+-+r 
J+-+l+I+ JJ+I+ 

. -----j+ _____ Signal Threshold____ __ 

l+ 

JI 
l
+-+I+ 

+-+ 
lffl3..___ _ _..__ _ __. __ ____.__ _ _____._ __ .......___ _ ____._ _ ____, 

+10 0 -10 -20 
DOPPLER VELOCITY - M / SEC 

I I I 
0 5 10 15 20 25 

TERMINAL VELOCITY - M/SEC 



...,.oe-. 
Mie-25 % volume 1"j.,, '•, 
wo!er shell //' \ 

+ 

I 
,-.-;•-. 

' 
100 on ice sphere 7-,/ _,\. -+ 

I I · , \. 
I. I +/ ' 

.... ~ I 
/ 

/ // \ 
I I · 
I// 
11/ 

/I I:· fl 
fl! 
/iff 1--Mie-dry 
J. ice spheres It 

II 
# 
~ 

./ 
A r· Mie-ice 
I \ spheres with V\ ·v· water shell 

0.01 cm 
thick 

Mie-water 
spheres 

~ I 
~ I 
~ 10-3 / 
Lu / N 

<i. I 
~ l 
0:: 
0 z 

~=3.21 cm 
Ice: IKl2 =0.175 
Water: IKl2 = 0.93 

10-sL_--:::-0L:-4-~0 ~_8--.J1.~2-~1.s~:2ti.0072~.4~____, 

DIAMETER-CM 

Figure 2 



+ 

10 2 ,\ 
July 22, 1964 

\\ Time: 1450 MST 
I , 

~+ 
Altitude: 5,240 M 

10 1 \\ 
~=3.25 cm 
v = 1,930 0°-5 

\\ 
( Appropriate for 
Po= 0.70x 10-3 g cm-3 

10° ++ C0= 0.45 
\ \ · r Rairdrop \ Spectrum 

I 
I 

10-1 ~ \\ ' :::E I \ 
I \ u I \ 

'? 
\ \\ :::E \ \ I 

:z I 

10-2 \ ~ I \ 

I +\ \ \ 

I ~ I \ 

10-3 
. \' N = Nof5·60 

\\ 
,-~\ 
\ 

10-4 

\\ 
+ 

1()5 
0.4 0.8 1.2 1.6 2.0 2.4 

DIAMETER- CM 

Figure 3 



-b 
:z -I 
>-
!:::: 
> 
b 
LI.J 
.....J 
L&... 
LI.J 
0:: 

0 

~ 
.....J 
:::> 
::3 
<t u 

22 July 1964 
Time: 1450 MST 
Altitude: 51240 m (MSU 

10-3 f1 ,r:~1 Observed Ze 
102 

t-J lit' 
' •+-1 I I + I I 

,---' "•1 + I j 1+ I + I I I+ . I I I I 

r-+-+-+ I 

10-4 I L♦l 

101 r-+i+i+ r---J 
r+· 

J -+ 

- Calculated: ,.._., 
N= Noe-so 

I I 
I I 

I I 
10-5 .J 

I 

10° ~= 3.25 cm 
... 

__ ..... _J 

io-6 oL---~----'-,o--L...--_.J..20 __ .....___---J3o'o 
TERMINAL VEL0CITY-M/SEC 

Figure 4 

rt') 

:& 
<D ....... 

::E 
:& 

I 
cu 

N 



102 

I July 22, 1964 

10 1 

\ 
Time: 1450 MST 
Altitude: 5,240 m (MSL) 
A= 3.25cm 
V = 1,680 D0·5 + 

10° \ (Appropriate for 
Po =0.70 X 10-3 g cm-3 

+ 

\ C0= 0.60) 

10-1 \ 
+ 

\ 
""'j" '\ ::!!= 10-2 u 

-\ ~ 
I 

:z 

10-3 ~ 

10-4 \ 

10-6 L.....-------1----,,-,L:-----:'-="----:'-=--::::-'-=-----=:' 
04 0.8 1.2 1.6 2.0 2.4 

DIAMETER-CM 

Figure 6 


	IAP_SR_24_000a001_m
	IAP_SR_24_000a002_m
	IAP_SR_24_001_m
	IAP_SR_24_002_m
	IAP_SR_24_003_m
	IAP_SR_24_004_m
	IAP_SR_24_005_m
	IAP_SR_24_006_m
	IAP_SR_24_007_m
	IAP_SR_24_008_m
	IAP_SR_24_009_m
	IAP_SR_24_010_m
	IAP_SR_24_011_m
	IAP_SR_24_012_m
	IAP_SR_24_013_m
	IAP_SR_24_014_m
	IAP_SR_24_015_m
	IAP_SR_24_016_m
	IAP_SR_24_017_m
	IAP_SR_24_018_m
	IAP_SR_24_019_m
	IAP_SR_24_020_m
	IAP_SR_24_021_m
	IAP_SR_24_022_m
	IAP_SR_24_023_m

