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Introduction 

MEASUREMENT OF DRAFT SPEEDS IN CONVECTIVE 

CLOUDS BY MEANS OF PULSED-DOPPLER RADAR 

Louis J. Battan and John n. Theiss 
The University of Arizona 

Tucson, Arizona 

A pulsed-doppler radar with its antenna pointed vertically supplies ob-

servations allowing inferences of the vertical velocity of air in convective 

clouds. Several schemes for doing this have been reported in the literature. 

Probert-Jones and Harper (1961) were the first to show that the pattern 

of vertical air motion could be obtained. They recorded observations of the 

doppler spectrum at height intervals of 500 ft. At all levels above the OC 

isotherm, they assumed that ice crystals or snowflakes were present in de

tectable concentrations. Hence, they took the positive end of the doppler 

spectrum as an estimate of the velocity of the ice particles with respect to 

the ground. By adding 1 m sec- 1 , to account for the terminal velocity of 

particles, they obtained a measure of the vertical air velocity. 

In order to estimate air speeds below OC, Probert-Jones and Harper made 

two assumptions: 1) that vertical air speed is continuous through the melting 

layer and 2) "that there will be little change in the terminal velocity of 

the largest drops in their fall to the ground" from the bottom of the melting 

layer. 

On the basis of these assumptions it was inferred that changes in the 

minimum doppler velocities (maximum downward) as a function of height could 

be attributed to changes in air velocity. This procedure was used to esti-

mate air speed in the rain regions. 
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Battan (1964) and Battan and Theiss (1966) extended the technique of 

Probert-Jones and Harper. They assumed that in most parts of a shower there 

-1 
are particles with fall speeds of the order of 1 m sec Above the OC they 

might be frozen, below it small raindrops would be the scatterers. Hence, 

through almost the entire depth of a precipitating column, the positive bound 

(maximum upwards) of the doppler spectrum was taken to be the air velocity 

-1 
minus the fall speed of the slowest falling drops (about 1 m sec ). Atlas 

(1964) pointed out that this scheme was likely to be in error at the forward 

edge of a shower where drop sorting commonly occurs. As will be seen in a 

later section, his reservations were well-founded. 

Clearly the validity of employing the positive bound of the doppler 

spectrum depends on a number of crucial factors. It is necessary that slow

falling scatterinc particles be present, that they be detectable and that it 

be possible to identify them as particles with known terminal speeds. 

When a broad spectrum of particle sizes exists, as it commonly does, it 

may be safely assumed that the particle diameters will range from those too 

small to be detected to those quite easily detectable. Distribution curves 

such as those proposed by Marshall and Palmer (1948) would satisfy this 

description. 

When a broad raindrop spectrum exists, the precision with which air 

motion may be inferred depends on the minimum size of the drops detected. A 

typical X-band radar set such as the one employed in the studies already men

tioned are capable of detecting drops having diameters of perhaps 300 microns. 

Note that the maximum range involved is less than 10 miles and more often 

less than half that much. One can reasonably take the terminal velocities 

-1 
the smallest detectable drop to be about 1 m sec 

As will be shown in a later section, in certain parts of the showers 

notably near the tops and bases, particle sorting does take place. This is 
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indicated by a narrow range of doppler velocities. In such regions, it is 

not possible to associate the positive tail of the doppler spectrum with par

ticles falling at a lmo°t'm speed. Hence, unless an independent estimate of 

raindrop size is available, it is not possible to use the positive band to 

infer updraft or downdraft speeds. 

There is one obvious drawback in the technique based on identification of 

the tails of the doppler spectra. It is inferent in any scheme involving de

tection of a threshold and comes about because of difficulties in discrimi

nating signal from noise. This is particularly true when a power spectrum is 

derived from a record of finite length. A certain degree of arbitrariness is 

involved in the selection of the threshold level. In instances when the power 

-1 falls off abruptly, uncertainties can be held to 1 or 2 m sec . In some 

cases, however, larger errors may ensue. More will be said about this point 

later in this report. 

Another possible difficulty encountered when using the bounds of the 

spectrum, arises because of uncertainties about the role of small scale turbu

lence. It has been assumed that its effect on the doppler spectrum is small. 

Atlas (1964) noted that on the basis of turbulence measurements by means of 

the R-meter by Rogers (1957), doppler spectrum broadening might be as large 

-1 
as ±,0.5 m sec Recently Donaldson (1967) has suggested it might be con-

siderably larger. This matter will be examined after some new data has been 

presented. 

Rogers' method for estimating air motion 

Certain pulsed-doppler radar sets measure mean doppler velocity, W, 

and standard deviation of the doppler spectrum, aw, as a function of height. 

Rogers (1964) has proposed a procedure for estimating air motion from a 

lmowledge of Wand the total average back scattered power, P. 
r 
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It is well known that when the raindrop diameters Dare much smaller 

than the radar wavelength, P is proportional to the radar reflectivity fac
r 

tor, Z, which in turn is given by J ND6 dD. 

Rogers (1964) makes two crucial assumptions in his analysis. First, he 

assumes that the size distribution of the back-scattering particles is known 

to be exponential. Secondly, he assumes that the terminal velocity, Wt, and 

particle diameter are uniquely related according to an expression 

0.5 cm 
sec 

(1) 

an expression derived by Spilhaus (1948). For raindrops smaller than about 4 

mm in diameter, this equation gives good results. At larger diameters the 

deviation between actual terminal speeds and those given by the Spilhaus 

equation increase rapidly. 

Following these assumptions, Rogers (1964) derived an equation for the 

mean doppler velocity of the falling drops in still air, 

_l 

w = 3.8 z14 
0 

(2) 

Having a measurement of the mean doppler velocity, W, the air velocity, W, 
a 

is obtained from 

w = w - w 
a o 

(3) 

Rogers (1964) recognized that his assumptions introduced uncertainties in 

this method, but stated that when raindrops were the scatterers, it should 

-1 
give updraft estimates to within about 1 m sec He proposed that in snow, 

comparable accuracy could be obtained by assuming that the particles (and 

-1 
hence W) have terminal velocities of 1 m sec 

0 

Equation (3) has been used by Rogers (1964) and several other investi-

gators, Atlas (1966), Donaldson et aZ. (1966) and Donaldson (1967). In the 
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last paper it is argued that because of turbulence broadening of the doppler 

spectrum, Rogers' method may be superior to the one based on the positive 

bound of the spectrum. One of the aims of this paper is to evaluate the dif

ferences in these two techniques. 

Observations 

Battan and Theiss (1966) have presented a detailed analysis of a shower 

which occurred on Au2;ust 9, 1963. Part of the study involved the estimation 

of the field of vertical motion in the cloud. Atlas (1966) used the informa

tion from that analysis in a further investigation of the precipitation mech

anisms in the same shower. 

Figures la-h present doppler spectra at 1,000-ft. height intervals be

tween the altitudes of 22,000 ft. MSL and the echo summit for the period 

140309 to 140942 HST. This was the time interval during which a strong up

draft was observed in the upper part of the cloud. The actual data consisted 

of back-scattered po,1er within velocity intervals of 1 m sec. The curves were 

obtained by smoothing the data by eye. They are cut off at the threshold of 

-90 dbm (normalized to an altitude of 5,250 ft.), the level which appeared to 

be the indicated noise level. 

During the period that this shower was over the radar set, observations 

were obtained at 500-ft. height intervals. Figure 2 shows the variation with 

height of the positive and negative bounds (for a threshold of -90 dbm) of 

the doppler spectra for all the observations. 

Several points are worth noting at this time. In particular it is seen 

that at the upper and lower extremities of the echoes, the range of velocities 

generally are smaller than in the interior parts of the echoes. This is more 

evident in Figure 3 in uhich average values of the range of doppler velocity 

are plotted as a function of the distance above the base or below the echo 
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-1 
At the extremities, the average ranges are about 3 m sec They 

-1 
increase to 10 to 12 m sec at a distance of one l~ilometer into the echo. 

The limited doppler-velocity range signifies a relatively narrm1 range 

of drop sizes. This being the case, it is not possible to accurately infer 

the air motions or the particle sizes except in those cases where independent 

information gives the size of the scattering particles. 

Rogers' method applied at the echo base yields a downdraft averaging 

-1 
about 2 m sec the use of the upper bounds of the spectra yields an average 

-1 
downdraft of about 3 m sec If we take 2 m sec-las the downdraft speed, 

the average terminal velocities corresponding to the mean velocity range of 

-1 -1 
3 m sec are 2 and 5 m sec • At 700 mbs they would correspond to raindrop 

diameters of 0.6 to 1.3 mm, respectively. 

Clearly the range of estimated drop diameters depends on the air motion, 

-1 
but unless the downdraft speed is greater than about 6 m sec the range of 

-1 
drop sizes corresponding to the 3 m sec range of doppler velocity will be 

no greater than about 1.2 mm, providing, of course, that the range of veloc

ities is entirely a result of differences in terminal velocity. 

This result indicates that near the cloud base there was a narrow range 

of drop sizes brought about because of drop sorting. It is to be expected 

that near the forward edge of a shower, raindrop sorting takes place in an 

environment where ·wind shear exists, (Atlas and Plank, 1953; Gunn and 

}Iarshall, 1955). The results obtained here indicate that most of the sorting 

took place in the lowest few hundred meters of the shower. 

It should be noted that when the range of drop sizes is small, estimates 

of air speed by means of the positive bound of the doppler spectrum may be 

subject to large errors. The very close agreement in the two estimates of 

downdraft speed was fortuitous. Without other types of observations it is not 

possible to estimate the actual downdraft speed. 
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One might expect that at the upper parts of the growing echoes, the par

ticles were composed of ice. With temperatures belo,·1 -25°C, nucleation ·would 

be likely. The initiation of the ice phase and its spread has been discussed 

recently by Atlas (1966) and Wexler and Donaldson (1966). Figure 2 shows that 

during the period of active cloud growth, the scatterers near the top of the 

echo were rising uith respect to the ground. Hithout a doubt the particles 

were in an updraft. 

Rogers' equations [given here as (2) and (3)] for an experimental size 

-1 
distribution of drops yield updrafts ranging from about 4 m sec to close to 

-1 
10 m sec (between llf05 and 1400 MST). Since the form of the particles is 

not known, estimates of particle size cannot be calculated with any degree 

of confidence. Except near the early part of the shower, the particle should 

be frozen. It would be reasonable to assume that at the very summit only the 

slouer falling particles would be found. 

At the echo summits the velocity range was very narrow except at 140501 

and 140557 MST. It appears valid to assume that all the particles are ice 

-1 
crystal aggregates having terminal velocities of about 1 m sec In snow, 

-1 
Rogers (1964) concludes the updraft can be obtained by adding 1 m sec to 

the mean doppler velocity. Except for the two observations already cited, 

-1 -1 
this gives updrafts within 1 m sec of the value obtained by adding 1 m sec 

to the upper bound of the doppler spectra. This procedure yields updrafts 

-1 -1 
ranging from 2 m sec to 13 m sec during the period 1455 to llf08 11ST. 

Note that at a small distance below the echo summit the range of velocities 

sometimes increases markedly. This result might be accounted for by the 

presence of a large range of particle sizes. They could be high density snow

flakes, snow or ice pellets having greater fall speeds than the ice crystal 

aggregates carried to the top of the echo column. 



( 

-8-

Figures 4 and 5 present information on doppler velocities for a shower 

which occurred on July 22, 1964. It was part of a cloud system producing hail 

at the ground. This case is still under study, but some of the data are pre

sented here because it confirms some of the features already discussed. Early 

analyses of the records indicated that the noise level was close to -85 dbm 

(normalized to 5,250 ft.). The information presented in Figures 4 and 5 is 

based on this threshold. 

Little will be said about this case until a more detailed analysis is 

made. For example, there is some evidence indicating that a threshold of -83 

dbm would be more correct. It would reduce the range of the doppler spectra 

and give better correspondence of air motions with those obtained from Rogers' 

technique. 

As in the earlier case, the average range of doppler velocities was 

smallest at the echo extremities where it was about 4 m sec-land increased 

rapidly with distance into the storm. 

Turbulence broadening of the doppler spectrum 

The range of doppler velocities can be increased either as a result of 

increasing the range of particle diameters and hence terminal velocities or 

as a result of turbulence broadening. The data presented here indicates that 

near the echo tops and bottoms, the ranges of velocities were relatively nar

row. They can be e,tplained in terms of a narrow range of terminal velocities. 

This result leads to the conclusion that turbulence broadening at the 

-1 
echo tops and bases generally was small, certainly no greater than 1 m sec 

most of the time. The degree of turbulence in these regions and the extent 

to which it differed from the turbulence in the echo interiors is difficult 

to assess. 
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Certainly there should be substantial turbulence near the suITmit of a 

rapidly developing cumulus cloud. Photographs of the cloud of August 9, 1963 

have already been published (Battan, 1966). They show the typical hard, boil

ing appearance of a rapidly growing cloud. The average rate of ascent of the 

-1 1 
echo top was about 5 m sec between 1359 HST and 1403 MST and about 7 m sec-

between 1404 MST and 14-09 MST. Except for the observations at 140501 MST and 

-1 
140557 11ST, the range of doppler velocities was no more than 2 m sec 

It seems reasonable to expect a degree of turbulence at the top of the 

echo comparable in intensity to that within a few hundred meters of the echo 

summit. The narrow range of doppler velocities at the echo summits indicates 

that most of the time turbulence could not have broadened the spectrum more 

-1 
than about ±1 m sec If this is the case at the summit, it would follow 

that turbulence broadening would also be quite small some hundreds of meters 

lower. It would be expected to be true in the cloud's interior unless the 

scale and intensity of turbulence were substantially different than in the 

upper few hundred meters. 

The narrow range of velocities at the echo base again indicate that if 

turbulence broadening existed, it was not more than about ±1 m sec-1 • 

Bacl~-scattered power and range of doppler velocities 

Donaldson's (1967) conclusion that turbulence broadening might be much 

greater than ±1 m sec-l is based on the analysis of a storm in the Boston 

area. He found a slight negative association of radar reflectivity, Z, with 

o the standard deviation of the doppler spectrum. He reasoned that if the 
w 

doppler spectral width were caused primarily by the width of the particle 

size spectrum, Zand o should be positively correlated. 
w 

For the two sho,;-1ers already cited, tabulations were made of P versus 6.W, 
r 

the range of doppler velocity. Values of o were not available, but 6.W and 
u 
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cr should be highly correlated, The data are shown in Tables 1 and 2. It 
w' 

can be seen that there is a clear positive correlation, the higher P the 
r 

greater the value of flW. An examination of Figure 1 also shows how the greater 

the back-scattered power, the larger the range of doppler velocities. These 

results, contrary to those of Donaldson (1967), do support the view that the 

width of the doppler spectrum is positively related with the range of particle 

diameters. Since the minimum detectable particle size is more or less fixed, 

the greater the ·width of the doppler spectrum, the greater the size of the 

largest particles, at least statistically. 

It is still necessary to try to account for the difference in these re

sults from those presented by Donaldson (1967). Perhaps the differences are 

more accidental than real, being a result of the differences in the particular 

shoHers examined. 

Comparison of techniques for measuring draft speeds 

By means of equation (2) calculations uere made of the vertical velocity 

of the air (HR) and compared with the velocity inferred from the upper bound 

of the doppler spectrum (WBT). The results for August 9, 1963 are shown in 

Figure 6. The open circles represent cases where the range of velocities was 

-1 
equal to or less than 5 m sec • The dots represent cases where the velocity 

-1 
range equalled or exceeded 15 m sec • 

The solid line is the locus of all points where WR= WBT" The estimated 

-1 
fall speed of 1 m sec was not added to HnT" If it were, all the points 

would be shifted upwards by that amount. It is clear that the two velocity 

estimates are correlated, It is of further interest that when the range of 

velocities was narrow WBT was always smaller than H. When the range of 
R 

velocity was wide, HBT was always greater than HR. All of the deviations of 

-1 
HBT exceeding 5 m sec fell into this category. 
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Table 1 

!:N 
m/sec 

o- 1.9 

2- 3.9 

4- 5.9 

6- 7.9 

8- 9.9 

10-11. 9 

12-13.9 

14-15.9 

16-17.9 

18-19.9 

20-21. 9 

22-23.9 

24-25.9 

26-27.9 

28-29. 9 

Total 
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Distribution of the range of doppler velocity as a function of 

average total back-scattered power P (normalized to an alti
r 

tude of 5,250 ft.) for the shower of August 9, 1963. 

Normalized Back-scattered Power -dbm 

-50.0 -55.0 -60.0 -65.0 -70.0 -75.0 -80.0 -85.0 
to to to to to to to to 

-54.9 -59.9 -64.9 -69.9 -74.9 -79.9 -84. 9 -89.9 

14 20 36 5 

8 35 50 35 3 

1 17 63 60 14 

6 35 59 13 3 

3 44 25 6 

12 20 7 2 1 

1 13 17 2 

2 14 4 2 

7 10 2 

13 5 

14 6 

6 

5 1 

1 7 

4 2 

5 57 71 147 207 151 89 

Data for the period: 1354-1412 MST, August 9, 1963. 
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Table 2 Same as Table 1 for shower of July 22, 1964. 

Normalized Back-scattered Poi;-rer -dbm 

-so.a -55.0 -60.0 -65.0 -70.0 -75.0 -80.0 
6 V to to to to to to to 

m/sec -54.9 -59.9 -64.9 -69.9 -74.9 -79.9 -84.9 

o- 1.9 lG 1 

2- 3.9 1 10 n 2 u 

4- 5.9 3 14 9 

6- 7.9 4 9 17 1 1 

8- 9.9 1 7 14 10 2 

10-11. 9 1 10 19 11 2 

12-13.9 1 21 20 7 1 

14-15.9 2 28 14 2 

16-17.9 1 33 n 1 u 

lG-19.9 4 20 2 

20-21. 9 7 22 7 

22-23.9 10 9 1 

24-25.9 6 8 

26-27.9 5 1 

28-29.9 7 

30-31. 9 3 2 

32-33.9 2 

34-35.9 1 

Total 51 165 98 72 33 L:. 

Data for the period: 1Lf45-1455 MST, July 22, 1964. 
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Table 3 shows the distribution of (WnT - UR) as a function of total 

average back-scattered po,;,1er for the shower of August 9, 1963. It is clear 

that the large negative differences were associated with relatively weak sig-

nals. All velocity differences ': -2 m sec - l were in 

At the other extreme, all values of (WBT - WR) > 4 m 

with P > -65 dbm. 
r 

regions where P ~ -66 
r 

-1 
sec were associated 

Table 4 shows the distribution of WBT as a function of Pr. There ap

pears to be a weak positive correlation. The much higher correlati.on of 

(HBT - WR) with Pr indicated by the data in Table 3 is explained by the 

definition of WR. 

dbm. 

On the basis of Figures 3 and 5 it is evident that statistically, the 

observations with small ranges of doppler velocity were obtained at the upper 

and lower limits of the echoes. As already noted, at higher altitudes the 

scattering particles were probably ice crystal aggregates with terminal speeds 

-1 
of about 1 m sec • In this region equation 3 can be expected to overestimate 

the terminal velocity. This will lead to an overestimate of WR. 

A similar result follows when the scatterers are small, nearly uniform 

raindrops. The small bacl~-scattered powers associated with the larger nega

tive differences of (UBT - WR) support the view of small particle sizes; the 

small range of velocities supports the inference of relatively uniform drop 

sizes. The assumption of an exponential size distribution and a square law 

relation of Ht with D would lead to an overestimate of W0 • This in turn 

would lead to an overestimate of WR. 

large positive values of (HBT - WR) are associated with larger ranges of 

doppler velocity (Figure 6) and larger values of P (Table 3). Rogers (1964) 
r 

noted that equation (3) is only weakly dependent on the exact form of the 

exponential distribution of particle size. On the other hand, the value Kin 

the equation wt2 = KD can vary over a substantial range. Since W is directly 
0 



Table 3 

-p 
r 

dbm -4.0 -2.0 
to to 

-5.9 -3.9 

-50 to -54.9 

-55 to -59.9 

-60 to -64.9 

-65 to -69.9 2 

-70 to -74.9 5 

-75 to -79.9 7 

-80 to -84.9 2 5 

Totals 2 19 

Distribution of (WBT - WR) as a function of average 

total back-scattered power P (normalized for the 
r 

shower of August 9, 1963. 

(HBT - WR) m sec 
-1 

o.o 0.1 2.1 4.1 6.1 8.1 
to to to to to to 

-1.9 2.0 4.0 6.0 8.0 10.0 

1 

4 8 5 8 2 

8 3 4 1 

6 7 4 

3 1 1 

6 1 

1 

16 21 16 9 10 2 

----

10 .1 
to 

12.0 

1 

1 

Totals 

2 

27 

16 

19 

10 

14 

8 

96 

I 
I-' 
.p,. 
I 



Table 4 

-p 
r 

dbm I 
-2.0 o.o 0.1 

to to to 
-3.9 -1.9 2.0 

-50 to -54.9 

-55 to -59.9 2 1 

-60 to -64.9 3 1 

-65 to -69.9 6 3 

-70 to -74.9 2 3 

-75 to -79.9 1 3 2 

-80 to -84.9 1 2 2 

Totals 2 18 12 

Distribution of WBT as a function of average total 

back-scattered power P (normalized) for the shower r 

of August 9, 1963 

(TT - TT) m sec -1 
BT R 

2.1 4.1 6.1 8.1 10.1 12 .1 14.1 16.1 
to to to to to to to to 

4.0 6.0 8.0 10.0 12. 0 14.0 16.0 18.0 

1 

3 3 2 6 1 1 4 

3 1 2 1 1 3 

1 1 1 3 2 1 1 

2 1 2 

2 4 1 1 

1 1 1 

12 11 6 11 5 5 3 5 

18.1 
to 

20.0 

1 

4 

1 

6 

Totals 

2 

27 

16 

19 

10 

14 

8 

96 

I 
f--' 
Ln 
I 
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proportional to K, differences in K from one region of particles to another 

can be important. 

Dattan (1966) calculated the terminal velocities at an altitude of C 1~m 

-3 of ice spheres having densities of 0.9 and 0.6 g cm • Up to speeds of at 

-1 
least 30 m sec , a straight line of the form proposed by Spilhaus (1940) 

represents a good fit. For the higher density spheres, one obtains a K = 

3 0.5 -1 2.36 x 10 cm sec up to a diameter of 1.6 cm. In the case of densities 

of 0.6 g cm-3 one obtains K = 2.11 x 103 cm0 •5 sec-l up to a diameter of 2.4 

cm. 

-3 In the instance of 0.9 g cm ice spheres, the value of K is 1.66 times 

that given by Spilhaus (1943) for water spheres. 

The values of H 
0 

3 0.5 -1 -calculated with K = 1.42 x 10 cm sec for P 
r 

-1 ranging from -65 to -53 dbm are 5.3 to 6.4 m sec , respectively. If K = 

2.36 x 103 cm0•5 sec-l is employed, the same power range yields values of W 
0 

-1 
from G.8 to 10.6 m sec This represents an increase of 3.5 to 4.2 m sec 

for back-scattered powers of -65 and -53 dbm, respectively. The same in

creases apply to HR. They lead in turn to smaller values of (WB - HR). 

We do not propose that those regions of the cloud with ranges of dop-

-1 pler velocity greater than 15 m sec consisted of ice spheres having a 

-3 
density of 0.9 g cm Nevertheless, if turbulence broadening is no more 

-1 
than about 1 or 2 m sec , it is safe to conclude that in regions with dop-

-1 pler velocity ranges exceeding 15 m sec , the largest hydrometers must be in 

the form of ice particles of some kind--snow or ice pellets or hail. In this 

circumstance it appears reasonable to conclude that the appropriate value of 

K would be greater than the one most applicable in rain. 

As already noted, if the scatterers were dense ice spheres smaller than 

about 2 cm in diameter at an altitude of 8 km, one obtains a value of K which 

is 1.66 times greater than the one used by Rogers. It is conceivable that a 

larger value might be more applicable in some instances. 
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In the case of hail, the relation between Z, the radar reflectivity, and 

D may vary significantly from the one applicable in the Rayleigh back

scattering region. Nevertheless, it is worth noting that if the values of 

(WBT - WR) in Table 1 for Pr greater than -65 dbm are adjusted by adding 4 m 
-1 -1 sec to WR' 20 of the total of 45 observations would be within +2 m sec 

-1 and 42 of the total would be within ±4 m sec • 

Tables 5 and 6 show calculated values of (WBT - WR) as a function of Pr 

for the shower of July 22, 1964. In the first table a threshold of -85 dbm 

(normalized to an altitude of 5,250 ft.) was used for establishing WBT' In 

the record one -83 dbm was employed. Since WR was the same regardless of this 

threshold, the differences in the tables are entirely a result of differ

ences in WBT' These tables illustrate that estimates of vertical velocity 

are most questionable in regions with high bacl:-scattered powers. The 2 db 

difference in threshold power corresponds to a difference in updraft speed of 
-1 from 2 to 4 m sec on the average. 

Special attention is called to the fact that the distribution of points 

in Table 6 for July 22, 1964 are similar to those shown in Table 3 for August 

9, 1963. It would appear that the same arguments apply. 

Summary 

On the basis of these analyses, several conclusions can be drawn. 

Rogers' (1964) technique for inferring vertical air velocity is most ap

plicable in the case of rain with a wide spectrum of drop sizes. Uncertain

ties in the shape of the distribution curve and the velocity-diameter curve 

in the presence of large raindrops introduce uncertainties exceeding the 1 m 
-1 

sec he has cited. In regions where particle sizes are fairly uniform, large 

error may result. 

In parts of the cloud where large solid particles (snow or ice pellets 

or hail) are present Rogers' equation underestimates W, the mean doppler 
0 



Table 5 

-p 
r 

-4.0 -2.0 
dbm to to 

-5.9 -3.9 

-55 to -59.9 

-60 to -64.9 1 

-65 to -69.9 1 

-70 to -74.9 8 

-75 to -79.9 2 7 

Totals 2 17 

Distribution of (HBT - WR) as a function of average 

total back-scattered power P (normalized) for the 
r 

shower of July 22, 1964. The threshold power for 

obtaining WBT was -85 dbm (normalized). 

(HBT - WR) m sec 
-1 

o.o 0.1 2.1 4.1 6.1 8.1 10 .1 12 .1 
to to to to to to to to 

-1.9 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

1 3 2 4 4 1 2 

6 10 10 11 5 1 2 

11 9 6 3 1 

8 2 1 

1 

26 22 20 16 9 6 3 2 

14.1 
to 

16.0 

1 

1 

Totals 

17 

47 

31 

19 

10 

124 

I .... 
co 
I 



Table 6 

-p 
r 

-4.0 -2.0 
dbm to to 

-5.9 -3.9 

-55 to -59.9 

-60 to -64.9 5 

-65 to -69.9 5 

-70 to -74.9 11 

-75 to -79.9 2 4 

Totals 2 25 

Same as Table 5 except that the threshold power for 

obtaining HBT was -83 dbm (normalized). 

(H - U ) m sec -1 
BT R 

o.o 0.1 2.1 4.1 6.1 3.1 10 .1 
to to to to to to to 

-1.9 2.0 4.0 6.0 c.o 10.0 12.0 

1 4 2 3 4 2 

10 7 17 4 3 1 

12 9 5 

5 1 

28 21 24 7 7 3 

12.1 
to 

14.0 

1 

1 

Totals 

17 

47 

31 

17 

6 

113 

I 
t-' 
\.0 
I 
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velocity of the particles in still air, by a factor ranging from 1.5 to 2.0. 

When the back-scattered power is -60 dbm (normalized to a range of about 1 

mile), such discrepancies correspond to underestimates of the updraft of about 
-1 

3 to 6 m sec , respectively. 

The technique for inferring updraft speeds by use of the upper bound of 

the doppler spectrum is sometimes sensitively dependent on the threshold of 

power employed. In some cases it is difficult to specify exactly the noise 

level of the spectrum. This fact leads to uncertainties in the estimated up

draft speeds. Obviously the lower the threshold selected, the greater the in

ferred velocities. 

Figure 1 shous that sometimes the doppler spectra are nearly Gaussian, 

but at other times the deviations therefrom are quite large. This suggests 

that estimates of errors based on an assumed Gaussian shape could be far off 

the mark. 

Earlier mention was made of the use of two (-85 dbm and -83 dbm) thresh

olds for the shower of July 22, 1964. A statistical comparison was made of 

the inferred air speed WBT for the sample shown in Table 6. Of the total of 

-1 118 observations, about 80 per cent agreed within a speed of 2 m sec , and 

95 per cent within 5 m sec- 1• The remaining 5 per cent disagreed by 7 to 9 
-1 

m sec This analysis gives some measure of the uncertainties in using the 

upper bound technique for evaluating air speed. It suggests that an accu

racy of ±1 m sec-l cited earlier by Atlas (1964) is over optimistic. Uncer

tainties of 2 to 3 m sec-l are more reasonable. 

Finally it should be noted that we agree that the points raised in this 

report and by Donaldson (1967) need further analysis. Since it is not yet 

possible to specify realistic fields of air motion in clouds or the distribu

tions of hydrometeor fall velocity, it does not appear to be possible to 

arrive at answers to the relevant questions by means of theoretical analysis. 
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It will be necessary to obtain more observational evidence on which to build 

a satisfactory theoretical foundation. It is particularly important to ob

tain independent samples of particle size distributions in regions being 

observed by the doppler radar. 
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Doppler spectra at 1000-ft. height intervals. Spectra 

smoothed by eye. 

Variation with height of the range of doppler velocity for 

a shower on August 9, 1963. Threshold was taken at -90 

dbm normalized to an altitude of 5,250 ft. 

Average range of doppler velocities on August 9, 1963 as a 

function of distance above the echo base and below the echo 

summit. Length of the line at each altitude shows the 

standard deviation of the observations. 

Variation with height of the ranse of doppler velocity for 

a shower on July 22, 1964. Threshold was taken at -05 dbm 

normalized to an altitude of 5,250 ft. 

Average range of doppler velocities on July 22, 1964 as a 

function of distance above the echo base and below the echo 

summit. Threshold was taken at -05 dbm. 

Estimates of air speed by means of the positive bound of the 

spectrum (WBT) versus speed calculated by Rogers' equation 

(WR). 
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