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ABSTRACT

A series of wintertime airborne tracing experiments was examined to determine some characteristics of the
plumes of silver iodide smoke released either from the ground or from an aircraft over the Grand Mesa of
Colorado. The plumes were identified in nearly every experiment by detecting the airborne Agl particles and
often also by observing resulting ice particle plumes in essentially the same airspace. The lateral and vertical
plume positions of ground-released Agl from eight sites were determined for several wind, cloudiness and
stability conditions. The instantaneous ground-released plume had a median spreading angle of 15° and meandered
within a median angle of 38°. The median plume height above the crest exceeded 500 m. The lateral spreading
rates of aircraft-released Agl were estimated at over 2 m s~ for cloudy conditions and less in clear conditions.
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The implications for future cloud seeding strategies are discussed.

1. Introduction

One of the least-documented and understood and
yet most fundamental aspects of winter orographic
cloud seeding is the transport and diffusional spread
of the artificial ice nucleant after it is released. It is
obvious that a seeding effect cannot be demonstrated
unless the seeding agent can be reliably delivered to
the intended part of the cloud in the appropriate con-
centration. Yet few programs, research or operational,
have sufficiently emphasized this crucial area. The lit-
erature reveals that several programs utilizing ground
generators may have been seriously flawed due to in-
adequate or untimely delivery of the nucleating agent
under certain atmospheric conditions.

Reid’s (1979) airborne silver iodide (Agl) tracing
studies at a valley-bottom generator site in the central
Colorado mountains used during the Climax I and Cli-
max II experiments, indicated that under the stable
conditions experienced, little vertical mixing occurred.
Instead, the generator effluent was trapped under near-
surface capping inversions, and moved both up-valley
and down-valley in response to terrain channeled syn-
optic flow and countersynoptic drainage flow. One case
indicated the existence of a localized convergence zone
that provided a sufficient vertical component to allow
the Agl to penetrate the inversion in relatively low
concentrations.

Results of similar investigations conducted in the
San Juan Mountains of Colorado as part of the Col-
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orado River Basin Pilot Project were reported by Hobbs
et al. (1975). Aircraft measurements showed that
transport from valley generators to the clouds was neg-
ligible during stable conditions, and that most of the
Agl particles were trapped or “pooled.” This reservoir
of trapped ice nuclei (IN) could then contaminate sub-
sequent supposedly nonseeded periods. Significant IN
concentrations were found over the target as much as
18 hours after the end of a seeding event. Transport
was better during near-neutral conditions, where orog-
raphy provided sufficient lift to transport material to
cloud base. However, this may not have occurred far
enough upwind for resulting ice crystals to grow and
fall in the target area. Unstable conditions produced
excellent vertical mixing over the target, but these con-
vective situations were not included as experimental
units in the project design.

Hill (1982) presented results obtained during an
evaluation of the Utah State operational seeding pro-
gram. Ground and airborne measurements were made
in the vicinity of the Tushar Mountains to determine
if the Agl seeding material was being effectively trans-
ported from upwind valley generators to clouds over
the mountains. A high incidence of inversions was
noted, in which the Agl was frequently trapped. Sig-
nificant IN concentrations were measured at the surface
in the target area for as long as two days following the
end of a seeding event, as pooled Agl slowly drifted
over the target. Airborne measurements showed that
IN were rarely transported to sufficient height and in
adequate concentrations to achieve significant seeding
effects. It was concluded from the physical evidence
that the ground-based generator network was ineffec-
tive. This finding was reinforced by model studies de-

~scribed in Long (1984 ) that used a Tushar Mountain
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dataset. Application of the GUIDE model (Elliott et
al. 1983), with local upwind soundings as input, re-
sulted in the conclusion that “only 36% of the sound-
ings considered showed seeding material was delivered
to the clouds.” In the majority of cases, intended trans-
port was apparently not achieved, due to easterly
downslope flow, trapping inversions, or air flow parallel
to the mountains.

A common element in all of these programs was the
use of ground-based seeding generators located at low
altitudes. In contrast, seeding sites for the Bridger Range
Experiment (BRE) were selected to avoid trapping
problems by placing ground generators more than
midway up the windward slope of the barrier (Super
and Heimbach 1983). Tracing experiments performed
during this program showed that the Agl seeding ma-
terial was routinely transported up and over the oro-
graphic barrier (Super 1974). Recent physical studies
conducted over the BRE target area have confirmed
that the artificial IN can be routinely transported over
the target during storms and in sufficient quantities to
induce observable microphysical effects (Super and
Heimbach 1988). The positive targeting results from
this program strongly emphasize the need for careful
investigation of ground generator siting prior to initi-
ation of any seeding program using this mode of IN
delivery.

Obviously, alternatives to ground generators exist
for seeding. Principal among them is the use of aircraft
to dispense Agl smoke at an appropriate altitude and
upwind distance from the target clouds, although use
of this technique involves other logistic considerations
and higher costs. In addition, the potential problem of
low diffusion rates in the free atmosphere has recently
been documented. Karacostas (1981) reported on the
results of two experiments during light turbulence in
stratiform clouds. A Particle Measuring Systems
2D-C optical array probe was used to determine the
along-the-wind horizontal spreading rate of ice particles
resulting from both aerial Agl and dry ice seeding. The

median value of the 11 observational points given was -
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1.7 ms~!, with a range from 1.4 t0 2.1 ms™', consid-
ering both upwind and downwind plume edges. Times
from seeding to observation ranged from about 230 to
3500 s. Hill (1980) used a National Center for At-
mospheric Research (NCAR) acoustical ice nucleus
counter (Langer 1973) to monitor along-the-wind
spreading of Agl lines released by aircraft. The 11 mea-
surements made in winter orographic clouds had a
median value of 0.8 m s~! over a range of 0 to 4.2 m
s~!'. Times from release ranged from 1200 to 6600 s.
The relatively low median value and wide range of
spreading rates may be partially due to scavenging
losses in the clouds and to additional problems asso-
ciated with using an NCAR acoustical ice nucleus
counter to determine Agl plume edges in cloud. These
problems are discussed later in this paper (sec. 3.b) and
in Super et al. (1988).
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Ideally, airborne seeding should be conducted suf-
ficiently far upwind so that individual lines of material
will merge prior to reaching the target clouds. However,
at the low rates cited, frequent repetitions along a fixed
upwind line are necessary to achieve plume mergers,
which necessitates the use of multiple aircraft operating
simultaneously to treat anything other than a small
target area effectively. Additionally, Hill (1980) ob-
served a vertical diffusion rate of less than 0.1 m s™!,
indicating that only a small vertical extent of the cloud
is likely to be treated in the absence of convection.

- The transport and dispersion of cloud seeding ma-
terials in winter orographic cloud systems is an example
of dispersion in complex terrain. A considerable
amount of work on the latter topic is currently being
done, as summarized by Egan and Schiermeier (1986).
One of the goals of this research is to identify a critical
height above which the air will flow over a terrain ob-
stacle rather than around it. The critical height for any
given topography will vary with the vertical profiles of
stability and wind speed and direction; it can therefore
change throughout a day. This has direct bearing on
the altitude selected for ground-based generators. First-
order effects of terrain on altering flows are achievable
with current models and can serve as a guide to the
behavior of seeding plumes over a numerical simpli-
fication of complex terrain. But it appears that there
may be a limit to the guidance coming from the im-
proved models of the future. If the models become
good enough to describe flows over real terrain accu-
rately, it is likely that they may not be able to be prop-
erly initialized with real three-dimensional observations
of the wind and temperature fields at a sufficient num-
ber of points. In view of the turbulent nature of the
atmosphere on many scales, the end result of the re-
search on transport and dispersion in complex terrain
may only be generalized flow fields with a statistical
description of the plume characteristics. The use of
scatter diagrams in the field results described below
may therefore be an appropriate presentation.

2. The Grand Mesa experiments

One of the major objectives of the 1985-86 Colo-
rado River Augmentation Demonstration Program
(CRADP) field effort was transport and dispersion in-
vestigations. A series of experiments was conducted
around the Grand Mesa area of west-central Colorado
during February and March 1986.

Investigations were made using both ground and
airborne Agl releases, while tracing was accomplished
using an instrumented aircraft. Flight measurements
were made during both Visual Flight Rules (VFR) and
Instrument Flight Rules (IFR ) conditions. The primary
objective of the experiments was to improve knowledge
in the following areas:

1. The minimum elevation (if any) at which upwind
ground generators can be placed for Agl smoke to be
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GRAND MESA
= A =B

FIG. 1. A map of the terrain near the Grand Mesa, Colorado, showing the locations of ground release sites for Agl and weather stations.
The seeding sites are identified by numbers here and in Table 1. The weather stations are indicated by letters here and in the text. The
contour interval is 500 m, with the terrain below 3000 m shaded as shown in the key in the upper left.

reliably transported up and over the barrier to sufficient
height and in sufficient concentrations to produce
measurable cloud microphysical effects during typical
storms.

2. The appropriate spacing between ground gener-
ators, based on the lateral spread of ground-released
plumes as they cross the target area.

3. The lateral diffusion rates of airborne-released
lines of Agl and the resulting seeding repetition rate
that would be required for plume mergers to occur
prior to target cloud entry.

The Grand Mesa is a large, relatively flat-topped
mountain that rises steeply about 1500 m from the
surrounding valley floors. The maximum mesa ele-
vation in the region of the experiments is about 3200
m msl. The orientation of the barrier provides oro-
graphic lift for storms from all principal directions
(clockwise from South to North). Because of the lack
of pronounced vertical relief on the Mesa top, Federal
Aviation Administration (FAA ) permitted aircraft op-

erations to within about 300 m above the highest point
in the research area during IFR conditions. This is 300
m closer to the surface than is usually allowed in
mountainous terrain. Figure 1 shows the area and il-
lustrates the locations of ground sensors (indicated by
letters ) and seeding sites (indicated by numbers)in the
Grand Mesa area. Table 1 further identifies the seeding
sites.

3. Equipment
a. Silver iodide generators

The ground seeding unit was a modified Skyfire-type
solution burner developed at Montana State Univer-
sity. It utilizes a propane flame into which is injected
an acetone solution containing dissolved Agl. A 3% by
weight Agl solution complexed with ammonium iodide
(NH,I) was used at a consumption rate of about 30 g
Aglh™!, Calibration tests conducted in the isothermal
cloud chamber at Colorado State University (CSU)



with the same solution (Garvey 1975) showed an out-
put of 7 X 10" ice nuclei g™!, effective at —20°C, for
the light wind conditions typical of the release sites
during these experiments. The unit was portable, so it
could be transported by helicopter or by an over-snow
vehicle to isolated operating sites.

Airborne seeding was performed using an Aero Sys-
tems solution burner installed on the instrumented
aircraft. This unit burned a 2% by weight solution of
Agl complexed with NH,I [typical of most of the tests
for airborne units in Garvey (1975)] at an approximate
consumption rate of 80 g Agl h™'. Calibration tests at
CSU indicated an output of approximately 1 X 101
ice nuclei g™! effective at —20°C.

It should be noted that photodeactivation of the type
of Agl used in these experiments is not believed to be
significant. The same Agl complex was used in the field
observations reported by Super et al. (1975), who
demonstrated that it did not significantly lose its ice
nucleating ability, as monitored by an NCAR acous-
tical ice nucleus counter, even after 2 to 3 h of exposure
to sunlight.

b. Aircraft instrument system

A Rockwell 690A Turbo Commander was used as
the primary instrument system platform. This aircraft
was certified for flight into known icing conditions and
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TABLE 1. Ground seeding experiments.
Max. Angle Plume
Panel Upper wind levels Init. plume height average potent.
in Fig. (km) width deg. (m) from temp. (K)
Date Times Site above
(1986) (MST) no.* 2 4 acou teth inst . span -crest Agl ice ave span
5 Feb 1701-1743 5 — 90 70 X 294 2
10 Feb 1121-1500 2 g a 3.3-4 7 96 400 X 288 4
12 Feb 1200-1352 3 h b 3.2-4 3.4-5 18 39 400 X 295 5
14 Feb 1140-1530 6 m c 3.2-4 16 30 800 X 300 -7
24 Feb 1600-1851 1 a d 3.5-7 15 27 500+ X 307 3
27 Feb 0825-1151 1 b e 3.5-6 18 70 300,700 X 302 5
7 Mar 0834-1152 8 f f 3.3-5 16 24 700 X 305 4
8 Mar 0854-1150 4 i g 3.6-7 27 5t 600 X . 306 9
-14 Mar 1148-1415 6 j h 3.6-7 7 41 500+ X 298 3
14 Mar 1520-1810 7 k 3.6-7 3.2-3 — — —_ X X 298 2
19 Mar 1052-1248 2 e j 3.3-4 3.1-2 10 31 500+ X 295 4
20 Mar 1025-1227- 2 c k 3.7-8 3.3-5 6 33 700+ X 298 5
20 Mar 1251-1425 1 d 1 3.7-8 3.3-6 26 32 800+ X 298 5
24 Mar 1012-1410 7 1 i 3.2-4 3.0-1 13 38 1100+ X 307 4
median 15 38 500+
* Seeding site:
No. Latitude Longitude Altitude
| 39°03'49” 108°05'58” 2914 m
2 39°03'59" 108°06'17" 2694 m
3 38°59'50" 108°06'32" 3018 m
4 38°57'08" 108°1025" 2615 m
5 39°01'56" 108°0328" 3246 m
6 39°01'10" 107°59'52" 2978 m
7 38°5927" 107°56'04” 2515 m
8 38°31'46" 108°41'08” 2641 m

had sufficient performance to allow repeated in-cloud
passes under most storm conditions. The instrumen-
tation package consisted of a microcomputer-con-
trolied data acquisition system and sensors to measure
aircraft heading and air speed, pressure, temperature,
moisture, liquid water, ice nuclei, cloud particles and
position. The last was obtained using a Texas Instru-
ments Model 9100 Loran C Navigator system. Al-
though operating in a marginal signal reception area .
(i.e., the “intercontinental gap”), position accuracy was
generally quite good. Only one instance of a temporary
signal loss that lead to known large errors was encoun-
tered during the 20 flights reported on here. As dis-
cussed by Super et al. (1988), absolute differences from
a known location werg generally <1.0 km and relative
differences were usually <0.5 km.

The NCAR acoustical ice nucleus counter was used
for the detection of the edges of the plumes of Agl in
a manner similar to that described by Super et al.
(1988). An earlier version of the instrument was de-
scribed by Langer (1973 ). Air from outside the aircraft
cabin was drawn at about 10 L min~! through pre-
conditioners to add water vapor and cloud condensa-
tion nuclei to the sample prior to injection into a 17
L cloud chamber refrigerated to near —20°C. The IN
were made detectable by the growth of ice crystals
around them in the supercooled cloud. The crystals
made an audible click when they passed through an
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other nearby but much more topographically complex
areas such as the San Juan Mountains. Yet significant
three-dimensional and diurnal perturbations of the
wind field have since been documented (Super et al.
1986). It has been found that it is not always appro-
priate to generalize the flow into a two-dimensional
conceptual model initialized on an upwind sounding,
nor can the winds from any one surface station on the
mesa be routinely considered representative for all
other areas.

Analysis of data collected prior. to initiation of the
work reported have indicated a particular need for
caution in selecting -adequate ground Agl generator
sites. Historical rawinsonde winds from GJT indicated
a pronounced diurnality in the lower levels, typical of
mountainous terrain, with morning down-valley and
afternoon up-valley flow prevailing, even during pre-
cipitation events on Grand Mesa. These perturbations
became insignificant at about the 2.5 km level, sug-
gesting that generator sites should be at least this high
to avoid flows that may be confined to the valleys, al-
though even that level is not always sufficient. The
winds at site C, at 3.0 km msl just below the rim of
the mesa, frequently became easterly at night when air
drained from the top of the mesa. Such drainage winds
were absent, however, during episodes of supercooled
liquid water aloft that might provide targets for seeding.

Similarly, aircraft-based measurements of liquid
water in stratiform clouds (presumably near-adiabatic)
were typically low. This implies that there was only
limited vertical lifting of the air passing over the mesa,
with little likelihood that low-level air would be forced
over the barrier.

These findings were reinforced when wind data were
examined at the 3750 m level, as collected during the
1983 winter by an aircraft equipped with an Inertial
Navigation System. The mesa was seen to split and
decelerate the approaching airflow. Air near the crest
elevation was turned sharply and accelerated to cross
the barrier nearly perpendicular to its long axis. This
was true for all westerly wind directions. Unfortunately,
it was not possible to make sufficient lower level mea-
surements to establish a general height below which
air tended to flow around rather than over the barrier.

Tethersonde soundings (to a maximum of about 950
m agl), acoustic sounder, and 70-m~tower winds from
the central portion of the mesa (site A in Fig. 1) showed
generally good directional agreement with aircraft
measurements overhead, and coarse agreement with
GIJT rawinsondes. These near-surface measirements
appeared to have reasonably good potential for pre-
dicting the general direction of plume transport for ei-
ther ground or airborne released Agl particles.

Surface wind measurements at some sites tended to
show patterns influenced strongly by local topography
and were generally not indicative of general flows aloft.
It must be noted however, that the sites utilized were -
not necessarily selected with the primary purpose of
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supporting transport and diffusion investigations. As
will be seen in section 6, surface winds from sites with
good exposures can provide useful guides to plume be-
havior in their local areas. A network of representative
wind measuring sites can lead to a better understanding
of plume distortions as the topography affects the flow.

The measured responses of the winds to the Grand
Mesa terrain revealed patterns similar to those mapped
by Holroyd (1970) on Whiteface Mountain in northern
New York State. In that study, the permanent distor-
tion of trees, observed at nearly two thousand points,
showed regions of blocked flow at lower levels, winds
approaching ridges in a nearly perpendicular direction,
counterflows, overlapping flows, and drainage winds.
All of these distortions from ambient flows were also
observed somewhere on the Grand Mesa at various
times. The spruce trees on the Grand Mesa, however,
appear to be resistant to wind distortion, so a similar
mapping of the prevailing winds may not be possible
there.

Although airflow over the mesa is complex, it has
proved to be understandable and predictable in at least
a qualitative sense. Based on past data, ground gen-
erator sites were restricted to altitudes above 2500 m
for the experiments described in section 6. It is rec-
ognized that the critical altitude above which air will
flow over the mountain barrier will vary with stability
and wind conditions, but in an empirical study it may
eventually be possible to determine a fixed altitude that
is usually higher than the critical altitude during storm
conditions.

6. Ground seeding experiments

A summary of ground seeding experiments is given
in Table 1. Maps showing the locations of plume de-
tection and the winds at several points for each exper-
iment are given in Fig. 2. As in Fig. 1, the terrain is
contoured with shading at a 500 m resolution and the
white area representing elevations at and above 3000
m. Vertical cross sections along the axes of the plumes

" are given later in Fig. 4. Vertical cross sections per-

pendicular to the plume axis, which in a few cases
showed the effects of angular shear, are not presented.
In a few others there was a suggestion of plume nar-
rowing with altitude, as might be expected, but noise
from instrument response and plume wandering gen-
erally masked such a tendency.

The experiments were carried out in sky conditions
ranging from clear to overcast and snowing. Opera-
tional seeding programs, however, would probably oc-
¢ur under cloudy conditions. In order for the results
to be transferable to operational programs, the Grand
Mesa experiments had to minimize additional air
buoyancy resulting from solar heating. The terrain from
the seeding site to the crest was always snow covered,
which minimized the effects of solar heating on clear
or thinly overcast days. The sunniest day was 27 Feb-
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FIG. 2. Part 1. Plume locations and wind vectors for northerly and westerly flows. The seeding and wind sensor sites and the elevation
shadings are given in Fig. 1. The bold solid and dotted lines indicate the edges of the seeding plume and its range of locations. The wedges
are like arrowheads showing the direction of air flow; the crosses give the mean speeds and directions, while the arcs and radii around them
give the values one standard deviation away. The dotted wedges are for winds measured aloft at altitudes given in Table 1.
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FIG. 2. Part 2. Plume locations and wind vectors for westerly and southerly flows.
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FIG. 2. Part 3. Plume locations and wind vectors for a southwesterly flow.

ruary, when, under clear morning conditions, Agl was
released into northeast flow from the north slope. The
aspect of that snow-covered slope with respect to the
sun minimized solar heating, especially compared to
the south-facing slopes. The other clear-air experiments
were conducted near sunset in order to minimize solar
heating. A close examination of the data did not dis-
close demonstrable effects of solar heating on the be-
havior of the Agl plumes during these experiments. A
few times the tethersonde appeared to record bubbles
of air up to about 2°C warmer than ambient, appar-
ently rising in an otherwise dry adiabatic environment,
but such temperature variations were similar to those
found farther away from the surface, thereby rendering
their effects on the plume difficult to detect.

a. Horizontal extents

For the period of each experiment the winds at each
station were analyzed to produce a mean speed and
mean direction along with the standard deviations of
those parameters. The shortest time resolution data
available from surface and tower wind stations were 5
min means. The standard deviations, therefore, are not
totally compatible with those often used in air pollution
investigations, which are based on fast-response sensors
recorded near 1 Hz.

The winds are plotted in Fig. 2 as wind vector
wedges, with the apex at the station and the broad end
in the direction from which the wind was coming. The
mean wind vector is plotted as a cross. The arcs in each
wedge show the magnitude of the average speed plus
and minus the standard deviation; the sides indicate
the average direction plus and minus the standard de-
viation. The effect is to create what look like arrowheads
that show which way the air was flowing; the length of
the arrowhead indicates speed and the width, direc-

tional variation. The scale at the bottom of Fig. 2 dou-
bles for distance and wind speed. The scatter of indi-
vidual wind vectors, not illustrated, was nearly always
within about two standard deviations of the averages.
If the scatter were Gaussian, then about 68% and 95%
of the observations should be within one and two stan-
dard deviations, respectively.

In some parts of Fig. 2 the wedges are formed with
dotted lines, which indicate either the winds aloft as
determined by the acoustic sounder in the center of
the mesa (site A in Fig. 1) or the upper-level winds
measured by the tethersonde at the seeding site. The
levels of those average winds aloft, given in km in Table
1 under “Acou” and “Teth,” varied with each exper-
iment because of the limits imposed by the conditions
associated with their recording. The winds within 150
m of the surface, as determined by the tethersonde, are
plotted with solid lines like the surface and tower data.
In one case (Fig. 2k), the drainage winds from the
northeast at the end of the experiment are ignored. In
another (Fig. 2g), the tower winds adequately described
the air movement below the inversion, while the winds
determined by the acoustic sounder above the inversion
were not relevant for the figure. In a third (Fig. 2i),
the tethersonde measured only the near-surface winds
and could not rise into the excessively strong winds at
the higher levels.

In each part of Fig. 2, the locations of the detected
Agl plume are indicated by bold lines. The solid inner
lines represent the average locations of the edges of the
plume as determined by either the acoustical ice nu-
cleus counter or by a measurement of the resulting ice
particle plume. Table 1 shows which average was used.
The dotted lines indicate the extremities of the plumes
by either detection system. The solid lines, therefore,
can be considered to represent an instantaneous plume
width that meanders within the span of the dotted lines.
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The total angles spanned by the instantaneous and
wandering plumes at about the crest position are listed
in Table 1 under “Inst” and “Span,” respectively.
Plume angles farther downwind sometimes differed.

" In general it was thought that if the variance in the
wind direction was large, then the meander angle and
instantaneous width of the plume would also be large,
and that small wind direction variance would produce
narrow plumes. The dependence of plume width on
wind direction fluctuation has been documented in
- several studies (e.g., Slade 1968). When the winds were

recorded at a seeding site, the wedge of the plume lo-

cations was usually like a mirror image of the wedge
of the wind vectors as plotted in Fig. 2. But when the
plume angles were plotted against the standard devia-
tion of wind direction from either the tower winds or
the upper tethersonde winds, no significant correlation
was found. There are several possible explanations. The
plume angles were not measured by the same tech-
niques that are used in air pollution studies; the con-
centration spectrum across the plume was not mea-
sured to determine standard deviation positions of the
plume. Furthermore, Table 1 contains a mix of angles
determined from both the superior ice particle plume
and the inferior Agl plume measurements. As noted
" previously, the tower winds were 5 min averages from

a vane with slow response, unlike the sensitive vanes
used for measuring a true direction variation. The
tethersonde balloon was itself the vane for its own di-
rection measurements and responded rather slowly to
changes. Furthermore, previous studies, such as those
described in Slade (1968), were typically conducted
over flat ground rather than over complex terrain like
that of the mesa. The wind direction at a seeding site
was usually found to be a good predictor of plume
direction, and wind directions downwind offered guid-
ance in determining later plume distortion, as is seen
in Fig. 2. But a predictor for the plume spreading was
not found in this study.

The first part of Fig. 2 is devoted mostly to northerly
flow cases. In Figs. 2a-2d the plume is seen to bend
when it reaches the southwest arm of the mesa. In each
case the winds in the notch (site C in Fig. 1) were gen-
erally from the east, although sometimes with a large
angular variance and light speeds. The angular variance
of the winds on the northwest point (site D in Fig. 1)
was so great in Figs. 2a and 2c that the wind vector
wedges were nearly circular and were not plotted. The
winds at site F in the upper right of Fig. 1 reversed
during the experiment from NNW to S as evening
drainage winds set in. Drainage winds are probably
responsible for the final plume detection WSW of the
seeding site, as indicated by the short dotted line away
from the main plume wedge. The GJT winds near the
times of the experiments in Figs. 2a and 2b were NNW
near the level of the plume and were not a good indi-
cator of the direction in which the plumes traveled.

The experiments shown in Figs. 2c-2e are described
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in Super and Boe (1988). In these cases the plume
edges were plotted from the ice particle data. Some-
times the Agl plume was detected before the ice par-
ticles because the generation of ice particles was de-
pendent on the location of supercooled liquid water in
the broken cloud deck, which contributed to the nar-
rowness of the instantaneous plumes in Figs. 2¢ and
2e. As the winds became lighter in intensity (Fig. 2d)
the plume broadened and distorted in shape.

The experiment shown in Fig. 2f, the only one that
was not conducted on the Grand Mesa, was designed
to test the logistics and plume behavior associated with
operating from near the crest of the Uncompahgre Pla-
teau, since the Grand Mesa could presumably be seeded
from such sites under southwest flow. These flows in-
clude the wettest conditions over the Grand Mesa, and
the greater upwind distance to the seeding site would
allow more time for diffusion. The experiment occurred
under westerly flow. The plume did not broaden with -
downwind distance, probably because there was very
little directional variance in the upper winds ap-
proaching the Uncompahgre Plateau. The near-surface
winds measured by the tethersonde shifted from W to
S during the experiment but with no noticeable effect
on plume location or width. Either the southerly winds
were immediately nullified by a counterflow at the crest
of a local ridge or the plume rose rapidly to the level
of westerly flow.

The experiment in Fig. 2g occurred under highly
sheared flow. Air approaching the mesa from the NW
rose and created ice-saturated conditions near the crest
of the Mesa. There it was met by SW flow coming over
the top. Just above the aircraft sampling level there
was an inversion, above which the winds reverted to
NW flow. An ice fog plume was created by the seeding,
and this plume traveled to the east. Ice nuclei were
detected over a wide range of angles as the lower NW
flow was stopped by the mesa crest and the air was
caught in the SW flow coming over the top. Targeting
of seeding materials in such a situation is obviously
quite challenging. The existence of the ice particle
plume in the otherwise clear air means that the Agl
acted as deposition ice nuclei, or else froze a possible
cloud of droplets that were produced in the plume by
the water of combustion from the propane and acetone
(Finnegan and Pitter 1987). There is no record of
whether or not a visible cloud plume was emitted by
the generator.

The rest of the cases in Figs. 2h-2m show experi-
ments in S to SW flow. In all cases the winds near the
mesa were more southerly than in the Grand Junction
soundings, in accordance with previous studies. In all
but one case, either the IN or the ice particle plumes
were detected downwind of the release site.

The strong winds in Fig. 2i resulted in a lenticular
cloud over the western arm of the mesa. The cloud
position, based on photographs from the aircraft, is
shown by the bold oval line. The Agl plume reached
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up to the cloud base but only in insignificant concen-
trations. Had the base been lower, an ice particle plume
would have been expected. The northern limit of the
Agl plume at flight level was near the northern rim,
suggesting that the usual lee subsidence was sending
the IN rapidly downhill.

In the experiment in Fig. 2j a meandering ice particle
plume was detected in the expected position downwind
from seeding site number 6, which was high up on the
side of the mesa. Later that day, as shown in Fig. 2k,
the crest winds came from a similar direction as the
aircraft again flew back and forth over the high ground
of the mesa within the region shown. But the winds at
the lowest seeding site used were nearly parallel to the
axis of the mesa. The plume presumably traveled
farther to the east, beyond the turn-around point of
the aircraft, before flowing over the crest. The experi-
ment shows that the winds at both the seeding and
target sites should be monitored for more accurate tar-
geting of the materials. The site itself was probably not
the problem, because in Fig. 21 materials from the same
seeding site were easily detected over the crest of the
mesa. In fact, the plume from this lowest seeding site
on that day, under broken altostratus and altocumulus
conditions, rose over the crest to the highest altitude
of detection in any experiment. The elevation of this
site is 2515 m or about 700 m below the mesa top.

The experiment illustrated last, in Fig. 2m, shows a
plume traveling down the axis of the mesa. The direc-
tion of flow was parallel to the upper winds measured
by the acoustic sounder. The lowest passes close to the
seeding site detected the plume just north of the site.
Presumably either the winds at the seeding site were
temporarily moving in a southerly direction or the di-
rections were highly sheared. This low-level plume is
shown between the short dotted lines north of the seed-
ing site. This case also demonstrates that an Agl plume
can be detected as much as 40 km downwind of the
seeding site.

Two experiments with Agl released from the north
slope were not presented in Fig. 2, nor are they listed
in Table 1. Although Agl or ice particle plumes were
detected, the number of plume interceptions was in-
sufficient to add meaningfully to this paper. But even
including these experiments, the seeding plume was
always detected by the aircraft. (The one exception is
that illustrated in Fig. 2k, in which the aircraft appar-
ently did not fly in the correct location.) This detection
success rate is similar to that obtained by Super and
Heimbach (1988) for Agl plumes over the Bridger
Range of Montana.

These examples show that the transport of a seeding
plume can be estimated from local wind data. The
plumes spread downwind through angles that are not
necessarily related to the standard deviation or variance
of the wind directions. The deflection of the wind di-
rections by local terrain and by angular wind shear in
the vertical, however, will always present a challenge
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to those wishing to properly target seeding materials
released from the ground.

b. Vertical extents

The vertical extent of a plume released from the
ground can be affected by several mechanisms. The
buoyancy from the heat of combustion of the Agl gen-
erator provides an initial boost, but it can be considered
insignificant when it is dispersed in a plume with a
cross section of several hundred meters. Turbulent ed-
dies, either already present or freshly induced by the
mechanics of air flowing over rough terrain, will nor-
mally be the main contributors to the initial dispersion
of the plume. The greatest vertical rises of the plume
will occur with the aid of natural convective processes,
especially if they are energized by local solar heating
of the surface. Plume rise is typically inhibited by stable
layers warm enough to make a penetrating plume neg-
atively buoyant. It was found that the plume can rise
over the mesa to higher than the base of a stable layer
as measured away from it, because the horizontal mo-
mentum of the air approaching the mesa can be con-
verted into vertical momentum as it flows over it. In
such cases, the base of the stable layer is lifted, per-
mitting the plume to rise higher. When the aircraft was
flying near such a boundary, the IN were usually found
in the cooler air at any given level. The potential tem-
perature of the seeded air at flight level was nearly the
same as that known or estimated for the seeding site.
Sometimes the tethersonde data showed bubbles of
warm air, presumably rising up a dry adiabat. The
mixing of the Agl to higher levels in these experiments
was therefore accomplished by a variety of mecha-
nisms, but no attempt has been made to assess their
relative contributions.

The stability situation shown in Fig. 3 is an extreme
example of the vertical profile of potential (left) and
equivalent potential temperature (right). The shaded
areas show the range of temperatures encountered by
the aircraft for all portions of the flight. The solid lines
show the rawinsonde profiles recorded at GJT. Seeding
material was released at an altitude just below 3.0 km
in air with a potential temperature of 299 to 301 K.
Hundreds of IN per pass were measured up to 3.6 km,
where the left side of the potential temperature profile
becomes stable. A dwindling number of IN reached as
high as about 3.9 km. For all cases, the average potential
temperature of the air containing the Agl plume and
the span of the temperature variation are listed in Ta-
ble 1.

The GJT potential temperature profile in Fig. 3 sug-
gests that the air at the seeding site should not have
risen significantly, because the atmosphere was every-
where stable above that level. The aircraft temperature
measurements, however, show that air with a potential
temperature of about 301 K could have reached to just
beyond the 3.6 km level. At that level, cold air from
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FIG. 3. An example of the variability of vertical profiles of potential
and equivalent potential temperature during a mission.

below appears to have been mixing with 6° warmer
air from above as a result of strong speed shear and
flow perturbations caused by the mountain. The
acoustic sounder recorded winds of about 4 m s™! at
3.4 km, increasing linearly to about 15 m s™! at 3.8
km with about 40° of angular shear.

The situation presented in Fig. 3 was selected because
it illustrates the process well. In the less extreme ex-
amples, the Agl was still detectable to near the altitudes
where the warmest potential temperature of the seeding
site equaled the coldest potential temperature at flight
level. Beyond that level only trace amounts were found.
The normal temperature profile of an upwind sounding
never shows variations like those illustrated in Fig. 3
and is therefore not a reliable indicator of the highest
level of plume rise, because the mountain barrier can
sometimes lift stable air if the wind momentum is suf-
ficiently great.

Figure 4 presents vertical cross sections of the plumes
in the plane near their middle positions, as shown in
Fig. 2. The approximate terrain within 1.5 km of that
plume center line is given for reference. The left side
of each cross section in Fig. 4 is shaded (with a dot
pattern) to show the approximate altitudes of stable
layers as indicated by profiles like that in Fig. 3. The
individual dots near the plumes indicate the locations
where a pass initially detected (or failed to detect) an
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Agl or ice particle plume. The horizontal lines indicate
the positions through which an ice particle plume was
detected on passes along the wind. The vertical extents

‘of the seeding plumes were determined when the air-

craft passes failed to detect the Agl or ice signatures,
or found only weak ones. When such null data were
available, the boundary line in Fig. 4 is solid. When
the boundary can only be approximated, it is dotted.
The approximate vertical thicknesses of the plumes as
they crossed the crests are listed in Table 1. If the top
was not determined, the highest measured position is
given with a plus sign. In one case, the plume continued
to rise and was at a higher position over the southwest
arm than over the northwest arm of the mesa. The
median plume thickness over the crest exceeded 500
m. The range of thicknesses was about a factor of two
from the median.

The twelve experiments illustrated in Fig. 4 are
identified by the letters a-l. In Fig. 4a, an inversion
limited vertical development. An opposing air flow at
the crest prevented the plume from continuing over
the crest in its original flow direction. The downwind
extent in Fig. 4b was not well determined and the
plume may have been transported downhill by subsi-
dence. The plume rose rapidly to the stable layer in
Fig. 4c, but the vertical extent far downwind was not
determined. The same is true for Fig. 4d, where the
plume position over the southwest arm of the mesa
was only measured near the surface. The plume top in
Fig. 4¢ was near a weak stable layer over the northwest
arm and continued to rise to a second stable layer near
the tip of the southwest arm. In the experiment shown
in Fig. 4f there were no barriers until 4.4 km, and no
pass was made that was above the plume. The strong
flow that created a lenticular cloud in the plume po-
sition in Fig. 4g was probably responsible for the very
rapid rise of the plume to near cloud base. The plume
was below the aircraft on a few passes near the down-
wind escarpment, being transported down by subsiding
air. Another rapid rise is shown in Fig. 4h, where the
plume rose in cloudy conditions, creating ice particles
in air that had no stable layers. The upwind edge of
the plume was well-determined but not its vertical or
downwind extent. In Fig. 4i the stable layer began at
4.6 km, and the plume actually rose to that altitude.
The plume in Fig. 4j was repeatedly detected but only
at one position and altitude; it was not detected for
passes at 4.5 km, but that did not provide much res-
olution for determining the vertical extent in an at-
mosphere that had a stable layer at about 4.4 km. The
plumes in Figs. 4k and 4l rose to the tops of the stra-
tocumulus clouds and were detected by ice particles as
well as by Agl.

In an extreme example not illustrated here, Agl
smoke was released in an open meadow on top of the
mesa at about sunset on 5 February 1986 and was
trapped in a drainage flow. Sensors at a nearby PROBE
station showed rapid radiational cooling at the surface






