
Characteristics of Updrafts in Thunderstorms

Item Type text; Report

Authors Battan, Louis J.

Publisher Institute of Atmospheric Physics, University of Arizona (Tucson,
AZ)

Rights Public Domain: This material has been identified as being free of
known restrictions under U.S. copyright law, including all related
and neighboring rights.

Download date 24/05/2023 20:40:03

Item License http://creativecommons.org/publicdomain/mark/1.0/

Link to Item http://hdl.handle.net/10150/634522

http://creativecommons.org/publicdomain/mark/1.0/
http://hdl.handle.net/10150/634522


THE UNIVERSITY OF ARIZONA 

INSTITUTE OF ATMOSPHERIC PHYSICS 

SCIENTIFIC REPORT NO. 31 

CHARACTERISTICS OF UPDRAFTS 

IN THUNDERSTORMS 

Louis J. Battan 
Institute of Atmospheric Physics 

Tucson, Arizona 

31 August 1978 

*Research supported by the 
Atmospheric Sciences Section, 
National Science Foundation, 
NSF Grants ATM73-06558A03 

and ATM78-10082 

UA-IAP-SR-78-31 



CHARACTERISTICS OF UPDRAFTS IN THUNDERSTORMS* 

Louis J. Battan 

1. Introduction 

Institute of Atmospheric Physics 
University of Arizona 
Tucson, Arizona 85721 

A pulsed-Doppler radar, operated with its antenna pointed 

towards the zenith, yields useful information on the internal 

structure of thunderstorms, but such an operational mode has a 

number of serious shortcomings. For example, no data is obtained 

unless a storm occurs overhead, and when one does do so, there 

are difficulties in discriminating between temporal changes and 

spacial differences detected as a storm moves through the radar 

beam. On the other hand, observations by means of a zenith

pointing radar can be used, in a fairly straightforward way, to 

infer vertical air motions and obtain estimates of precipitation 

particle sizes. In addition, this mode of operation yields data 

over small height intervals. In theory one can obtain indepen

dent data at intervals equal to one-half the radar pulse length. 

The Doppler radar used by Battan (1975a) operates at a wave

length of 3.25 cm, has nominal beam widths of 1.3° and a P.R.F. 

of 4,000 Hz. The pulse duration of 0.25 µs yields a range 

*This research has been supported by the Atmospheric Sciences 
Section of the National Science Foundation under Grants 
ATM73-06558A03 and ATM78-10082. 



resolution of about 38 m. In practice, data are collected at 

height intervals centered 152 meters apart. 
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Over the years, the group at the University of Arizona has 

observed thunderstorms in the vicinity of Tucson, Arizona (e.g., 

Battan, 1975a;b). The data have been used to speculate about 

the nature of vertical air motions and precipitation development 

in these storms. There is evidence that many or most thunder

storms in Arizona have small ice or snow pellets in them (Battan 

and Wilson, 1969), but when precipitation from thunderstorms is 

observed on the ground, particularly in the valleys, ice parti

cles if they exist at all, usually are small. It is a rare event 

in the city of Tucson to see hailstones as large as 1 cm in diame

ter. 

Because of a continuing interest in the characteristics of 

hail and hail storms it was decided to take the Arizona radar to 

eastern Colorado where hail storms are relatively frequent. Fortu

nately, in 1974, the National Hail Research Experiment (NHRE) was 

in full operation and kindly made available the assistance neces

sary to find a suitable site for the radar. It was moved to 

Colorado in June, 1974 and was installed on the grounds of the 

Stoneham Community Center, about 45 km south of Kimball, Nebraska, 

on the west side of U.S. Highway 71. As shown in Fig. 1 this 

position was on the west side of the NHRE experimental area. 

Unfortunately, as seems to happen so often in meteorology, 

the laws of chance were not kind, and during the six week period 

. in the field there was almost no hail over the University of 

Arizona radar. On a few occasions a few, very small ice particles 

were mixed with rain. But the expedition did not come home empty 



handed. On three days in July, thunderstorms passed over the 

radar and yielded some useful observations. The main charac

teristics of the storms as revealed by the radar observations, 

were generally similar. This article discusses the analysis of 

two of the storms. 

Observations on 10 July 1974 
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By 1417 MDT on 10 July 1974 there were numerous large cumulus 

around the radar site. Observers at Grover, Colorado located about 

40 km to the west, reported cloud bases at an elevation of 3.8 km 

(MSL). Since the radar was about 1,420 m above sea level, cloud 

bases were about 2.4 km above the radar. Starting at about 1518 

MDT lightning was observed both to the west and east, and there 

were two light, brief showers at the radar. 

The vertical distributions of air temperatures, dew point 

and wind velocity were measured at 1500 MDT at Sterling, Colorado 

(Fig. 2). The 0°C. isotherm was an elevation of about 4.9 km 

above sea level. Below 3.7 km winds were from the southeast. 

At greater altitudes they were mostly southwesterly with speeds 

increasing with height. Observations at Grover by means of a 

10-cm radar, showed that after about 1530 MDT, showers and 

thunderstorms grew rapidly in the vicinity of the Doppler radar. 

As would be expected, the echoes were moving generally towards 

the north at a speed of about 8 m sec-1 • The average wind veloc

ity in the layer 4 to 10 km was southwest at 11.6 m sec- 1 • 

Therefore the mean echo velocity was to the left of the mean 

wind and somewhat slower. 

Figure 3 displays a series of time-height cross sections 



from 1540 to 1550 MDT on 10 July 1974. The data presented in 

Fig. 3 are the following: (a) radar reflectivity in units of 

(b) mean Doppler velocity, Vr (m sec- 1 ) 

with positive velocities being upwards; (c) updraft velocity, 

w (m sec- 1 ) calculated from Rogers' (1964) equation a 

w = v + 3.az 0 • 012 ; and (d) velocity variance of the Doppler a r 

spectrum cr 2 (m 2 sec- 2 ). 
. V 

Both V and W are presented here because questions are r a 
likely to be raised about the validity of Rogers' equation for 

the calculation of Wa. Note from Fig. 4 that W is obtained by a 

adding to V an amount corresponding to the reflectivity-r 

weighted mean terminal velocity of the hydrometers yielding 

the observed z. It is seen that by assuming raindrops having 

the Marshall-Palmer distribution, Rogers' equation yields a 

shift of 4 to 7 m sec- 1 depending on z. Even errors of 

±2 m sec- 1 , caused by hydrometers which do not conform to the 

Marshall-Palmer rain distribution, would not change the essen

tial bimodal distribution of W observed above the 0°C. a 
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Over the ten-minute period of observations shown in Fig. 3, 

one sees patterns similar to those reported earlier by various 

investigators who have observed thunderstorms by means of zenith

pointing Doppler radars (e.g., Probert-Jones and Harper, 1960; 

Easterbrook, 1967; Battan, 1975a). There was a high degree of 

variability in radar reflectivity, vertical motions and in the 

variance of Doppler spectrum. An interesting feature of the 

lower part of Fig. 3(a) is the sloping shaded region within 

when the reflectivity was greater than 35 dBZ. Before continu

ing this discussion it is necessary to explain the extrapolations 
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noted in Fig. 3(a). After about 1544 MDT, the radar was mal

functioning in the recording of signals received from altitudes 

below about 2.5 km. The solid lines are based on the actual 

data, but the dotted ones represent subjective estimates of 

the reflectivities that would have been observed if the radar 

were functioning normally. 

The University of Wyoming operated a raindrop disdrometer 

at a location just to the east of the radar (Fig. 1). 

B. E. Martner at that University analyzed the data and calcu

lated radar reflectivities as a function of time (Table 1). 

In comparing these data with the observations in Fig. 3(a), 

it should be noted that raindrop sizes were measured at the 

ground where the vertical component of air velocity was nil. 

In the lowest kilometer at the atmosphere after about 1547 MDT, 

the air was moving downwards at veloc~ties between 4 and 8 m 

sec- 1 • Clearly a downdraft transports towards the ground, in 

a unit time, more raindrops of all sizes than would arrive if 

the air were stationary. When this is the case and the dis

tribution of drop sizes observed by the disdrometer is trans

formed into size distribution per unit volumes of air, assuming 

still air, the calculated concentrations of all sizes would be 

overestimates of the actual concentrations aloft. This leads 

to an overestimation of radar reflectivities aloft. For an 

assumed exponential raindrop size distribution yielding a 

precipitation rate of 40 mm hr- 1 at the ground, a downdraft of 

6 m sec- 1 would lead to an approximately 2 dB overestimation of 

radar reflectivity. 



Table 1 

Time 
(MDT) 

1543 

1544 

1545 

1546 

1547 

1548 

1949 

1550 

Radar reflectivity, as a function of time 
on 10 July 1977, calculated from raindrop 
data. Courtesy B. E. Martner, University 
of Wyoming. 

Reflectivity 
(10 log Z) 

25 

30 

31 

35 

36 

41 

51 

51 

6 
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Updrafts in the 10 July Storm 

An examination of Fig. 3 shows that the thunderstorms observed 

on 10 July 1974 was relatively simple in character. It lasted only 

about 15 min. and yielded a single shower whose intensity increased 

rapidly, reaching the one-minute average of about 76 mm hr- 1 about 

1550 MDT and then diminishing to 15 mm hr- 1 two minutes later. 

The rain had practically stopped falling by 1556 MDT. 

Assuming the cloud was moving at 11.6 m sec- 1 , the average 

wind velocity through the cloud layer, a distance scale was calcu

lated and plotted along the upper horizontal scale of Fig. 3. It 

is seen that on this basis the cloud diameter amounted to about 

7 km. As noted earlier radar analysis indicated that echoes in 

the vicinity of the one shown in Fig. 3 were moving northward at 

about 8 m sec- 1 • If one used this speed instead of the mean wind 

speed, the storm shown in Fig. 3 would have a diameter of about 

5 km. 

A casuai examination would suggest that this storm was com

posed of a single updraft entering the cloud at low elevations 

on the upwind side (in the northeastern edge) and extending to 

the cloud top. A more careful examination of the data suggests 

that there were two updraft cores, the first one containing a 

region with updraft speeds of about 20 m sec- 1 • A second weaker 

updraft having maximum velocities of about 15 m sec- 1 was observed 

about 2 min. after the first. This time interval corresponds to 

a distance of about 1.5 km. The axes of the updrafts are identi

fied by means of heavy dashed lines. If the distance scale shown 

along the top of the drawing is correct the updrafts were tilted 

towards the south at an angle of about 30° from the zenith. If 



the average echo speed rather than the average wind speed were 

used to calculate the distance scale, the updraft tilt would be 

20° from the vertical. 
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Admittedly the conclusion that there were two updrafts rather 

than one is partly a matter of definition and judgment, but the 

former interpretation is supported by the reflectivity distribu

tion shown in Fig. 3(a). Note that the postulated updrafts did 

not coincide with the regions of high reflectivities aloft. It 

can be visualized that growing precipitation particles were 

carried upwards in the sloping updrafts and fell out when their 

terminal velocities exceeded the upwards air speeds. 

To a certain extent the relationship of radar reflectivity 

and updrafts is shown more clearly in Fig. 4. These results do 

not support the notion of a "balance level" proposed by Atlas 

(1966) and others and the "accumulation zone" of Sulakvelidze 

et al (1965). Those concepts would call for the maxima of z to 

be above the level of maximum updraft, a situation which might be 

expected to prevail if the updrafts were not tilted as they appear 

to be in Fig. 3. 

The reflectivity and velocity data show the updrafts to be 

highly variable over distances of a kilometer or so. More will 

be said on this subject later in the paper after the data for 12 

July 1974 have been presented. Before doing so, we wish to 

digress from the chief purpose of this article and examine a 

point of continuing interest, namely; the relationship between 

lightning and precipitation. 
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Lightning and Precipitation 

The first sound of thunder overhead at the radar was heard 

at 1545 MDT and was associated, in time, with the intensification 

of the echo at 4 to 5 km. It might be imagined, as proposed by 

Moore et al (1964), that the lightning discharge causing the 

thunder initiated rapid raindrop growth leading, a few minutes 

later, to rainfall intensification at the ground. The data plot

ted along the abscissa shows such a sequence of events. 

A close examination of the observations leads to the conclu

sion the shaft of precipitation after 1544 MDT probably can not 

be attributed to the "rain-gush" hypothesis expounded by Moore, 

et al (1964). First of all, the echo intensification began about 

a minute before the lightning occurred. Figure 3(c) shows that 

about a minute after the lightning event the hydrometers at 4.6 km 

(about o~c.), were descending with respect to the ground at speeds 

averaging greater than 18 m sec- 1 • About 12 m sec- 1 could be 

attributed to a downdraft, Fig. 3(c), and the remaining 6 m sec- 1 

to the reflectivity-weighted mean Doppler velocity in still air 

(= 3.azo. 0 72). Either the hydrometers grew rapidly to raindrop 

size in the altitude zone from 4.0 to 4.5 km and then fell with 

little change of size or the particles grew at higher elevations 

outside the radar beam and fell from higher into the plane of 

observation. It is significant that small ice particles were 

observed at the ground at 1549 MDT a time when heavy rain was 

occurring. In view of the fact that the observed echo intensifi

cation, starting at about 1543 MDT, occurred almost entirely below 

the level of the 0°c. isotherm, it is clear that the intensification 

could not have occurred as a result of the growth of ice particles. 
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They must have formed in the upper part of the cloud independent 

of the lightning stroke. It seems reasonable to conclude that 

the heavy rain came mostly from the melting of ice particles 

which initially were larger than those which survived as partly 

frozen particles, all the way to the ground. If this were true, 

then it follows that the shaft of precipitation originated in 

subfreezing regions outside the plane of observation. 

It does not seem reasonable to conclude that the lightning 

which preceded the precipitation intensification was responsible 

for the intensification. It seems more reasonable to suppose 

that the fall of precipitation within the downdraft was responsi

ble for the initiation of the l~ghtning discharge, possibly in 

the manner proposed by Dawson and Duff (1970). 

Doppler Variance in the 10 July Storm 

Figures 3 and 4 show plots of the variance of the Doppler 

spectra. In view of the narrow beam widths and short radar 

ranges involved, the variance depends mostly on the spectrum of 

hydrometer reflectivities and fall velocities and on small 

scale turbulence. As noted by Donaldson and Wexler (1969) and 

others, the variance of the Doppler spectrum would be expected 

to be large in regions of strong shears of air velocities. It 

is not surprising, therefore, that the boundaries of strong up

drafts and downdrafts were associated with large values of the 

variance. On the other hand, they also occurred in regions 

where the shears of the vertical velocities were small. Sinclair 

(1973), who measured vertical velocity parameters in severe 

thunderstorms by means of an F-101 airplane, found no definite 
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relationship between vertical air velocities and their variances. 

Apparently, eddies presumably produced in regions of strong air

motion shear, move out of the regions of origin in a quasi-random 

fashion. 

It is likely that in the upper part of the cloud where the 

reflectivities exceeded 35 dBZ and the variances were large, 

greater than 5 or 6 m2 sec- 2 , there were ice particles in line 

with the proposals of Boston and Rogers (1969) and others have 

related velocity variances to the size distribution and reflec

tivities of ice spheres. In regions where the variance was 

small (the shaded areas in Fig. 3) the hydrometers were 

probably small ice particles (at subfreezing temperatures) and 

raindrops. It is seen that below about 3.5 km, where rain would 

be expected, the variances were less than 2 m2 sec- 2 • For the 

most part they were 1 m2 sec- 2 or less. After 1548 MDT when 

small hail was observed at the ground, the variances were as 

high as 4 m2 sec- 2 just above the ground. 

Observations on 12 July 1974 

On 12 July 1.974 observations were made of a thunderstorm 

which passed overhead in the early evening. At 1944 MDT the 

radar was detecting an echo aloft while scattered raindrops were 

reaching the ground. Over the subsequent 23 minutes there was 

frequent lightning in the immediate vicinity, accompanied by 

heavy rainfall. At 1956 MDT visibility was reduced to about 

30 m because of the intense rain. Over a one-minute period a 

tipping bucket rain gauge indicated a rainfall rate of 61 mm hr- 1 • 

No ice particles fell at the radar site. 
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The vertical distributions of temperatures and wind velocities 

measured at Sterling, Colorado at 1625 MDT are shown in Fig. 5. 

The 0°C. isotherm was at an elevation of 5.2 km. According to 

reports at 1949 MDT from Grover, Colorado, cloud bases were about 

4.1 km above sea level. The winds below the cloud bases were 

mostly southeast with speeds of 6 to 9 m sec- 1 • Between 4 and 7 

km, winds were weak with speeds of 2 to 5 m sec- 1 , mostly from the 

west and southwest. At higher elevations the winds were south

westerly averaging about 15 m sec- 1 • 

The Doppler radar data collected on 12 July 1974 are dis

played in Fig. 6. Observations of weather conditions are plotted 

along the abscissas. The rainfall intensities, supplied by B. E. 

Martner of the University of Wyoming, are mostly one-minute 

averages obtained by means of a tipping-bucket rain gauge. 

Although some light rain was observed even before the first plot

ted observation of raindrops at 1947 MDT (Fig. 6), the first tip 

of the rain gauge occurred at 1954 MDT. One tip corresponded to 

an accumulation of 0.01 inches of rainfall. Over a one-minute 

period this represents a rate of 15 mm hr~ 1 • Such a quantity is 

shown at 1954 MDT. It was obtained assuming that the rain 

accumulated over a one-minute period. This is surely not correct 

because "moderate rain" was noted at 1952 MDT. It is likely that 

most of the 0.01 inches of rain accumulated by 1954 MDT fell over 

the 5 min. from 1949 to 1954 MDT. Therefore, instead of a rain

fall rate of 15 mm hr- 1 between 1953 and 1954 MDT, it seems more 

likely that the rainfall averaged 3 mm hr- 1 over the 5-min. inter

val ending at 1954 MDT. 

The mean wind in the cloud layer, from about 4 to 10 km, was 
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9.3 m sec from the south-southwest. An analysis of PPI radar data 

by the staff of the National Hail Research Experiment found, as 

was the case also on 10 July 1974, that the cells were moving strong

ly to the left of the cloud layer winds. Echoes in the vicinity of 

the Arizona radar between 1900 and 2000 MDT had velocities of about 

12 m sec- 1 from the south-southeast. 

The distance scales along the upper edges of Figs. 6a-6d were 

calculated on the assumption the storm was moving at 9.3 m sec- 1 , 

the mean wind speed in the cloud layer. The heavy dashed lines 

represent a subjective judgment of the location of center of the 

updraft cores. It should be remembered that the rising air was, 

in all likelihood, moving into or out of the plane of observation. 

As in the storm shown in Fig. 3, the updrafts were tilted from 

·the vertical into the wind. 

For the most part the detectible roots of the updrafts were 

just above the cloud base. The updrafts had a turbulent and 

unsteady structure and most strikingly were observed to be sepa

rated at intervals of 2 to 5 minutes. The storm passed overhead 

at a speed between 9 and 12 m sec- 1 depending on whether one uses 

the average wind speed in the cloud layer or the average echo 

speed in the vicinity of the radar. If one takes the speed to be 

10 m sec- 1 , the distance between the updrafts amounts to 1.2 to 

3.0 km. More will be said about these observations in the next 

section. 

Figure 6(a) shows that, as was found in the storm of 10 July 

1974 the highest radar reflectivities generally were between the 

updraft cores. The variance in Fig. 6(d) seems to bear little 

relationship to the updraft patterns except that the largest values 
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of the variance occur in the upper part of the storm where the 

vertical motions are strongest. It is safe to conclude that 

both turbulence effects and hydrometer size distribution contri

buted to cr 2 • Below the cloud base and through most of the cloud 
V 

after about 2004 MDT the variance was mostly below 2 m2 sec- 2 , 

associated with raindrops and small ice particles. It appears 

that melting ice particles, probably small hail particles, were 

melting to produce the heavy rain observed at the ground between 

about 1954 and 2004 MDT. Presumably the absence of a shaft of 

strong radar reflectivity indicates that the hydrometers were 

moving through the plane of observations. 

Updrafts in Thunderstorms 

The chief purpose of this report is to examine the nature of 

updr~fts in thunderstorm~. It has become common to classify 

thunderstorms in various ways. In one group are the so-called 

local or air mass storms and it is conventional wisdom to use the 

Byers and Braham (1949) results to represent such storms. In such 

cases it is visualized that in the early stages of a thunderstorm 

a cloud, perhaps 7 to 10 km in diameter, is composed essentially 

of a single region of rising air. After precipitation particles 

have developed a downdraft is initiated aloft. It spreads down

wards and laterally and intensifies with time so that in the 

mature stage of a "thunderstorm cell", there is a single strong 

updraft and downdraft. As the storm advances in time, the down-

draft spreads through the storm and weakens, and leads to the 

dissipation of the thunderstorm. 

The second broad class of thunderstorms, sometimes called 
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organized thunderstorms, are the ones regarded as the sources of 

most hail and tornadoes. In recent years organized severe storms 

have been further subdivided into two classes and given the names 

multicell and supercell storms, with the latter regarded as the 

more violent. Marwitz (1972), Chisholm (1973) and Browning and 

Foote (1976), Browning et al (1976), in particular, have published 

detailed analysis of supercell and multicell storms producing 

substantial hail. 

The supercell storm has been represented as a quasi-steady 

state system by Browning since his analysis of a severe hail storm 

in England (Browning, 1962). His depictions of a supercell storm 

show a single updraft tilted into the wind. The updraft does not 

exhibit much variability over space scales of a kilometer or so, 

or over time periods of the order of tens of minutes. Browning 

and Foote (1976) acknowledge that Doppler radar observations and 

airplane penetrations through hail storms reveal a greater degree 

of unsteadiness and non-uniformity than they regard as being 

typical in supercell storms. They indicate that the discrepancy 

is partly because they have focused on what they "regard as the 

more essential features." Furthermore, they note that supercell 

storms have seldom been observed by means of techniques having 

high spacial and temporal resolutions. 

A detailed analysis of a multicell storm in Colorado which 

produced hail as large as 1.5 cm in diameter has been published 

recently by Chalan, Fanhauser and Eccles (1977). They followed 

the hail storm for nearly two hours and identified "at least 

seven distinct cells." On the average a new cell formed on the 

"right forward flank, 5 to 10 km ahead (south of existing storm 



16 

components at a frequency of about once every 15 min." 

Certain investigations have observed much higher frequencies 

of updraft core development in severe thunderstorms. Renick (1971), 

who analyzed a multicell hail storm in Alberta reported new 

radar cell developments at intervals averaging about 5 min. over 

a period of 35 mins. Some cells were observed only 3 mins. apart. 

Umenhofer (1975) analyzed the penetration of convective turrets 

and domes through the cirrus layer capping three tornado-producing 

thunderstorms. The average time between distinctive vertical 

protuberances ranged from about 1 to 6 mins. and averaged 2.3 mins. 

Airplane penetrations through severe thunderstorms by 

Sinclair (1973) and Musil et al (1973) indicate the presence of 

alternate regions of updrafts and downdrafts spaced several 

kilometers apart. 

The data shown in Figs. 3 and 6 indicate that in these 

Colorado thunderstorms updrafts were spaced 1 to 3 km apart. 

Busnell (1973) who used 10 dropsondes spaced side-by-side over a 

distance of 4 km in a Colorado thunderstorm observed a pattern of 

updrafts similar to those in Figs. 3b and 6b. As noted earlier 

these storms did not produce hail of any consequence. It might 

be suggested that a thunderstorm producing large hail would be 

substantially different, but this is not borne out by the data 

in Fig. 7. It shows the patterns of radar reflectivity and up-

drafts in an Arizona thunderstorm that produced hailstones 

greater than 2.5 cm in diameter. This storm also exhibited a 

series of updraft cores, turbulent in nature, and spaced at 

intervals of about 2 km. The regions of high radar reflec

tivity generally were between the updraft cores. 



17 

In all these cases ranging from a thunderstorm yielding only 

rain to one yielding large hail, the radar observed similar charac

teristics. The radar measured updrafts spaced at time intervals of 

about 3 min. corresponding to horizontal spacings of about 2 km. 

The updrafts were turbulent with the appearance of eddies about 

a kilometer in diameter. High reflectivities were variable over 

the same scales and were highest between the updraft cores. 

These storms would probably be classified as multicell 

thunderstorms, but the cell sizes and spacings were much smaller 

than reported by others. It is reasonable to ask if the differ

ences are attributed to the fact that the observations in Figs. 

3, 6 and 7 were made over smaller intervals of time and distance 

than most other observations of thunderstorms. A curious person 

is also led to wonder about the character of the updrafts and 

radar reflectivities in supercell storms. Only a few have been 

observed, analyzed and reported. In all cases the spacial 

resolutions have been fairly large. 

As noted earlier, Browning and others have reported that 

supercell storms are quasi-steady and long lasting. Newton (1963) 

was among the first to propose a mechanism for accounting for 

such a state of affairs. He also suggested a mechanism for the 

unsteadiness in the updrafts of multicell storms. Perhaps de

tailed observations would show that the nature of the updrafts in 

these two classes of storms are not as different as has been 

proposed. Until high resolution, vertically pointing Doppler 

radar observations are obtained, such an uncertainty will remain 

unresolved. 

Observations of hailstones show them to be highly variable 
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in time and space. A large, persistent storm may leave behind it 

a swath of hail some tens of kilometers wide and more than 200 km 

long, but most often the area of hail coverage is much smaller. 

Changnon has used the term hailstreak to represent an area of hail 

which is continuous in space and coherent in time. A hail swath 

has been defined as an enveloped area of hail comprising two or 

more hailstreaks (Changnon, 1970). The 434 hailstreaks studied 

by Changnon had an average duration of about 10 min. and average 

coverage area of about 20 km 2 • 

In subsequent analysis of hail damage in Illinois, Towery 

and Morgan (1977) found that even within hailstreaks one can 

identify narrow, alternate strips of light and heavy damage. 

They used the term hailstripes to represent these distinct 

strips of heavy damage which were found to be 15 to 30 m wide 

and about 500 m long. Towery and Morgan attributed these small 

scale variations of crop damage to the combined actions of wind 

and hail. 

Although detailed time-resolved observations of hail are 

scarce, there is little doubt that large changes can occur over 

intervals of a minute or so. Even observations such as those 

of Morgan and Towery (1977) showing changes over distances of a 

few tens of meters, do not adequately indicate the changes in 

time of hail coming out of a storm. Crop damage is an integral 

function of the effects of hail over the period of its fall over 

a particular area. It seems reasonable to conclude that the 

hi~rhly variable nature of the hail output of a storm is, to an 

important extent, related to the nature of the updraft and down

draft structures in the storm. Patterns of vertical motion shown 
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in Figs. 3(a), 6(c) and 7(b) might account for the variable nature 

of hail falls. A model of updraft motion showing long-lasting, 

fairly steady updrafts are not likely to do so. It would be ex

pected that a supercell as modelled by Browning and Foote (1976) 

would have more uniform hail deposition than would a multicell 

storm with a turbulent updraft. It has been found that supercell 

storms may produce long swaths of heavy hail. It is not clear 

to what extent the swaths are composed of superimposed smaller 

features such as hailstreaks and hailstripes. 

Conclusions 

On the basis of measurements made by means of techniques 

having spacial resolutions of the order of 100 m, it is concluded 

that the updrafts in most thunderstorms are highly turbulent and 

unsteady. It is clear that in many thunderstorms, there are 

series of turbulent updraft cores spaced at distances of 1 to 3 km, 

each surrounded by sinking air or slowly rising air. Each core is 

composed of a current of rising air within which may be found a 

number of eddies having diameters of a few hundred meters to one 

or two kilometers. 

The two thunderstorms observed in Colorado by means of a 

zenith-pointing Doppler radar had some of the characteristics 

generally attributed to multicell thunderstorms, but the cell 

sizes were smaller and more frequent than reported by others. 

One is led to wonder from an examination of high-resolution 

radar and aircraft measurements and hail observations at the 

ground, if the updrafts in supercell storms are as laminar and 

steady as they have been represented to be. It is essential 



that supercell storms be observed by means of high-resolution 

techniques--vertically pointing Doppler radar in particular. 

It also would be valuable to collect time-resolved hailfall 

data under various types of hail storms. In addition, theo

retical studies are needed to ascertain the consequences, on 

precipitation growth, of highly variable patterns of updrafts 

such as those believed to be typical of most thunderstorms. 
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LEGENDS FOR FIGURES 

Map showing location of the Arizona radar with 

respect to the instrumented area of the National 

Hail Research Experiment. 

Winds, air temperatures and dewpoint temperatures 

over Sterling, Colorado at 1500 MDT on 10 July 1974. 

Time-height distributions of various quantities 

observed on 10 July 1974; (a) radar reflectivity; 

(b) mean Doppler velocity; (c) updraft velocity; 

(d) velocity variance of Doppler spectrum. The 

heavy dashed lines indicated updraft cores inferred 

from figures (c) and (d). 

Quasi-vertical distribution of various quantities 

at about 1542 MDT and 1546 MDT. 

Winds, air temperatures and dewpoint temperatures 

over Sterling, Colorado at 1625 MDT on 12 July 1974. 

Same as Fig. 3 for 12 July 1974. 

Inferred updraft velocities in a hailstorm producing 

hailstones having diameters exceeding 2.5 cm. 

From Battan (1975a). 
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