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ABSTRACT

Some of the complexities of clouds and precipitation that have been encountered in field projects are reviewed.
These complexities highlight areas of cloud microstructure and precipitation development that need to be better un-
derstood before adequate conceptual or numerical models of orographic cloud seeding can be developed. Some concerns
about cloud sampling with regard to the evolutionary behavior of supercooled clouds from water to ice are also

discussed.

12.1. Introduction

Recent advances in airborne instrumentation and re-
mote-sensing techniques combined with intensive field
programs with dense observation networks are providing
much new information on clouds and precipitation, par-
ticularly in the mountainous regions of the western United
States. These observations have revealed great complexity,
but with them comes the promise that many of these
complexities will be understood. However, as yet our de-
scription of the coupled processes governing air motions
and cloud microphysics relating to clouds upwind, over,
and downwind of mountains is still inadequate in many
ways. This represents a fundamental drawback to the for-
mulation of conceptual and numerical models for use in
the prediction of the effects of artificially seeding oro-
graphic clouds.

In this paper, the term ““orographic™ will be used to
refer to those cloud systems that form solely as the result
of air rising over terrain, which are seen as quasi-stationary
clouds of variable coverage on satellite imagery. The term
“orographically enhanced™ will be used to refer to long-
lived cloud systems associated with fronts and troughs
that are trackable on satellite imagery prior to impinging
on mountain barriers. The discussion will be largely con-
fined to observations made in wintertime clouds in the
mountainous regions of the western United States and
will attempt to present a holistic view of the seeding po-
tential of these clouds in mountainous regions.

12.2. Brief summary of recent findings

12.2.1. Ice particle concentrations in clouds

Of paramount concern with regard to mounting a cloud
seeding effort is knowing what concentrations of ice par-
ticles are going to develop naturally in clouds. A logical

early expectation in this regard was that ice particle con-
centrations in clouds, at least in the Rockies, might only
be a function of the concentrations of ice nuclei (Grant,
1968) and. therefore, of cloud-top temperature.

However, much of the field work in the West has re-
vealed unexpectedly high ice-particle concentrations in
clouds across a wide range of cloud-top temperatures, lo-
cations, and types of clouds (Koenig, 1968; Hobbs, 1969;
Auer et al., 1969; Cooper and Saunders, 1980; Heymsfield,
1977; Grant et al., 1982). These reports showed that the
occurrence of ice at unexpectedly high cloud-top tem-
peratures (some = —10°C) and in unexpectedly high con-
centrations (10s to 100s L' at > —20°C) was not restricted
to warm-based summertime cumulus clouds (Coons and
Gunn, 1951; Braham, 1964), but that it could also occur
in wintertime clouds with relatively cold bases.

Several factors have been suggested that can at least
partially explain these surpluses of ice particles above those
expected based on ice nuclei concentrations (Fletcher,
1962). The two most important of these include the pro-
duction of “secondary” ice particles, for example, through
the breakup of fragile crystals (Hobbs and Farber, 1972;
Vardiman, 1978) or through a riming and splintering
process (Mossop and Hallett, 1974; Hallett and Mossop.
1974). How these various factors might affect the distri-
bution of ice in orographic clouds will be mentioned in
section 12.3.

On the other hand, some studies have appeared to sup-
port a temperature-dependent activation of ice nuclei, al-
though not necessarily from cloud top. Cooper and Vali
(1981), for example, suggested that a temperature-depen-
dent activation of ice nuclei was evident in their data ob-
tained in two lenticularlike clouds over Elk Mountain,
Wyoming, and in the rear portion of a large-scale strati-
form cloud system (orographically enhanced) over south-
western Colorado. The temperature effect they reported,
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however, depended on the accuracy of their estimated
origins of the crystals, which were not necessarily from
cloud top. In addition, they found that concentrations of
ice particles were about an order of magnitude higher in
the southwestern Colorado cloud than that at Elk Moun-
tain, despite similar temperatures.

In a further summary of ice particle concentrations in
cap clouds in Wyoming, Vali et al. (1982) found that a
temperature-dependent effect (again, not necessarily as-
sociated with cloud top) was indicated in ice particle con-
centrations in the upwind-to-crest portion of these clouds.
Still higher concentrations were found downwind of the
crest, although it was not mentioned whether these higher
ice particle concentrations also supported a temperature-
dependent effect. Thus, while a temperature-dependent
effect was reported in these studies, it is not clear that ice
particle concentrations were well predicted by cloud-top
temperature.

Mossop (1985) summarized the results of ice particle
concentrations in clouds reported by a number of workers.
He reported that, with few exceptions, ice particle con-
centrations in stratiform clouds were dependent on cloud-
top temperature when those clouds did not meet the cri-
teria for the riming and splintering production of second-
ary ice particles. In cumuliform clouds, high ice particle
concentrations relative to expected ice nuclei concentra-
tions also appeared to be restricted, with one exception,
to those cases where the criteria for riming and splintering
were met.

However, there have also been reports of ice particle
concentrations in clouds that are /ower by orders of mag-
nitude than expected ice nucleus concentrations. For ex-
ample, Stewart (1967) encountered ice-free altocumulus
clouds at temperatures below —25°C. Heymsfield (1977)
stated that in the stratiform clouds that he sampled, ice
particle concentrations were, without exception, less than
expected ice nuclei concentrations at temperatures below
—20°C. Measurable liquid water was encountered at tem-
peratures as low as —35°C. Grant et al. (1982) reported
ice particle concentrations of only about 2 L' in a liquid-
topped, stratiform cloud in the Rockies at —31.8°C.
Hobbs and Rangno (1985) encountered altocumulus with
tops at —26°C with only a 1 L™" ice particle concentration.
In addition, Sassen (1984) reported liquid water at —36°C
over Utah.

In these cases, the presence of liquid water at these
temperatures in clouds with characteristically slight up-
drafts is surprising since Fletcher’s (1962) summary of ice
nucleus measurements indicates that tens to thousands
per liter of ice particles should be present in these clouds,
and, if ice nuclei indeed act as sublimation nuclei, they
should have formed long before the water phase occurred
and therefore been present in more than enough numbers
to have prevented the development of liquid water.

Finally, we note that there is no significant correlation
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between ice particle concentrations and cloud-top tem-
perature in the large dataset of Hobbs and Rangno (1985).
About 25% of their observations of unexpectedly high
ice-particle concentrations were in clouds that did not
appear to meet the criteria for ice multiplication specified
by Hallet and Mossop (1974). A somewhat larger per-
centage appears not to meet the revised riming-splintering
criteria (Mossop, 1978) that specifies the presence of
droplets <13 um diameter in concentrations of =100
cm 3. Hobbs and Rangno (1985) found a moderate to
strong correlation between a measure of the broadness of
the cloud-top droplet spectrum and maximum ice particle
concentrations over a range of cloud-top temperatures
from —6° to about —26°C in both stratiform and cu-
muliform clouds. This finding may shed light on why
cloud-top temperature alone cannot, in general, predict
ice particle concentrations, since they may first be depen-
dent on the broadening of the droplet spectrum.

In summary, ice particle concentration surpluses rel-
ative to expected ice nucleus concentrations can be found
on the warm (= —15°C) cloud-top side of Fletcher’s sum-
mary curve while large deficits in ice particle concentra-
tions, often combined with the presence of liquid water,
can be found on the cold (< —25°C) cloud-top side. These
observations suggest a tendency for a leveling of ice par-
ticle concentrations in clouds over a wide range of cloud-
top temperatures, a phenomenon that was first noted by
Weickmann (1957).

12.2.2. Ice nuclei

Some suggested sources for ice nuclei include mete-
orites, soils, bacteria and spores, and emissions from in-
dustrial plants, automobiles, and volcanoes. Kumai (1951,
1961) found that most of the ice particles he examined
contained clay particles at their centers. In an example of
the potential importance of soil as ice nuclei, Marwitz et
al. (1976) reported that the highest natural ice nuclei con-
centration they measured over southwestern Colorado was
on a windy, dusty day associated with a cold front. This
maximum ice nuclei count was even greater than the
maxima they had measured on all other days above Agl
ground seeding sources!

If ice nuclei are important in producing ice particles
found in clouds overhead, then numerical models should
predict the concentrations of ice nuclei in any given sit-
uation. For example, it is conceivable from the Marwitz
et al. report that seeding may be unnecessary when it is
windy upwind of the region to be seeded but necessary
when it is calm or after a regionwide heavy rain or snowfall
may have subdued surface sources of ice nuclei. To date,
however, and in spite of the potential importance of ice
nuclei, ice nuclei concentrations on a day-to-day basis are
seemingly unpredictable and their role in ice particle for-
mation is as yet unclear.
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FI1G. 12.1. Scatter diagrams of consecutive measurements at Durango, CO, of (a) rawinsonde cloud-top temperatures
and (b) 700-mb wind direction for soundings <4 h apart. (After Elliott et al., 1976.)

12.2.3. Variability of clouds and winds during storms

While cloud-top temperature as a predictor of ice par-
ticle concentrations in clouds is questionable, it is nev-
ertheless useful to examine its variability as a measure of
how rapidly project operations may have to be adjusted
in order to cope with changing seeding potential. Figure
12.1ais a scatter diagram of cloud-top temperatures (after
Elliott et al., 1976) over the Rockies derived from pairs
of rawinsondes' launched not more than four hours apart
during the Colorado River Basin Pilot Project (CRBPP).
Elliott et al. used the point where the dewpoint passes ice
saturation to deduce cloud tops. The data shown are lim-
ited to the period after | February 1973, when shielded
relative humidity elements apparently came into use (Hill,
1980a). The cloud top of the first sounding is plotted along
the ordinate and the cloud top of the second along the
abscissa. As can be seen, the serial correlation is poor,
illustrating the large, short-term variability in clouds and
the forecast and treatment challenge it presents to cloud
seeding experiments.

Figure 12.1bis a similar plot of 700-mb wind directions.
While the serial correlation is better than in the case of
cloud-top temperatures, in about one-third (36%) of the
soundings, the 700-mb wind did not remain within 40°
of the azimuth value measured <4 h earlier.

The purpose of this discussion is to point out that quasi-

'Rawinsonde-derived cloud-top temperatures can be questioned in
some situations, and more comparisons are needed with satellite data
and vertically pointed cloud-sensing radars.

steady-state situations in mountainous regions (which are
often the foundation of conceptual or numerical models)
appear to be rare. The cloud variability encountered poses
a severe challenge in the forecasting of seeding opportu-
nities and another challenge in the treatment strategy
should seeding opportunities be short-lived.

This variability also suggests that experiment strategy
may have to be changed in future experiments to better
retain homogeneity between control and seeded samples.
For example, in an experiment reported by Hobbs et al.
(1981) it was shown that long-lived, dry-ice-produced
precipitation plumes in stratocumulus clouds, trackable
from the cloud to the ground by a vertically pointed 8.6
mm radar that served as the target, can produce a precip-
itation signal at the ground at or very near forecasted
times. Such plume intercepts could be compared directly
with the natural precipitation, if any, that immediately
preceded and followed the seeding plume intercept while
cloud conditions were relatively uniform.

12.2.4. Temporal variations in precipitation

Snowfall intensity in the Rockies varies over periods
of minutes (Medenwaldt and Rangno, 1973; Vardiman
and Hartzell, 1976). Figure 12.2 shows a plot of visual
observations of daytime snowfall intensity over a five-
month period (made by the author in Durango, Colorado).
It reveals a distribution of intensity changes with time
analogous to the relationship between the concentration
of precipitating particles and their size reported by Mar-
shall and Palmer (1948). This finding was unexpected be-
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100 cause it was believed that snowfall in the Rockies was
relatively consistent from hour to hour (Grant et al., 1969).

The rapid changes in snowfall intensity indicate mi-
croscale structural differences in clouds and precipitation
that are not yet included in our models of wintertime
clouds in mountains. What effect will seeding have on
these structures? What do they say about how ice is formed
and organized in the clouds overhead? Perhaps these mi-
croscale structures are unimportant in the overall assess-
ment of seeding potential, but this cannot be assumed a
priori.

NUMBER OF OCCURRENCES

12.2.5. Fine-scale gradients in orographic precipitation
It has long been known that extremely fine-scale pre-
cipitation gradients exist even over modest terrain in
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FIG. 12.3. Distribution of precipitation in the San Juan Mountains of southwestern Colorado with the 700-mb wind direction between 206° and
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westerly (Rangno, 1979). An extremely large (>100%) in-
crease in precipitation occurs from the base of Wolf Creek
Pass to the summit, a distance of only about 10 km. An
examination of the hourly precipitation records of the
CRBPP by the author shows that about 70% of this greater
total at the summit as compared with the base of Wolf
Creek Pass is due to greater intensity (more or heavier ice
particles or both) and about 30% is due to greater duration
(precipitating cloud was not over the lowest slopes, or the
precipitation was not initiated far enough upwind of the
lower slopes to fall out on them).

These large gradients in precipitation over extremely
small distances, both parallel to and across the barrier,
both upwind and downwind of the crest, cannot be pro-
duced by changes in cloud-top height resulting from the
passage of the cloud system over the barrier. This is be-
cause any changes in cloud-top microstructure immedi-
ately upwind and over the barrier could not affect snowfall
at the ground during the limited time the cloud traverses
the barrier. The atmosphere can produce these small-scale
gradients in precipitation only through rapid changes in
the mass of precipitating particles close to ground level.
Bergeron (1950) described a similar situation as a *“‘seeder—
feeder” process where ice crystals (or raindrops) fell into
and accreted the droplets of a lower-level cloud, and he
observed that such a process was capable of producing
such fine-scale precipitation gradients in terrain of even
modest topography.

What would be the effect of seeding on these fine-scale
precipitation patterns? Trajectory changes are likely due
to seeding (e.g., Hobbs et al., 1973), and the question of
the redistribution of precipitation without an increase is
raised. Would some of the heavier precipitation falling
onto sharply rising windward slopes be shifted to the next
downwind canyon and eventually to the lee of the crest,
where some of the precipitation could be lost due to evap-
oration? This is an old question, but nevertheless one that
still needs a firm answer.

12.2.6. Targeting clouds with modification potential

Conceptual or numerical models of clouds for artificial
modification purposes should also incorporate the capa-
bility to predict if, when, where, and in what concentra-
tions the seeding agent will arrive in targeted clouds. Of
the questions that beset cloud seeding, the targeting prob-
lem may prove to be the most intractable. Airborne studies
of surface-released seeding agents in and near mountains
has revealed that they often do not reach the clouds due
to intervening stable layers of air (Rhea et al., 1969; Hobbs
et al., 1975; Marwitz et al., 1976). Severe targeting prob-
lems also develop when there is a large directional wind
shear with increasing height (e.g., Elliott et al., 1978), a
situation that usually occurs in storms. Or, even when
there is strong vertical dispersion, the seeding agent may
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nevertheless arrive in the clouds at locations inappropriate
to produce an effect in the target (Hobbs et al., 1975).
Thus, the opportunities for using ground generators to
seed wintertime clouds has been found to be limited in
many instances. In addition, no studies have been con-
ducted concerning vertical dispersion of ground-released
seeding agents at night over snowy surfaces, a situation
that often occurs during cloud seeding operations in
mountainous regions.

Even when there is good vertical dispersion in the pres-
ence of suitable clouds, however, the nature of turbulence
is to produce puffs of higher concentrations interspersed
with regions of lower concentrations of the source plume
while meandering (e.g., Hobbs et al., 1975). For an update
on the complexities of dispersion, the reader is referred
to Weill (1985), Wyngaard (1985), and Briggs (1985).

Is it safe to assume, when conducting a cloud seeding
experiment, that the actual, chaotic plume will produce
the same effects in the clouds as those calculated using a
time- or space-averaged plume? Or will some portions of
some clouds be continuously underseeded while other
portions are overseeded? Should precipitation modifica-
tion projects or experiments be carried out without firm
answers to these questions?

12.3. Conceptual models of clouds over mountains

While uncertainties still exist concerning the structure
and evolution of orographic and orographically enhanced
clouds, it is useful to summarize some common aspects
found in field work. Composites derived from recent ob-
servations of orographic and orographically enhanced
cloud systems are presented in Figs. 12.4 and 12.5, re-
spectively. These composites are for two generic cloud
regimes. The transition between these two regimes is often
marked by frontal zones (e.g., Hobbs, 1975). It should be
kept in mind that conditions (cloud tops, cloud coverage,
stability, and winds) within these regimes change contin-
uously. Observations used to derive these models originate
with vertically pointed cloud-sensing radars (e.g., Plank
et al., 1955), aircraft observations (e.g., Hobbs and At-
kinson, 1976), and satellite and surface observations.
Further refinement of these two basic types of meteoro-
logical situations affecting mountainous regions has been
presented by Heggli et al. (1983) and Heggli and Reynolds
(1985).

The class of clouds most pertinent to this discussion is
orographic (Fig. 12.4). Cloud coverage over a barrier may
range from solid overcast to scattered (less than one-half
sky coverage) near the end of a storm episode. Liquid
water maxima may vary from 0.1-0.2 m? in thin, stable
stratiform clouds (Ac and Sc len) over the high elevations
of the Rockies (e.g., Cooper and Vali, 1981) to >1.5 g
m in postfrontal cumulus and small cumulonimbus near
the West Coast (Heggli et al., 1983; Hobbs and Rangno,
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FI1G. 12.4. A conceptual model of an orographic cloud system composed of stratocumulus and cumulus.

1985). Due to low areawide cloud coverage, strong diurnal
effects are superimposed on orographic clouds that can
convert nighttime laminar cloud forms into convective
forms during the daytime. Cloud bases rise during the day
and descend at night, while cloud tops are likely to do the

opposite. While such changes are likely to affect cloud
microstructure, no studies of the diurnal effects that are
superimposed on orographic clouds have been conducted.

In convective situations, such as that depicted in Fig.
12.4, clouds and showers may align themselves in cloud
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FIG. 12.5. Schematic of an orographically enhanced, precipitating cloud system composed of nimbostratus.
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streets emanating from favored spawning points well up-
wind of the barrier (Heggli et al., 1983). Ice particle con-
centrations are often highly variable in time and space
(e.g., Rauber et al., 1984). Usually, heavily rimed ice par-
ticles are found at the ground at upslope and crest loca-
tions (e.g., Hobbs, 1975; Vardiman and Hartzell, 1976)
with a sharply diminished degree of riming in the lee.

In the stable stratiform case (lenticularlike clouds), ice
particle concentrations develop near the upwind edge of
the liquid cloud and within a few minutes reach a max-
imum that remains rather steady (Cooper and Vali, 1981)
up to the crest. Since the supply of moisture is continually
changing, the upwind edges of these clouds can recede
downwind and expand upwind in a matter of minutes.
At the same time, layers can be added or subtracted to
the bases and tops of these clouds within minutes.

The onset of ice particles in clouds near the West Coast
is at cloud-top temperatures between —4° and —10°C
(e.g., Hobbs, 1974; Hobbs and Atkinson, 1976; Heggli et
al., 1983), but they do not appear until temperatures of
about —10° to —15°C are reached in the Rockies (e.g.,
Auer et al., 1969; Vali et al., 1982). However, data from
the CRBPP suggest that only a small fraction (less than
10%) of wintertime clouds in the Rockies have tops that
are less than —15°C (Elliott et al., 1976). Hence, most
substantial orographic clouds that develop there usually
contain some ice particles.

A characteristic of supercooled orographic clouds is
their tendency to become increasingly infected with ice
particles as they transit a barrier. This facet of orographic
clouds has no doubt been visually observed by many, but
only on a few occasions has it been mentioned (Hobbs,
1975; Rangno et al., 1977; DeMott and Grant, 1984).

Eight factors, some of which may act in concert, may
aid the increase in ice particle concentrations over and
downwind of a mountain crest in orographic clouds:

e the ice-forming process is time dependent (e.g., Ko-
enig, 1963) and ice particles would be expected to continue
to increase as the orographic cloud progressed across a
barrier;

® enhancement of contact nucleation activity (Young,
1974) in the lee side evaporating portions of liquid cloud;

e evaporative cooling, potentially up to several degrees
(e.g., Cerni and Cooper, 1980), could lead to an enhance-
ment of temperature-dependent ice-forming mechanisms;

e the lifting and resultant cooling of cloud top as it
traverses the barrier also leads to increased activation of
temperature-dependent ice nuclei (e.g., Fletcher, 1962);

e the riming and splintering production of small sec-
ondary ice particles (Hallett and Mossop, 1974) on the
windward slopes that carry to the lee side;

e the mechanical breakup of fragile crystals (e.g., Hobbs
and Farber, 1972) whose small fragments could carry to
the lee side;
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e the blow-off of ice particles from the mountain sur-
face into the downwind cloud (Rogers and Vali, 1981);

e enhanced development of ice in strong uplift zones
preceding the crest due to increased values of ice super-
saturation (DeMott et al., 1982).

This near-crest and post-crest ice-enhancing region
needs to be examined more closely in future research so
that it can be incorporated into models of orographic
clouds and precipitation and so that what effects, if any,
it has on downwind barriers can be discovered.

There is an unambiguous situation, however, where
liquid water escapes a mountain barrier and a potential
to increase precipitation is present as envisioned by Lud-
lam (1955). This occurs when there is a flow of nonpre-
cipitating supercooled cloud that satisfies the following
criteria: appreciable cloud depth, for the purpose of ap-
preciable crystal growth, say | km: cloud base not too far
(<1 km) above mountaintop; of such upwind extent that
seeding could cause an appreciable crystal fallout on the
barrier; and a cloud-top temperature < —5°C.

To date, however, documentation of this situation is
either absent or it has only been inferred to exist (pref-
erentially with 500-mb temperatures = —20°C) from ap-
parent duration-of-snowfall effects in the evaluation of
cloud seeding experiments (Chappell et al., 1971; Mielke
et al., 1981). Documentation of this situation would es-
tablish a baseline of seeding potential.

Figure 12.5 shows a schematic of orographically en-
hanced clouds. In these systems, maximum ice particle
concentrations are generally a few tens per liter across a
wide range of cloud-top temperatures (Hobbs and Atkin-
son, 1976; Cooper and Saunders, 1980; Hobbs and
Rangno, 1985). Liquid water content is modest (<0.5 g
m?) or absent. Often, and perhaps characteristically, the
liquid water present is confined to a thin layer at cloud
top (e.g., Cunningham, 1957; Walsh, 1980) where small,
pristine crystals are encountered (Hobbs and Rangno,
1985). The highest concentrations of ice particles, char-
acteristically, occur at elevations below cloud top and can
be due to several factors, including the breakup of fragile
crystals, riming-splintering processes, or the direct for-
mation of new crystals.

Lapse rates are often stable in the lowest layers, partic-
ularly in the earliest stages of these storm episodes (e.g.,
Marwitz, 1980), and a “dead” layer a kilometer or more
deep in which the flow is light and variable or diverted
around the barrier can be present.

Due to the low amounts of supercooled water and to
plentiful ice particle concentrations, particularly in and
near major bands (e.g., Heymsfield, 1977; Heggli et al.,
1983), it appears unlikely in this phase of a storm that
precipitation can be increased through seeding, although
a possible exception to this conclusion will be considered
in the following section.
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12.4. Some further comments relating to sampling and
seeding

Exciting new measurements in mountainous regions
such as in the Sierra Cooperative Pilot Project and in the
Colorado Orographic Seeding Experiment are becoming
available. These new observations, which include those
from scanning radiometers, polarizing lidars, and verti-
cally pointed cloud-sensing radars, will provide much
larger and more complete studies of clouds than have
been available in the past. If put into climatological per-
spective, and not just restricted to one location upwind
of a mountain, these measuring systems can provide vital
information from which decisions can be made on how
to conduct, when to conduct, or whether to conduct, cloud
seeding operations.

However, the chance for an erroneous assessment of
cloud seeding potential still exists, in spite of these new
measurements, and it may even be quite high. Some pos-
sible scenarios in which erroneous interpretations could
be made are outlined below. Wintertime cumuli are in-
cluded in these discussions because they are being con-
sidered as targets for cloud seeding in the Sierra Nevada
(Heggli et al., 1983).

Figure 12.6 shows a wintertime cumulonimbus calvus
near St. George, Utah. A new cumuli turret, reaching its
maximum height at point A, does not outwardly display
signs of ice particles and may contain =1.5 g m > of liquid
water. At point B, a maturing turret that has ceased rising
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appears to consist only of ice particles. Let us suppose
that an aircraft flew only in the small, newly formed cu-
muli that had not yet produced ice and only in the newest,
virtually ice-free portions of the larger cumuli. A re-
searcher examining this data would conclude that there
were few ice particles in these supercooled clouds and that
there was considerable potential for seeding on this day.

Conversely, the data from another aircraft flown on the
same day, but which flew through only the glaciated por-
tions of these cumuli, would lead another researcher to
conclude that such clouds were composed solely of ice
particles and had no seeding potential.

A third aircraft that flew through both the ice-free and
the glaciated portions of these clouds would have collected
data that would cause the researcher to choose between
two conclusions: a seeding potential was present in some
of the clouds, since some regions with large amounts of
supercooled water were encountered that had few ice par-
ticles, or, there was no seeding potential because it was
assumed that all of the liquid water encountered was sub-
sequently consumed by the ice particles that developed
later and comprised the glaciated cloud. Clearly, a seeding
experiment based on the perception of an unambiguous
and appreciable seeding potential on this day would lead
to disappointing results. While ice particles could certainly
be initiated by seeding earlier in the cloud’s lifetime, the
ability to produce a strong precipitation signal above the
background of natural precipitation at the ground from
these clouds is doubtful. A seeding potential would have

FI1G. 12.6. Wintertime cumulonimbus calvus near St. George, UT. Point A is a cloud
in the early portion of development. Point B is a glaciated portion of cloud.
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been unambiguously detected only if it had been shown
that ice particle concentrations remained virtually non-
existent in these clouds and if the clouds lasted long
enough or were wide enough for appreciable-size precip-
itation particles to develop and fall within them. The
problem of cloud lifetime in precipitation development
has been recently addressed by Schemenauer and Isaac
(1984) and Cooper and Lawson (1984).

A situation similar to that described above for cumuli
exists for orographic clouds. Figure 12.7 shows a post-
frontal, orographic cloud with modest embedded con-
vection in westerly flow over the La Plata Mountains of
southwestern Colorado. The features of interest are the
liquid-appearing cloud at point A on the upwind slopes
of the La Plata Mountains and the glaciated cloud at the
downwind end of the cloud at point B. This behavior
mimics that of cumulus life cycles described above, except
that the water-to-ice evolution is spread over a greater
horizontal extent and usually in thinner clouds.

The risk of an erroneous assessment of cloud seeding
potential in orographic situations lies in making incom-
plete measurements or in making interpretations that do
not take into account the evolutionary behavior of cloud
microstructure as it traverses a barrier. For example, if
orographic cloud observations are confined only to the
region of the windward slopes, liquid water and variable,
but often low, concentrations of rimed ice particles would
be observed. Without additional measurements farther
downwind it might be concluded that there exists a po-
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tential to increase overall precipitation on the barrier
when, in fact, the possibility of redistributing the precip-
itation without an overall increase exists. Of course, in
some cases this may be a desirable goal (e.g., Hobbs et
al., 1973).

A seeding scenario within synoptic-scale cloud systems
has been suggested by Hobbs and Matejka (1980) based
on the banded structure of these precipitation areas. In
some cases, the regions between bands incorporate su-
percooled liquid water (Matejka et al., 1978; Rauber et
al., 1984). This supercooled water may appear to present
an unambiguous seeding opportunity. However, the pres-
ence of differential wind speeds and directions between
layers where supercooled water might have been detected
and, say, ice-spawning, upper-level generating cells, raises
the possibility that supercooled water intercepted at one
point could be overtaken and depleted by the fallstreaks
from a new crop of generating cells. Also, low-level con-
vergence in and near rainbands can advect supercooled
water into the high ice particle rainband regions. Or it
might be that these supercooled clouds would eventually
transform into high ice-producing clouds that feed the
rainband.

These are two possibilities that could make the oppor-
tunity to increase precipitation in the ‘‘between-band”
situation less than it might otherwise be. These regions
between rainbands should be tracked for several hours to
determine whether the regions of supercooled water always
remain liquid and do not contribute significantly to pre-

FIG. 12.7. Orographic clouds with modest convection topping the La Plata Mountains of south-
western Colorado. Point A shows a cloud top ascending the barrier. Point B is the glaciated
“exhaust” portion of the cloud.
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cipitation at the ground, say, through riming or through
a transformation into an ice-producing cloud. Similar
comments can be made about the occasionally high values
of liquid water that have been encountered in frontal zones
(e.g.. Hobbs and Persson, 1982).

Also, for the reasons discussed above, aircraft icing re-
ports alone cannot be used to infer seeding opportunities
as has been suggested (Hill, 1980b).

Contributing to the problems of sampling and inter-
pretation discussed before is the problem of what days to
sample on: Which days would be the most climatologically
representative? This is a particularly vexing problem since
large field programs are generally planned far in advance
and are conducted over miniscule time periods relative
to climatological scales. No one, for example, would want
to assess the precipitation modification potential in Cal-
ifornia or Colorado based on the frequency of clouds and
storms that occur during an El Nifio winter or to deduce
the structure of all cumuli based on only those days when
the cloud bases were <0°C. Yet rarely is the question of
representativeness addressed in field reports—a point
made by Johnson (1982). It is recommended that state-
ments relevant to climatological perspective be included
in field studies.

12.5. Conclusions

While good progress has been made during the past few
years in understanding the nature of the precipitation
process in mountainous regions, several outstanding issues
remain that hinder the development of more reliable con-
ceptual and numerical models of orographic clouds and
precipitation. Those discussed in this paper include the
following:

e There is not yet a widely agreed upon parameter that
will predict the maximum ice particle concentrations that
occur in most stratiform or convective clouds. For ex-
ample, some studies have indicated that ice particle con-
centrations in building cumuli and in the upslope portions
of lenticularlike, orographic cap clouds are temperature-
dependent. In a more recent study, the broadness of the
cloud-top droplet spectrum was found to predict ice par-
ticle concentrations with no temperature dependence in-
dicated within the cloud-top temperature range of about
—6° to —26°C.

e An apparent ice-enhancing process near and down-
wind of mountain crests exists. Its cause should be elu-
cidated. This will help in answering the question of
whether increasing ice particle concentrations over the
windward slopes of a mountain range should have a neg-
ative or positive effect in the immediate lee.

e Knowledge of the history, evolution, and role of su-
percooled liquid water regions within storms and over
mountain barriers remains scant and needs more atten-
tion.
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e There is a need for the documentation of the occur-
rence of substantial, nonprecipitating, supercooled clouds
over mountain barriers.

e The microphysical processes that produce microscale
temporal and spatial distributions of precipitation need
attention.

e Diurnal effects, for example, the rise of cloud bases
during the daytime and lowering at night, can produce
systematic effects on the microstructure of orographic
clouds. The extent of these effects is unknown.

e Considerable uncertainty exists on how to seed
clouds. The presence of suitable clouds is useless if ground-
released nucleants are inhibited by stable layers, are mis-
targeted, or arrive in the clouds in inappropriate concen-
trations, or when a seeding aircraft can provide only a
thin strip of treatment in a sea of cloud.

e Statements on the representativeness of field data
based on climatological studies should accompany short-
term field measurements in order to put them into per-
spective.

® As a note of practicality, it should be demonstrated
prior to field programs that conditions amenable to seed-
ing can be forecast far enough in advance to permit treat-
ment.
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