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IMPLICATIONS FROM THE NORTH DAKOTA TRACER EXPERIMENT
OF 1993 FOR THE GLACIOGENIC SEEDING
OF SUPERCOOLED CONVECTIVE CLOUDS TO SUPPRESS HAIL

By Mark Bloomer and Andy Detwiler

During the summer of 1993, a study of
thunderstorm and hail development, known as the
North Dakota Tracer Experiment (NDTE), was con-
ducted in the Bismarck, North Dakota region. The
primary objective of this study was to examine air-
flow and hydrometeor transport through convective
storms. The focus was on the development of
flanking line cumulus clouds upwind of a primary
thunderstorm cell, and on the airflow through and
around these flanking line cumuli. One specific goal
of the study was to determine if a mechanism existed
for the transport of hail embryos between flanking
line cells and the main cell and, if it did, what the
nature of this mechanism might be. A second goal
was to study the transport of simulated seeding ma-
terial released according to procedures followed by
the North Dakota Atmospheric Resource Board
(NDARB) in their successful hail suppression work
in western North Dakota. (See, e.g., Smith et al.,
1996.)

The NDTE study was designed to test the
fundamental hypothesis upon which NDARB hail
suppression treatments are based. This is that hail
formation begins in the small cumulus clouds that
comprise the flanking line of a convective storm.
Within the cumulus clouds of a flanking line, frozen
hydrometeors begin as tiny ice crystals which grow
into graupel through a combination of riming and
droplet evaporation-ice deposition. After the graupel
grows to between one and two millimeters in diame-
ter it is transported into the stronger updraft envi-
ronment of the main cell where it may grow into
hail. This transport might occur by some combina-
tion of two different processes. Either the flanking-
line cell might grow to become the main cell in a
multi-cellular storm, or it might merge into a pre-
existing main cell in a super-cellular storm. (See,
e.g., Krauss and Marwitz, 1984.) Many have sug-
gested (e.g., Foote and Frank, 1983; Vasiloff et al.,
1986) that there is a continuum of storm structures
between these two extremes. Vasiloff et al. (1986),

for example, hypothesize that the main distinction
between the two extremes is the distance at which
new cells are triggered over the outflow boundary
and the speed with which the new cells merge into
the main storm structure. If the flanking cells form
far enough away and fully develop before merging
into the main storm, then the storm appears to be
multicellular, If the flanking cells form near the
main storm and merge before they fully develop,
then the storm appears to be single-cellular.

Observationally, it has been difficult to ob-
serve transport of embryos from flanking cells (e.g.,
Musil et al., 1986; Musil and Smith, 1989; Miller et
al., 1990) . Even so, the flanking line environment
of a convective storm is believed by many to be nec-
essary for the beginning stages of hail growth be-
cause updraft velocities in the main cell are generally
too strong for prolonged growth at the low terminal
velocities of ice particles in their early stages of de-
velopment.

The procedure for examining air and pre-
cipitation particle flow through the flanking line
cumuli during the NDTE involved the use of tracer
materials including chaff composed of fine metallic
fibers and the gaseous sulfur hexaflouride (SFe).
These materials were released at the bases of the
flanking line cumuli by an aircraft in a manner
similar to that in which silver iodide is released
during hail suppression operations. The chaff cloud
then was traced by radar and the SF¢ could be de-
tected by instrumentation aboard research aircraft
sampling in upper portions of both the flanking cu-
muli and the main storm. A National Oceanic and
Atmospheric Administration (NOAA) circularly-
polarized X-band radar system (NOAA-C) was able
to distinguish between chaff and precipitation be-
cause the return from the linear chaff fibers was de-
polarized while that from the more spherically-
symmetric precipitation particles was not.  (See
Martner et al., 1992, for more discussion of this
technique.)
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A preliminary examination of results from
two convective storm studies on 9 July 1993 is
shown here to illustrate the nature of the air flow
through flanking line cumulus clouds.  (See
Bloomer, 1995, for more details.) Two tracer ex-
periments took place on this day. Both involved the
release of chaff and SFg in updrafts at the bases of
lines of cumuli flanking thunderstorms producing
marble-size hail. In the first study the cells of the
flanking line ceased their vigorous growth shortly
after tracer release. Material released at cloud base
(~10°C) did not rise above the freezing level, nor
become incorporated into the main storm. The main
storm was observed to contain mushy marble-sized
hail and reflectivities approaching 60 dBZ during
instrumented aircraft penetration at the -3°C level.

During the second experiment, however, the
flanking cells continued to grow after tracer release
and the tracers did become drawn into an updraft.
Evidence that the tracer elements were drawn into an
updraft is shown by radar observations of the chaff.
The chaff was initially deposited at the base of a
flanking line cumulus cloud by an aircraft at 18:54
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Figure 1a: Equivalent X-band radar reflectivity of a
sector of the storm region at the 2 km MSL level at 1854
CDT just at the end of the tracer release period. The oval-
shaped reflectivity pattern centered near 20 km N, 65 km
E from the NOAA/C radar is due to chaff. The track of the
chaff-release aircraft is shown using a dark line, with
times indicated at 1-min intervals. Grid labeled in km
Jrom the radar site.
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(Fig 1). The flanking cells contained little precipita-
tion at this time and the echo at low levels adjacent
to the main storm is entirely due to chaff. After the
chaff was deposited, radar showed it being drawn
toward the main cell of the convective system at
18:56 (Fig 2). As it approached the main storm the
chaff became drawn into an updraft. By following
the maximum in the circular depolarization ratio
(CDR, depolarized returned power divided by to-
tal.returned power) the chaff was observed to enter
an updraft at 19:00. Fig 3 shows the chaff being
drawn upward and toward the main convective sys-
tem.

An aircraft penetration of this updraft at the
6 km (-15°C) level at 1855 UT detected SF¢ and re-
vealed a sharply defined updraft. (Fig 4 and 5).
Vertical velocities within this updraft region ranged
between 10 and 14 m s*. The presence of this up-
draft offered evidence that a transport mechanism
from the base of the flanking line cells upward and
toward the main cell existed. The updraft region
penetrated was that of a cell which had begun as a
flanking line cell but was merging with the main
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Figure 1b: Vertical cross-section of equivalent radar
reflectivity along the line A-B indicated in Fig. la. The
chaff is seen at the left, near 2 km MSL. The main storm
is seen to the right with peak reflectivities exceeding 40
dBZ, and probably reduced by effects of attenuation. The
isolated radar echoes at 6 km and 4 km, over the chaff,
are from 2 additional research aircraft penetrating echo-
free flanking-line turrets over the area of tracer release.
Grid labeled in km from the radar site. (Figures 1-3 pro-
vided by Dave Priegnitz, SDSM&T.)
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body of the storm and perhaps growing into a new
main cell. Further aircraft penetrations of the up-
draft at the 6 km level could not be attempted as it
subsequently merged into the main storm and reflec-
tivities were too high for safe operation of the air-
craft employed. A more-heavily-armored aircraft-
penetrating below through both the flanking line and
main storm at the 3.5 km level did not encounter SFs
but did encounter mm-size graupel in the flanking
cells and marble-size hail in the main storm region.

One goal of this study of thunderstorm
transport processes is to increase knowledge of storm
processes in a way which will help develop improved
strategies for hail suppression. Specific interest is in
using glaciogenic seeding agents to increase the
number of hail embryos in flanking line convective
cells. This concept is based on the hypothesis that a
greater number of embryos will increase the compe-
tition for available supercooled water in a main cell
updraft. This, in turn, may cause individual hail-
stones to grow less large which will increase the
chances that they melt before they reach the ground
and reduce damage at the ground.
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Figure 2a: As in Fig. la, but for time 1856 CDT. The
chaff loop is being drawn in toward the main storm.
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If a glaciogenic seeding agent, such as sil-
ver iodide, had been relcased at the base of the
flanking line cells in place of the tracer materials
employed on this day and if the seeding produced no
dynamic effect, the seeding agent would have fol-
lowed the same path as was observed for the tracers.
In the first storm, none of the agent would have risen
above the freezing level. There could have been no
microphysical or dynamical effects. In the second
storm it would have been drawn into the updraft and
carried to high levels in a cell very closely flanking
the main storm, but remained below the freezing
level elsewhere. In the latter case, the updraft was so
strong, between 10 and 14 m/s, that any ice crystals
which the agent might have induced to form would
likely have been carried aloft into the upper reaches
of the storm cloud before growing large enough to
overcome the strength of the updraft. Upper-level
downdrafts may later have brought ice particles from
aloft back to mid- and lower levels of thc cloud
where they might have interacted with cloud water
in an adjacent updraft and become embryos for hail.
However, the concept of seeding in order to generate
increased concentrations of mm-size ice particles at
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Figure 2b: As in Fig. 1b, but for time 1856 CDT, and
along line A-B in Fig. 2a. The chafJ can be seen rising at
the end of the oval nearest the main storm. The isolated
echo near 6 km altitude at 3 km from the left is the upper-
most of 3 research aircraft employed in this study.
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Figure 3a: As in la, but for the 1900 CDT. The chaff’
can be seen merging with the main storm.
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Figure 3c: CDR signature corresponding to the reflec-
tivity pattern presented in Fig. 3a. A value of -10 dB
would indicate 10% depolarization. The chaff produces
CDR >-5 dB at this level and can easily be distinguished
Jfrom precipitation echo.
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Figure 3b: As in Fig. 1b, but for time 1900 CDT, and
along the line A-B in Fig. 3a. The chaff can be seen rising
with the main storm. The isolated echo near 4 km altitude
at 1 km distance from the left is from the middle of the 3
research aircraft employed in the study.
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Figure 3d: CDR signature corresponding to the reflec-
tivity pattern presented in Fig. 3b. Chaff can be seen ris-
ing above 4 km in this plane.
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mid-levels in modest updrafts within flanking cells
does not fit the observations described here. It
should also be noted that there are no reports from
the ground, nor any in situ aircraft measurements,
indicating that either storm produced damaging hail.

Glaciogenic seeding of flanking cells of
storms may be successful in increasing graupel con-
centrations if the cells which are targeted are seeded
early enough and they rise above the freezing level
well before they merge into the main storm. The
seeding agent which is applied to the storm must
have time to form ice crystals within the flanking
line cloud, and the ice crystals must have time to
grow into mm-size graupel at a rate which is com
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Figure 4. SF5s mixing ratio during aircrafl
penetration of flanking cell near 1855 CDT at 6 km
MSL (T~ -15°C).
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mensurate with long residence time in the increasing
updraft in the newly developing flanking cell. The
time for flanking line cumulus to grow to cumulo-
nimbus may be no more than several minutes, so
early detection and early targeting of newly forming
storm cells is important to significantly affect, by
seeding, the amount of hail that falls from a storm.

The cases described here show that cffective
cloud base seeding may only be possible in some
selected circumstances, and not in all storms exhibit- .
ing flanking line development. Other seeding
strategies, such as direct injection into supercooled
regions, might be more appropriate when develop-
ment is rapid, as in the second tracer release dis- -
cussed here.

14 F
12 |-
10 F
T s
@ 8t
-
E st
k3
= 4
z
° 2r
L
b o]
T
> o
-z
-6 -
—_—

68020 68040 6805C 5308C 581CC 58120 68130 53160 58180
Tirr 2 from midnignt, | 854— 856 (s)

Figure 5. As in Fig. 4. but showing vertical wind.
(Figures 4 and 5 provided by Dr. Jeffrey Srith, U. of
North Dakota.)
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