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ABSTRACT
By means of an X-band , vertic ally pointin g Dopple r radar
observ ations were made of a thunde rstorm on 20 August 1973
produc ing hail about 6 mm in diamet er.

The observ ations

confirm earlie r ones showing a highly variab le intern al structu re.
Updraf ts are compos ed of high veloci ty "eddies " having diamet ers
of about a few 100 m to a kilome ter.

It is specul ated that such

hailsto rm feature s as the size and layerin g of ice type and the
sporad ic nature of hail shower s are explain ed by the highly
variab le charac ter of each updraf t region and the sequen ce, at
period s of 3 to 4 minute s, of updraf t format ion.

*This researc h has been suppor ted by the Atmosp heric Scienc es
Section of the Nation al Scienc e Founda tion under Grant No. DES7306558A 01.
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In a recent article, Battan (1975) described certain features
of the internal structure of a hailstorm observed in southeastern
Arizona by means of a vertically-po inting pulsed Doppler radar.
The storm, which occurred on 10 August 1966, could be classified
as severe if judged by the size and quantity of hailstones.

There

were showers of hailstones as large as 2.5 cm in diameter, and over
a period of just over an hour.
ground exceeded 5 cm.

The accumulated ice depth on the

The storm was characterized by a series of

updrafts spaced about 4 minutes apart.

Assuming the storm was

moving with the average wind in the cloud layer, this time interval
amounts to a horizontal spacing of about 3 km.
The updrafts were not in the form of jets within which there
were gradual changes of velocity with height.

Instead, each

updraft was composed of a series of high velocity volumes of air
having diameters of the order of a few 100 meters to a kilometer.
Within the rapidly ascending "eddies", velocities were as high as
20 m sec- 1 , while between them updraft velocities were below
.
. t ances.
4 m sec -1 in
some ins
As a result, very strong gradients of
updraft speed 6ccurred in certain parts of the updraft.

In an

extreme case, the vertical air velocity changed by 16 m sec-l
over a height interval of about 300 m, yielding a velocity gradient
of about 0.05 sec -1
Between the regions of generally rising air, identified as
updrafts, there were patchy regions of downdrafts which became
more organized and stronger near the cloud base.
The structure of the hailstorm of 10 August 1966 did not
conform to the model of quasi-steady state supercell hailstorm
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proposed by various authors over the years and just recently
r0~terated by Browning and Foote (1975).

By means of radar and

aircraft observations , they carried out a three-dimens ional
analysis of a supercell hailstorm which occurred in northeastern
Colorado on 21 June 1972.

It was concluded that there was a

strong persistent updraft characterized by a weak-echo vault,
and that most of the growth of the large hail took place as the
hail embryos formed a simple up and down trajectory over the
vault.

On the basis of their views on the nature of hail formation

in supercell storms, Browning and Foote (1975) expressed doubts
about the validity of the "competing embryo hypothesis for hail
suppression."
A number of scientists have proposed the existence of a
class of hailstorms which are called

multicell storms which, in

northeastern Colorado, are more frequent than supercell storms.
It is visualized that a multicell hailstorm is composed of a
sequence of evolving cells, each of them passing through a
life-cycle resembling that described by Byers and Braham (1949).
Browning et al (1975) have concluded that ice nuclei seeding of
a multicell storm is more likely to suppress the formation of
damaging hail if the ice nuclei are introduced early in the life
of a cell.
The characterist ics of the Arizona hailstorm of 10 August 1966
described by Battan (1975) appear to put it in the multicell class.
Certainly the storm consisted of a sequence of events which could
be regarded as indicating a series of cells.

In this article, we

examine another hailstorm in southeastern Arizona to see how it
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compares with others observed here and elsewhere.

It is of

particular interest to learn the mechanism by which hailstorms
are ?roduced, and to address the question of the effects of icenuclei seeding on hail formation.

The storm of 20 August 1973
On 20 August 1973 a thunderstorm passed over the Arizona
zenith-pointi ng X-band pulsed Doppler radar which was located at
an elevation of 2,800 m on Mount Lemmon just northeast of Tucson.
The characterist ics of the radar set and observation procedures
employed were identical to those described by Battan (1975).
Table 1 gives the rapidly changing sequence of weather events at
the radar during the time period 1505 to 1537 MST.

It is seen

that there were a number of brief showers of small hail followed by
heavy rain.

Throughout the period there were a number of occasions

of loud thunder presumably from the thunderstorm being observed.
The low cloud base made it difficult to see actual lightning
strokes from the radar trailer.
Figure 1 presents radiosonde data obtained at about 1700 MST
by the station at Tucson Internationa l Airport about 40 km south
of the radar site.

The atmosphere was unstable and humid to an

altitude of about 11 km.

Throughout the cloud layer the winds were

from the southerly quadrants being mostly southeasterly below 10
km and becoming southwesterly at higher altitudes.

Wind speeds

were generally light, being between 5 and 10 m sec- 1 .
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Table 1.

Weather Reports at Doppler Radar on 20 August 1973

Time (MST)

1505
1514
1516
1518
1519
1520
1521

Weather

Entire Sky dark, loud thunder.
Calm, thunder.
Large drops reaching ground.
Cool breeze, no rain just now.
Loud thunder.
Drops reaching ground again.

1527:30

Very light rain, slight breeze.
Some h~il reaching ground now, small size.
Light rain, loud thunder, occasional small hailstones.
Moderate hailfall, largest 6 mm (1/4 inch) in diameter.
Loud thunder, still hailing.
Heavy hail, 6 mm (1/4 inch) maximum; lightning.

1529

Heavy rain and hail.

1530

Hail stopping but heavy rain continues.
A little bit of hail again. Wind from east.
No hail now, moderate rain. Cloud base is quite low,
maybe at 300 m.

1522
1523
1524:50
1527

1532
1533
1534
1536

Small but heavy intensity hail.
Thunder; almost no hail now but heavy rain continues.
Loud thunder.

1537

Moderate rainfall, no hail, good stiff wind from east.

1535
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Figures 2 and 3 show the measured mean Doppler velocity (V)
anti calculated "updraft velocities" for the period 1512 to 1536
MST.

'!.'he latter quantities were calculated from the Rogers (1964)

expression WR=

V + 3.sz 0 •

072 •

As noted earlier, when large hail

is present, this equation tends to underestimate upwards velocities
(Battan, 1975). · On the other hand, when there is only small hail,
as was the case in the storm depicted here, Rogers' expression
should give reasonably good estimates of updraft velocities.

It

certainly should be adequate to identify the regions dominated by
updrafts.
As was the case in the severe hailstorm of 10 August 1966,
this storm was characterized by a series of updrafts composed of
a turbulent mixture of eddies having diameters of the order of a
few hundred meters to a kilometer.

The maximum updraft speeds were

estimated to be about 16 m sec- 1 , a value at least 4 m sec-l less
than the peak updrafts observed in the earlier storm.

During the

period from about 1516 to 1528 MST, almost the entire cross section
is dominated by turbulent, rising air with strong vertical currents
at time intervals of about 3 minutes.

If the storm were moving

at an average speed of about 10 m sec -1 , the spacing of the updraft
cores would be about two kilometers.

As shown in Fig. 3, after

1530 MST a downdraft with speeds exceeding 8 m sec -1 dominated the
lower part of the cross section.

The measurements in Fig. 2

indicate that during the last 10 minutes of observation, precipitation
was moving downwards at speeds exceeding 12 m sec- 1 , accounting in
part for the observed heavy rainfall rates.
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The measurements of radar reflectivity in Fig. 4 indicate
large variations in space and time.

Incidentally, the data shown

at ~ltitudes below about 3,500 m after 1520 MST, are unreliable,
apparently because of the malfunction of the AGC circuit in the
radar.
It can be inferred from Fig. 4, that near the upper part of
the updraft cores, the air was transporting relatively highly
reflecting precipitation particles.

There are semblances of

"accumulation zones" of the kind reported by Soviet scientists
(Sulakvelidze et al, 1967).

On the other hand the highest reflectivities,

some as large as to indicate the presence of hail, were found in the
middle and lower regions of the cloud below and between the regions
of highest updraft velocities.

There is some slight indication

that there are weak echoes near the lower ends of the first two
updrafts.
Figure 5 presents measurements of the standard deviation
(crv) of the Doppler velocity spectrum.

Surprisingly, the values

of the standard deviation are relatively small in those regions
where the reflectivity exceeded 55 dBZ.

This quantity suggests

the presence of hail, and as noted along the abscissa of the
diagrams, hail about 6 mm in diameter was observed at the ground.
At the same time small values of crv indicate a relatively narrow
size spectra.
or less.

For example, rain in still air has a crv of 1 m sec -1

The data in Figs. 4 and 5 lead to the speculation that

the small hail observed at the ground was typical of the frozen
particles found at middle layers in the storm after about 1520 MST.
-1
v' those exceeding 3 m sec , observed

The large values of cr

during the early part of the storm at altitudes above 7 km are
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difficult to explain in terms of hydrometeors.

Conceivably they

may be explainable in terms of strong small-scale turbulence, but
if this were the case, you might expect to see large values of
crv associated with strong gradients of updraft velocity.

This is

not generally the case, and therefore we are left without a
satisfactory explanation.
The highly variable nature of crv in the height-time cross
section in Fig. 5 could be taken to mean that there was a highly
variable pattern of small scale turbulence and hydrometer distribution.

Lightning and rain
It is seen that at 1514 MST and again at 1519 MST there was
thunder at the radar followed one to two minutes later by raindrops
at the ground.· The data also show the presence of downward moving
precipitation at the time of the thunder.

These results indicate

that the lightning discharges were not instrumental in the formation
of the raindrops which were observed at the ground shortly after
the lightning occurred.

Some general comments
These new observations of the structure of a thunderstorm
which produced small hail reveal again the highly variable nature
of a hailstorm.

Radar observations of_ multicell and supercell

storms by groups in Colorado, South Dakota, and Canada do not
reveal such variable structures.

See for example, Browning~ al (1975},

Browning and Foote (1975), Marwitz (1972), Dennis et al (1970},
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and Chisholm (1973).

It is important to know if Arizona hailstorms

are fundamentally different from Great Plains storms or if the
difFcrences are explained by the fact that the Arizona measurements
were made over small time and space intervals--about
altitude and less than a minute in time.

150 min

It is fair to expect

that a precipitation particle which passes its lifetime in a
storm such as the one depicted in Figs. 2-5 will undergo a growth
history substantially different than if it passed through a
gradually changing updraft such as the ones depicted in most
multicell or supercell storms.
One can visnalize a variety of scenarios in which growing
ice particles are carried upwards in the high velocity eddies
until they become large enough to fall out into a region of weak
updrafts where the particles would be descending with respect to
the ground.

In the course of its history a growing ice particle

would have a trajectory consisting of a series of upward
surges, interspersed with falls until it fell out of an updraft
core and into a downdraft region.

In some cases, depending on

the spacing and extent of the updrafts, hailstones could fall
into another updraft core and undergo another period of upward
surges and growth.
In the final analysis it is necessary to account for the
following hailstone properties:
1)

size distribution and maximum sizes;

2)

the structure of the stones in terms of shape and the
characteristics of the ice;

3)

the hailstone precipitation rate;
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4)

the variations with time of items 1 to 3.

Studies such as those by Carte and Kidder (1966) showing
the extensive layering of ice in some hailstones suggest the
passage of the stones through a highly variable growth environment.
Changnon's (1970) analysis of hailstreaks shows that hail observed
in Illinois commonly occur 'in short bursts.

This result also

indicates the presence of a highly variable growth environment.
It seems reasonable to propose that the variable character of
updrafts (Fig. 3) and liquid water content (loosely related to
the reflectivity in Fig. 4} are important features in explaining
the growth of hailstones.
The origin of the updrafts and the causes for the quasiperiodicity are not clear.

In this storm, the second updraft

was observed to have its lower bound close to the cloud base.
Conceivably it originated in a feeder cloud.

Even those updrafts

which entered the cross section at altitudes

above 6 km may

have had their origins near the cloud base but in parts of the
cloud outside the observed cross section.
If it is assumed that ice particles leading to hail formation
started their growth in updraft air, attempts to reduce the
quantity of damaging hail would require the introduction of ice
nuclei into the updrafts.

Figure 3 shows that in this cloud,

almost continuous seeding over the entire period of observation
would have been needed to order to infect all the updrafts with
ice nuclei.

The apparently dispersed nature of the origins of

the updraft leads to the conclusion that it would be necessary to
seed into various parts of the cloud.
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As has been noted before, it would be very informative to
have detailed, high resolution, three dimensional data at short
time intervals.

Attempts to obtain such observations in a

Colorado hailstorm during the summer of 1974 were frustrated by
the scarcity of storms.

Hopefully such data will be obtained by

-the network of Doppler radars being assembled by the National
Hail Research Experiment.
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Fig. 1

Rawinsonde observations at Tucson, Arizona at 1700 MST
on 20 August 1973.

Each barb represents a wind speed

of 5 rn sec- 1 •

Fig. 2

Measured mean Doppler velocities.

Dotted lines represent

cores of updraft estimated from Fig. 3.

Fig. 3

"Updraft velocities" calculated from Rogers equation

w

R

=

v+

3.azo· o12.

z.

Fig. 4

Radar reflectivities expressed as 10 log

Fig. 5

Measured standard deviations of Doppler velocity
spectrum.
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