VOL. 17, NO. 7 REVIEWS OF GEOPHYSICS AND SPACE PHYSICS OCTOBER 1979
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“‘R&E”-ed by

A. L. Rangno, retiree,

Research Scientist IV
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Department of Atmospheric Sciences,
University of Washington, Seattle, WA.

Why review and “enhance” an article as | am doing decades after it appeared?
Good question.

| feel strongly, as evidenced by this effort, that the considerable amount of faulty, misleading
peer-reviewed literature in the field of cloud seeding/weather modification needs to be cleaned
up, regardless of its age.

This also has to do with being snubbed as an expert of the topic addressed in journal-submitted
manuscripts. As a reviewer | could have improved many published articles, as in this case. In
almost every case, the authors of a faulty manuscript, as here, the authors were aware of my
expertise at the time an article was submitted; the editor of the journal who assigns reviewers
apparently not. It is also true that authors sometimes suggest reviewers for their manuscript,
and in the worst cases, suggest to the editor who not to send it to.

| suppose one could describe this as an exercise in “sour grapes.” Fine. | do want to punish
authors/journal editors who did not allow me to review papers like this one. As a devotee to
accuracy, | admit to like doing that very thing; PUNISHING (I’'m smiling as | write this word in
capitals) those who ignored me by highlighting their errors, expanding truncated discussions
and misunderstandings in the so-called “peer-reviewed” literature. The cloud seeding
literature is often populated by partisans that corrupt published literature. Someone must
keep them honest.

| have constrained my comments on this article almost exclusively to the literature that was
available to GC at the time they wrote their review (late 1978 or early 1979). A few critical
reports or journal articles were apparently not known about or omitted by GC in their review
are cited in this review and have been added to the list of references for future reference by GC
and readers of this updated version (if any).
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Overall summary, one generally applicable to “review” literature

Grant and Cotton, hereafter, “GC,” had a gargantuan task, as all those who undertake reviews
of literature do. Moreover, the manuscript by GC needed at least 20 formal reviewers who are
experts in the fields being addressed to prevent misstatements and oversights due to the
breadth of material being covered. Again, am exaggerating only slightly. So, the review by GC
is not, surprisingly, “underpowered.”

Still, I maintain GC have done a remarkable job in reviewing as much work as they did! And they
did it so carefully for the most part. But there are blanks and blind spots in those domains that |
know well that need to be filled in.

And one cannot help but wonder, when one sees the “blanks,” whether GC’s article, “Weather

Modification” was, in fact, reviewed. Some spelling errors of the names of prominent scientists
in the field also speak to this possibility. Additionally, references appear that are not discussed

in the text (i.e., Neyman 19773, b).

It is clear, too, that the Rev. of Geophys, and Space Phys. reviewers of the manuscript by GC
were not very knowledgeable themselves about the topic of weather modification, particularly
concerning facets of the Colorado and Israeli experiments which are incomplete or
misdescribed.

This writer’s review is mostly limited to the aspects of weather modification/cloud seeding that
he is acutely aware of; the research and publications discussed by GC related to the CSU cloud
seeding efforts in Colorado and those in Israel by scientists at the Hebrew University of
Jerusalem.

Other experts will have to tackle the other seeding programs discussed by GC in “Weather
Modification” that might need further discussion.

Note: GC, at the time of this review, were both active in cloud seeding research at Colorado
State University (CSU), though “C’s” work was in cumulus clouds, not wintertime orographic
clouds. “G” was the leader of the CSU wintertime cloud seeding experiments that led to the
CRBPP.

Topics to be commented on and misspellings are highlighted in yellow.

A long series of rambling comments under “Reviewer disclosure” is found at the end of the
“References” where perhaps, no one will see them.
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WEATHER MODIFICATION

Lewis 0. Grant and William R. Cotton
Department of Atmospheric Science, Colorado State University
Fort Collins, Colorado 80523

1.0 Introduction

A number of large weather modification experiments were
completed and/or reported during the 1975-1978 period. These
were, typically, experiments that were operated by relatively
large groups of scientists and included the Bureau of
Reclamation Colorado River Basin Pilot Project (hereafter
referred to as CRBPP), NOAA's Florida Area Cumulus Experiment
(FACE), the National Center of Atmospheric Research (NCAR)
National Hail Research Experiment (NHRE), and the Metropolitan
Meteorology Experiment (METROMEX). Other important but smaller
cloud seeding experiments were also analyzed and reported:
Israel's Confirmation Seeding Experiment (Israel ITI),

the North Dakota Pilot Project, the Tasmania Experiment,
and the Cascade Experiment emphasizing only physical studies
as distinct from statistical experiments. Three broadly
considered weather modification assessments were also
published during this period. These include a section of
the National Academy of Science report "Climate and Food",
the ITllinois Water Survey directed Technology Assessment of
Hail (TASH), and the reports Volume I and II of a
congressionally mandated national assessment by a high-
level Weather Modification Advisory Board (WMAB) established
for this purpose. The WMAB was set up in NOAA by Public Law
94-490 enacted by the 94th Congress in 1976. The report of
this board was completed in July 1978. The final report
to congress prepared by the Department of Commerce, which
should be primarily based on the WMAB report, is still
pending as of January 1979. The tantalizing potential for
useful weather modification as well as its complexity are
made clear from the results of these recently completed
field experiments and assessments. It is significant
that the most positive indication of man- caused weather
modification is from METROMEX: the one field study not
designed to intentionally produce weather modification.

A review paper on weather modification could appropriately
be organized around these recent large experiments which
relate to weather modification for wvarious types of cloud
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systems: continental orographic clouds, continental and
maritime convective clouds, and severe convective cloud
systems. It appears, however, to be more meaningful to
prepare the review along technological stages of the cloud
modification process, incorporating where appropriate the
finding of the respective experiments. Many clear
technological problems could be identified at the start of
this four-year period.These included problems associated
with poor descriptions of cloud microphysical and dynamical
processes, inadequate cloud measurement systems (particularly
for atmospheric nuclei and hydrometers), and weak prediction
and evaluation systems. since most cloud seeding is done to
increase cloud ice particle concentrations, of particular
concern is the poor description of cloud ice
concentrations in relation to observed ice nucleus
concentrations.

It is with the respective components of the
technology that progress, limitations, and future
research needs can best be identified. This review
considers: (1) cloud processes and weather modification
concepts for differing types of cloud systems, (2)
artificial seeding agents and generating systems, (3)
the delivery of seeding agents to appropriate clouds and
cloud systems, (4) weather modification experimental
design and evaluation technology, (5) results of recently
reported weather modification experiments, (6) societal
impacts of weather modification, and (7) future direction
for weather modification research. Emphasis is placed on
the reviewed literature; conference papers and reports are
referenced when they have a particular bearing on the topic
being discussed or have been referred to by an author.
Since there are separate review articles in this issue on
"Cloud Physics" and on "Inadvertent Weather Modification",
these topics are covered in this review only as they apply
directly to intentional weather modification.

2. Cloud Processes and Weather Modification Concepts

Additional insight into the physical processes taking place
in clouds, and other concepts that might be considered as a
basis for weather modification, were forthcoming during the
past four years. This period, however, cannot be
considered one of great advances or of great extensions in
either descriptions of cloud systems or seedability
criteria. The most extensively reported results were
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related to hail processes. These were largely refinements
of previous descriptions with emphasis for the High Plains
of the United States. Significant new cloud process

information became available on the characteristics of
Pacific storms as they enter the Cascades and on
microphysical changes that could extend seeding effects for
considerable distances. While not directly involving
intentional weather modification, the highly significant
process descriptions that were provided for inadvertent
modification may, in the long run, have the greatest
significance to intentional weather modification.

2.1 Fog

The primary efforts in investigating weather modification
concepts for fog clearance were computer studies. Johnson
et al. (1975) reported on results from a two dimensional,
axially symmetric numerical model designed to simulate the
fog clearing ability of helicopter downwash. Their results
show, as would be expected, that the major factors required
to produce a clearing are the size and power of the helicopter and
the buoyancy of the downwash. The initial clearing can under some conditions
be larger than the direct size of the helicopter downwash through surface
induced divergence and by the mixing of dry air into the fog. These two
processes operate most effectively with thin fogs. Engine heating of the
downwash increases the drying ability of the downwash but the upward buoyancy
from the additional heating reduces the downward penetration. In deep fogs, or
ones with high liquid water content, an initial hole produced by the downwash
is not easily achieved. Evaporative cooling in the high liquid water cases,
however, supports the downwash, and thus increases penetration. It is
unfortunate that these numerical simulations are not compared with
observations.

Tag (1976. 1977) has investigated the potential for visibility improvement from
enhanced coalescence that might result either from externally applied
electrical fields or from altering drop sizes and drop charges within the
fog. These investigations were numerical simulations using, respectively, a
one-dimensional microphysical model and a multi-level microphysical model. Tag
(1976) shows that unrealistically large field strengths, combined with
specific fog spectra, are required for a noticeable improvement in visibility.
His 1977 paper shows that visibility improvement is closely linked to the size
of the fog droplets. An average seeding droplet radius of between 10 pm and
15 pmis shown to be ideal for treatment and visibility improvement is found
to increase with seeding drop charge. It is concluded, however, from
comparisons with field tests that the charges (15% of the Rayleigh limits) and
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treatment concentrations (.05 to .10 gm perm) simulated in this study would
not be adequate for clearing fog.

2.2 Orographic Clouds

Emphasis on orographic cloud processes and weather modification during this
period were directed towards the complex cloud systems of the Cascade and Sierra
Ranges of the West Coast. The descriptions of the cloud processes and seeding
criteria for the Cascade clouds of Washington State constitute one of the most
important additions to weather modification knowledge during this period. In
the first of three papers by the University of Washington group, Hobbs (1975)
describes the natural conditions in these winter clouds and the characteristics
of the precipitation. He shows for "natural conditions" that (1) under pre-
frontal conditions ice particles dominate over water droplets at temperatures
above -10°C, and that the ratio of ice to water is lower in post-frontal
conditions; (2) the passage of an occluded or warm front causes a sharp lowering
of the zones of diffusional ice crystal growth, so that particles reaching the
ground change from unrimed crystals which grow at low temperatures to rimed
crystals which form at higher temperatures. (3) the maximum ice particle
concentrations in the clouds are often several orders of magnitude greater than
measurements of ice nuclei would suggest; (4) the growth of precipitation
particles reaching the ground starts 10 to 100 km upwind; and (5) on the
western slopes of the Cascades the degree of riming and the precipitation
rate increases with increasing wind speed and with water vapor content at 3 km,
but this relationship does not hold on the eastern slopes of the Cascades. In
Hobbs and Radke (1975) and Hobbs (1975), it is shown that seeding criteria,
based on observed physical changes in the clouds and precipitation, can, in
fact, be demonstrated. Observations during some 20 case studies show that,
following seeding, certain clouds were glaciated, new ice crystal types
appeared, convective activity was increased, pre-seeding trajectory analyses
were verified, new crystal types appeared at the ground in appropriate
locations, riming in the clouds decreased, freezing nuclei in the snowfall
increased, amounts of silver iodide in snowfall increased, and the rate of
precipitation decreased during predicted periods of effect in the western part
of a specified area while precipitation increased further east. These studies
are significant in describing cloud processes that could respond to artificial
seeding and in demonstrating the criteria for actually modifying them.

A slight enhancement: A significant finding of the Cascade studies was the importance of riming in the lowest 1
km of Cascade storms, an effect that greatly increased the precipitation rate the western slopes in post-frontal
situations. Reducing riming due to cloud seeding was suggested to lower precipitation rates and shift
precipitation eastward under these conditions. Shifting precipitation eastward to the lee side of the Cascades
was one of the goals of the Cascade experiment. This goal was so that eastern Washington farmers would see
more runoff from the east slopes of the Cascades.
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Question: Do we want to do this when seeding on western slopes to increase snowfall?

In another study, which provides understanding for seeding criteria of
West Coast orographic clouds, Reinking (1975) addressed the question of
graupel formation occurring in seeded and untreated winter storms in the
Sierra Nevada Ranges of California. His description of graupel from surface
observations provides a basis for understanding some of the microphysical
processes in these clouds as they might affect weather modification. He shows
that the formation and fallout of graupel is common during all stages of
Sierra snowstorms. This demonstrates the abundance of supercooled water in
these cloud systems. He also shows that graupel were observed with all types of
snow crystals, but that branched plane crystals and needle-like crystals are
most frequently associated with heavy rime during falls of graupel. When
graupel forms by utilizing regular crystals as kernels, it forms
predominately as relatively small crystals that accrete droplets at
comparatively rapid rates. Reinking states that graupel and heavily rimed
crystals show that accretion remains important even when artificial seeding
was taking place. Observations, however, were not available to verify the
assumption that seeding materials were actually getting into the clouds at
the times and places where graupel formation was taking place or to define the
actual concentrations of ice nuclei and ice crystals present. Thus, the
consequences of artificial seeding on the formation of graupel in these
storms needs further documentation.

The investigations of cloud seeding effects on Rocky Mountain orographic
clouds, which had been more extensive during the 1960's and early 1970's, were
considerably more limited in the 1975-1978 period with the shifts in research
emphasis to the more complex West Coast Orographic Clouds. Some reports of
earlier studies and programs do provide additional insight into the seeding of
these Rocky Mountain orographic clouds which are more continental in character.
Plooster and Fukuta (1975) reported the results from a numerical model of
ice-phase precipitation for this type of orographic cloud. They used a two-
dimensional steady- state model of flow in the vertical plane normal to a
mountain ridge to define a field of flow along which microphysical processes
were followed. The release of artificial nuclei was simulated from a
localized source at ground level and a simple Fickian diffusion process was
used to describe the vertical transport of nuclei to the cold regions of the
cloud. Substantial precipitation increases were produced by simulated seeding of
clouds with low natural precipitation efficiencies. The seeding rate required
to produce a given increase in precipitation rate is shown to be a strong
function of cloud temperature. The dependence of precipitation on cloud top
temperature was shown to be in good agreement with field observations from
Climax, Colorado, as reported by Grant and Mielke (1967), Mielke et al.
1971, and Grant and Elliott (1974). Elliott et al. (1978) in their analysis
of the Bureau of Reclamation Pilot Project in the San Juan mountains of
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Colorado, present analyses that also show the importance of cloud
temperatures.

The reader should be sure to understand that the “substantial precipitation increases” were produced in a
model, not on a mountain. Moreover, the Plooster and Fukuta (1975) ice nucleation scheme did not incorporate
the ice multiplication that began to be reported in wintertime clouds in the late 1960s and early 1970s. There
was no known mechanism that could be quantified in a computer model to produce it. The ice nucleation
scheme in Plooster and Fukuta (1975), therefore, of necessity had to be crude with ice production solely
dependent on cloud top temperature.

It was surprising to find that GC were not aware of the ice multiplication being reported in the earlier
measurements (e.g., Auer et al. 1969), nor those reported in airborne studies in support of the CRBPP by the
University of Washington (Hobbs et al. 1975) and later by Marwitz et al. (1976).

The authors state that Grant and Mielke (1967) and Mielke et al. (1971) “showed” the importance of
cloud top temperatures in producing cloud seeding increases in snowfall. Neither study cited above contained
cloud top measurements, only poor assumptions such as in Grant and Mielke (1967) who claimed that cloud top
was “consistently” near the 500 mb level and used those temperatures to stratify seeding results. Further,
these authors produced no evidence that cloud top temperatures were indexed by that at 500
mb.?

In Climax I, Mielke et al. (1971) used 700 mb equivalent potential temperature in their
stratifications of seeding effects. It was surprising that any reader, particularly a synoptician,
would believe that the 700 mb temperature had anything to do with that at cloud top. The
stratifications by CSU researchers just showed that warmer storms seemed to have responded
to seeding in Climax | and II.

We can be sure that experts in synoptic meteorology were not among the reviewers of the
Mielke et al. 1971, nor of the Grant and Mielke (1967) manuscripts and that neither G nor C
were very aware of the cloud sequences in wintertime storms in the Rockies.

We can be sure, too, that GC and Professor Mielke were not speaking to one another by 1979.
Here’s what Professor Mielke wrote in the J. Amer. Stat. in March 1979 concerning the Climax
experiments’ stratifications:

“These interpolated results are adequate for such measurements as upper air temperatures
and are useful in describing large-scale patterns of moisture and airflow. However, they are
poor in describing cloud structure and other fine details in the immediate experimental vicinity.
Also, they offer no information on rapid fluctuations of any quantities. Thus (in retrospect),
considering the extreme short-period variability of cloud and moisture conditions as found in

! Later, the CSU researchers invoked a Master’s Thesis by Furman (1967) to
buttress their claims about cloud top location. Furman (1967) made no
statements that would support the CSU researchers claims.
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the CRBPP, the upper air data for the Climax experiments could not reliably index the detailed
character of the cloud conditions on which the physical seeding hypotheses were based?.”

3Mielke was also repeating the findings reported by E. G. &G., Inc. researchers (Rhea et al.) 10 years earlier in
their “Final Report” to the BOR:

“Since short period variability in cloud top altitude (and thus cloud top temperature)
is rather extreme due to transient mesoscale fields of vertical motion, the predictability of cloud top
temperature is fairly low.”

In a true journal review by experts, the statements by GC about the Climax experiments and cloud top
temperatures would not have been allowed. Their statements misled readers.

The importance of wind speeds normal to the mountain barrier and the stability
of the airmasses is also shown (note section of results of recently reported
weather modification experiment analysis).

2.3 Convective Clouds

The main emphasis of studies of cumulus cloud processes for defining various
seeding processes during this four-year period were concentrated on convective
clouds associated with severe convection which produces hail. Extensive field
research was initiated for less intense cumulus systems, but the results are
still largely unreported in the open literature. These studies include the
High Plains Experiment (HIPLEX) of the Bureau of Reclamation, portions of the
NOAA studies related to the Florida Area Cumulus Experiment (FACE), the Colorado
State University South Park Area Cumulus Experiment (SPACE), and the
Precipitation Augmentation for Crop Enhancement (PACE) experiment of the
Illinois Water Survey.

Chen and Orville (1977) have used a two-dimensional, time-dependent cloud
model to investigate the possibilities of promoting the formation or
development of cumulus clouds using carbon black. Their initial conditions were
taken from mean "hurricane season" soundings of the West Indies. Continuity of
carbon dust, scavenging of carbon dust by cloud drops and precipitation,
diffusion to the ocean's surface, and radiation were considered in the basic
cloud model. With a horizontally homogeneous concentration of carbon black,
the model shows that the atmosphere is heated by carbon particles, but no air

2 Mielke repeated these conclusions in Science magazine in 1982 (Kerr).
3 “The Climax experiments were built on a deck of cards,” Dr. B. A. Silverman, BOR Chief Scientist, in a comment
to Prof. Peter V. Hobbs and myself in 1980.
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motion occurs. With spatial gradients of carbon black and using the mean
soundings, the vertical motion increases to a maximum of 27 cm per second after
ten minutes and then decreases very rapidly. Eighteen percent of the original
carbon dust is lost in 100 minutes due primarily to diffusion to the ocean's
surface. With similar spatial gradients of carbon dust, but with a higher
dewpoint curve, a small cloud forms. The maximum value of vertical velocity
increases by 15 cm per second if solar insulation is allowed to pass through
both the cloud and precipitation without loss. These results do not support
the previous cumulus gener- ation hypotheses of Von Straten et al. (1958).
Since the Chen and Orville model-utilized a cloud scale of 6.4 km x 3.2 km, the
results are not directly applicable to the Gray et al. (1976) hypothesis of
mesoscale weather modification by carbon dust seeding.

The question of hygroscopic seeding effects on the warm rain process with
specific emphasis on the role of a Langmuir chain reaction has continued.
Such a drop breakup process could provide a mechanism for a relatively few
artificially caused large drops to supply additional drop embryos for more
substantial and continuing precipitation. Farley and Chen (1975) used a one-
dimensional time-dependent model with 52 logarithmically spaced sized
categories covering size ranges from 2 pm radius to nearly 5 mm to further
define the role of hygroscopic seeding. The motivation of their analysis was
various claims of Biswas and Dennis (1971), disputed by Blanchard (1972), that
salt seeding on 23 July 1970 in South Dakota had initiated a Langmuir chain
reaction. Meyers and Orville (1972) showed that changes in the Marshall-Palmer
distribution used in the rain equation to simulate seeding would result in
more rain from seeded model clouds. Farley and Chen (1975), after making some
corrections in their earlier calculations, conclude that for seeding to be
effective in stimulating the warm rain process there must be a mechanism for
drop breakup, that for a chain reaction to develop vertical velocities greater
than 10 m per second are required, and that salt seeding acts primarily to
initiate a Langmuir-type chain reaction. With respect to weather modifi-
cation they conclude that hygroscopic seeding can, under certain conditions,
lead to earlier pre- dominance of the breakup mechanism to enhance Langmuir-
type chain reaction.

Murty et al. (1976) have investigated the electrical and microphysical
characteristics of ten warm clouds (five maritime clouds and five inland
clouds) before and after salt seeding. No systematic or marked time variation
in cloud drop charge, droplet median volume diameter, or liquid water content
was observed. No time variations in the electric field were observed that were
not within the range reported in the literature, except in one cloud during a
period of heavy rain. No interpretative discussion of these results is
presented. Continued analyses of the important topic of hygroscopic seeding
are needed. Further discussion of this is included in the section on
trajectory-lowering seeding techniques to sup- press hail.

Several investigators, Chappell (1975), Koenig (1977), and Nelson (1978),

10
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have used model and theoretical approaches to consider cumulus seeding response
to regional climatic variations. Chappell (1975) considers the various fusion,
sublimation and deposition components of parcel heating involved in the
glaciation process. His results emphasize the important role that glaciation
plays in the dynamics of cumulus clouds and the substantial amounts of energy
that are avail- able to be trapped by controlling glaciation through cloud
seeding. This analysis shows the large amounts of available potential energy,
particularly at temperatures warmer than about -14°C, for tropical cumuli,
and the lesser, but important, amounts of available potential energy for High
Plains cumuli. No significant available potential buoyant energy is indicated
with Great Lake's winter cumuli. The authors carefully point out that they have
shown theoretical buoyancy and corresponding updraft speeds, but that in reality
much of this is dissipated in entrainment and turbulent processes.

As shown by Cotton (1972), and emphasized by Koenig (1977), the
characteristics of the liquid phase in cold (below 0°C) cumuli exerts
substantial influence on the buoyancy and dynamics of simulated clouds. The
presence of large liquid drops is found in Koenig's model to strongly and
directly control the speed of liquid to ice con- version. Nelson (1978) has
used numerical studies to specifically assess the microphysical affects of
silver iodide and dry ice seeding of High Plains cumuli. Similar to Koenig,
he has concluded that the presence or absence of larger liquid drops can
dominate the subsequent ice-phase behavior of the clouds. This leads to the
conclusion that warm-based clouds (1) form frozen- drop precipitation
embryos, are (2) naturally efficient, and (3) tend to have less precipitation
when seeded. On the other hand, cold-based clouds (1) form graupel embryos
aloft, (2) are naturally less efficient, and (3) respond positively to seeding.
Since both cloud base temperatures and the presence or absence of large drops
have significant geographical differences, seeding response must be controlled
by regional climates.

Woodley and Sax (1976) and Woodley et al. (1977) have discussed the
chain of physical processes for seeding Florida cumuli. Their chain of events
starts with the reasonable supposition that the conversion of supercooled water
to ice in individual cumuli should directly affect the temperature difference
between the cloud and the environment, and consequently lead to an increase in
cloud buoyancy, updraft velocity and vertical growth. A vital second link
following seeding proposed by the authors for a dynamic enhancement of
precipitation over an area involves the enhancement of airflow in the sub-
cloud boundary layer into the cloud updraft. A critical third link must
involve a role of the enhanced cloud and the increased convergent airflow in
promoting the merger of neighboring cumuli and further organizing of the low-
level inflow into the cloud group. The authors theorize that the inflow into
isolated individual cumulus clouds is relatively weak, but that following
seeding the communication of the buoyant pulse in the individual cloud to the
boundary layer is likely to be effective in increasing not only the strength

11
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but additionally, the organization of the inflow and in concentrating the
available energy into a less turbulent longer wavelength profile of vertical
velocity. Sax et al. (1977) presented evidence which indicated that much
larger concentrations of crystalline ice was present in seeded clouds than in
non-seeded ones. They conclude that the observed coexistence of large
quantities of crystalline ice and supercooled water in seeded clouds suggests
that the initial stage of dynamic seeding is proceeding as hypothesized.

Missing after Sax et al.’s 1977 article is that by Hallett et al. 1978. Hallett
et al. reported an “explosive” development of natural ice at the -10°C levels
in their cloud penetrations. This explosion of ice rapidly consumed the
supercooled water at that level. In addition, Hallett et al. found that
supercooled liquid water at that level was a small fraction of unmixed cores
mainly because of the rainout and entrainment that occur before Florida
Cumulus reach the -10°C level, some 4.5 to 5 km above cloud base. This was
an important finding that limited the seeding potential of Florida’s deep
convective clouds.

The documentation of the additional links in the chain will most likely be quite
difficult. The numerical experiments with an axisymmetric two-dimensional
model re- ported by Koening and Murray (1976) supports the contention that
heavy seeding results in a cloud that is taller, broader and more vigorous in
processing vapor than in clouds with lesser a- mounts of ice. Communication
of the added buoyancy aloft to the sub-cloud boundary layer air was relatively
weak, however, and resulted in a slight weakening of a low-level downdraft

rather than the hypothesized enhancement of upward moisture flux. The weak
communication of the upper-level buoyancy enhancement in the latter stages of
the simulation, however, may be a consequence of the inability of an axi-
syDllletric model to develop asymmetric gust fronts. Even though the heavily
seeded cloud grew taller, broader, and processed more water, it developed
lesser amounts of surface rainfall than the simulation with the least amount of
ice. The implication is that continuous seeding techniques on clouds having a
well-developed warm rain process does not necessarily result in an increase of
surface rainfall. It is clear that more complete observational and modeling
descriptions of the chain of physical events which follows heavy seeding of
individual multiple-towered cumuli is essential. Unfortunately, recent efforts
have primarily involved empirical-statistical approaches.

Documentation on hail processes has been supplemented significantly during
the past four years. This results largely from a sustained effort at the
National Center for Atmospheric Research (NCAR) in the National Hail Research
Experiment (NHRE). The results from the use of new observational and
analytical techniques have played a major role in adding to the descriptions of
the cloud processes. The most important new tools for studying hailstorms
include aircraft capable of penetrating the storms and Doppler radars for

12
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defining air motions. Improving techniques for inferring the processes of hail
formation from the analysis of hailstone cross sections and chemical compositions
have also been crucial.

One of the main results of the NHRE has been to more clearly define alternate
concepts and hypotheses for seeding differing types of hail- storms. Since
different concepts and treatments are almost certainly required for seeding
each type of hailstorm, considerable attention has been directed toward
hailstorm identification and descriptions. This is particularly true for
multi-cell and supercell storms. Descriptions of multi-cell and supercell
hailstorms build on earlier documentation by a number of investigators: Ludlum
(1958), Browning (1962), Browning and Ludlum (1962), Marwitz (1972a, 1972b,
1972c), and Chisholm and Renick (1972). Most interpretations presented in the
literature and in the following descriptions are for clearly defined multi-
cell and supercell storms. It is well to remember that many, if not most,
convective storms cannot be so clearly defined. Nelson and Braham (1968), for
example, gave radar evidence that shows a storm with supercell
characteristics at mid-levels and gave all the classical trademarks for a
multicell storm at the upper levels of the radar echo.

The structure of an evolving multi-cell hailstorm, including
implications for hail growth and hail suppression, has been presented in
consider- able detail in a series of five papers dealing with various aspects
of a July 9, 1973 storm in northeastern Colorado (Chalon et al., 1976;
Fankhauser, 1976; Strauch and Merren, 1976; Musil et al., 1976; Browning et
al., 1976). The overall storm characteristics were found by Chalon et al.
(1976) to compare closely with earlier descriptions of multi-cell hailstorms
occurring in the High Plains. As many as three cells were found to coexist in
various stages of development. First discrete echoes in the respective cells
formed near the altitude of 7 km (-12°C) on the storm's right forward flank 5-
10 km ahead of the existing echo components at approximately 15 minute
intervals. Fankhauser (1976) used surface and aircraft data to show that the
inflow air originated in a very shallow layer of less than 500 m thickness
and that inflow air could be detected at a distance equal to or greater than
20 km upstream.

Discrete updraft branches were found to be supporting coexisting cells in
various stages of development. The main updraft was inclined upward in a
direction opposite to the storm movement. Downdraft air approached the storm
on the right flank at mid-cloud levels and at least a portion descended
unmixed to the ground in the strongest downdrafts. Strauch and Merren (1976),
using Doppler radar on the same storm, observed updrafts to be occurring just
ahead of the highest reflectivity while the strongest downdrafts were found
only 6 km behind the updraft. Strong levels of turbulence were indicated in
the transition region between updrafts and downdrafts. Low level Doppler
velocity fields were in general agreement with surface measurements and showed
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outflow toward the front of the storm as well as outflow opposite to the echo
motion behind the storm. A strong outflow in a direction opposite to that of
the echo motion at the top of the storm agreed with the photographs of the
anvil overhang. Musil et al. (1976) were able to describe the internal
structure of the storm using data from a penetrating aircraft. Three
penetrations were made at altitudes between 5.5 (-2°C) and 7.2 km (-12°C).
Significant amounts of liquid particles were found in the updrafts of the
developing cells. Most of the particles were identified as all ice or ones
containing both ice and water. Particles larger than 5 mm in diameter were
typically found along the edges of downdrafts, with the precipitation
concentrations being strongly dependent on these larger particles. The down-
drafts were composed of ice particles. In a synthesis of all of these various
observations, Browning et al. (1976) concluded that hail is grown in time-
evolving updrafts that begin as discrete new clouds on the flank of the
storm. Low concentrations of embryos develop rapidly within each of these
clouds. The embryos subsequently grow into small hailstones which remain
suspended near or above -20°C level. Recycling does not appear to be a feature
of this conceptional model as it is in the supercell models. These authors
propose that to be effective in suppressing growth of hail in multi-cell storms
seeding should be carried out not in the main updraft, but rather in the
regions of weaker updrafts associated with the earlier stages of developing
clouds on the flank of the storm.

Elaboration on the characteristics of, and approaches for seeding
supercell storms has been provided by Browning and Foote (1976). They have
extended the description of this type of storm based on the improved
observational data avail- able, and they have also more explicitly considered
hail suppression concepts. The characteristic feature of the supercell is its
single, intense, quasi-steady state updraft which propagates continuously and
generally to the right of the upper-level air flow. Other distinct updraft
areas are not formed in the iDlDediate vicinity of the main updraft. These
storms are characterized by a persistent, radar weak echo vault, frequently but
not always completely bounded by radar echoes. Aircraft penetrations and radar
chaff tracking have been used to confirm that the vault is as- sociated with
strong updrafts (Marwitz and Berry, 1971; Marwitz, 1973a; Sand et al., 1976;
Musil et al., 1976). This limits the time for growth of precipitation
particles to detectable sizes and precludes fallback of detectable size
hydrometers from above. The supercell storms are sufficiently intense to
separate the upper-level air flow into which the strong updraft is
penetrating. Observations indicate that the hail embryos enter the forward
right flank of the intense updraft. Browning and Foote conclude that the
embryos are then carried around the forward flank and grow into large hail as
they move over the updraft that is too strong to allow descent. At the same
time, the strong updraft continuously provides large quantities of subcooled
liquid water for hail growth. The large amount of subcooled liquid water is
direct evidence, as shown by observations (Marwitz,1972d; Foote and Fankhauser,
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1973), of the inefficiency of these storms in converting cloud water to
precipitation. Browning and Foote (1976) conclude that artificial seeding in
the main updraft would result in ice particle embryos that would rapidly ascend
through the main updraft in the echo-free vault and not lead to the sup-
pression of hail. In the limited time available they would not grow big
enough to beneficially compete for the available high liquid water and fall
back through the strong updraft. The embryos consequently would either be
carried out the anvil outflow or fall back into the embryo curtain on the edge
of the updraft where updrafts are weaker. While reduction in subcooled water
could take place from these particles falling back into the hail curtain, the
authors conclude that it is. likely that the particles immediately ad- jacent
to the strong updrafts could still grow disproportionately fast and large due
to their favorable location relative to the large amounts of subcooled liquid
water in the updraft. The authors do suggest that seeding other than direct
insertion of the seeding materials into the main updraft might have some
possibilities. As one of these, they suggest the possibility of seeding the
embryo source region on the storm's right flank to promote competition during
the early growth of the embryos. This could possibly constitute a method of
decreasing the number of large embryos in the embryo curtain. Information on
the location of the embryo source region was not sufficient for the authors to
consider this possibility in de- tail.

Several investigators including Federer and Waldrogel (1978), Knight and
Knight (1976), and Levi (1976) have added new insight into hail processes from
analysis of the hailstones them- selves. Federer and Waldrogel show that the
time variation of the spectra of hailstones can reveal the fundamental
hailstorm type (multi-cell or steady-state). They point out that the
variability of the embryo size is smaller in the steady- state storms indicating
that growth in these storms takes place in a more homogeneous environment while
the environment for hail growth in multi-cell storms is more heterogeneous.
Both Knight and Knight (1976) and Federer and Waldrogel (1978) conclude
from studying large numbers of hailstones that frozen drop
embryos form in clouds with relatively warm cloud bases.
Apparently frozen drop embryos are considerably more frequent in
Swiss storms than in Colorado storms. For studies of specific
hailstorms in Colorado, Knight and Knight (1976) conclude that
the smaller ice crystal size, lower deuterium-hydrogen ratios
and spherical-bubbly structure of embryos are consistent with

the formation of these hailstorms at high elevations in the storms.
Musil et al. (1976) shows similar results for a case study of a multi-
cell storm in northeastern Colorado using data from aircraft penetration.
These data show a notable lack of liquid particles larger than cloud droplet
sizes during all penetrations. Federer and Waldrogel (1978) further
conclude for Swiss storms that embryos from both freezing of super-
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cooled drops and riming coexist. They also show that a characteristic
change in embryo types with time is observed.

Several investigators, using both numerical and conceptual models, have
considered the seedability of various storm systems for suppressing hail
(Dennis, 1976; Young, 1976; Nelson, 1976; Paluch, 1978). Young (1976) uses
a microphysical parcel model to investigate seeding concepts involving (1)
glaciation to remove all cloud and subcooled liquid water, (2) the
beneficial competition concept to reduce the subcooled liquid water
available for hail growth, and (3) a trajectory- lowering concept to
deplete the liquid water and retard the growth of natural embryos. The
model and its variation consider both the embryo formation region and the
hail growth zone of hail- storms. He concludes that glaciation in the
hail growth zone appears unfeasible due to the large quantities of
seeding agent required: 10 gms per minute per square km for SO% depletion
before reaching -20°C in a 5-20 m per second updraft as found in typical
multi-cell storms and 100 gms per minute per square km for a SO% depletion
before reaching -20°C in a 10-40 m per second updrafts as occur in
supercell storms. In another modelling effort Dennis (1976) presents
results that are consistent with Young's conclusions by showing that cloud
glaciation is not effective in clouds with updrafts exceeding 15 m per
second. Glaciation in the embryo formation region appears more achievable
according to Young but carries with it the risk of increasing the maximum
hailstone sizes if the seeding agent is not present in sufficient
quantities or is not adequately dispersed. Young also concludes that it
does not appear feasible to induce beneficial competition under conditions
where the graupel processes dominate the precipitation mechanism since
natural concentrations probably already exceed the critical concentrations
required. While suppressing hail using the beneficial competition concept
may be possible, increasing maximum hail size also may be possible. Paluch
(1978) arrives at a similar conclusion by considering size sorting of
hail in a three-dimensional velocity field obtained from dual Doppler
radars. Analyses of hail trajectories in north- eastern Colorado shows
that both positive and negative size sorting coexist in the upper levels
of the updraft. She concludes that seeding in such a way as to introduce
a large number of millimeter size embryos above the -15°C temperature
level can suppress hail on one side of the updraft and increase the amount
of hail growing on the other side. The overall effect on this type of
seeding may be more hail on the ground. Dennis (1976) is more inclined to
believe that beneficial competition might be feasible for reducing hail in
cases where hail forms from supercooled raindrops or from graupel in
multi-cells. The most attractive hail suppression concept according to
Young (1976) appears to be that of lowering the maximum height of
hailstone trajectories in order to reduce the growth time available to
hailstones following the lowest trajectories and to reduce the liquid
water reaching the upper part of the hail growth zone. While seeding to
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accomplish this might be done with silver iodide, the most effective
means of accomplishing this may be by introducing large hygroscopic
particles into the lower embryo formation region. Again, Paluch's (1978)
results are similar to those of Young (1976) indicating that the
introduction of large hail embryos into the lower levels of the inflow
may be effective in suppressing hail since there the size sorting is
positive. 1In a real situation, however, Paluch (1978) concludes that low
level seeding may be likely to be only partially successful and it may
result in more hail in the event of under seeding.

The results of numerical calculations by Nelson (1976) indicate that
both natural and artificial frozen-drop embryos are extremely efficient
hail embryos. Such enhanced artificial frozen-drop embryos can compete
with the already efficient natural embryos leading to a net decrease in
hail at the ground. The graupel embryo model, on the other hand, shows a
less efficient use of ice nuclei since ice crystals activate from vapor,
occur at higher, colder levels and results in small ice crystals as
opposed to already frozen drops. In this latter case, practical model
seeding rates do not seem to create enough effective hail embryos to cause
beneficial competition among growing hailstones, and seeding results in
the production of more, large hailstones and subsequently more hail
reaches the ground.

Several authors have given consideration to techniques for reducing
lightning damage. The basic lightning reduction concept of cloud
glaciation in the Montana Sky Fire Experiment has received further
consideration (Baughman et al., 1976). It is suggested that this can
lead to a reduction in the length of the long-continuing discharges that
are critical in starting forest fires. Griffiths (1977) has considered
concepts for seeding clouds by the introduction of suitable corona-inducing
objects to facilitate the triggering of lightning. He shows that ice needles
would be suitable, but that ice particles of this structure could be used
only in a limited temperature range. He proposes the use of an
equivalent particle. Such a particle, he concludes, should be about 0.5-
1.0 cm long and made of non-conducting material but coated with a
conducting surface finish. He arqgues that the possibility of triggering
lightning could constitute an important spatial and temporal control on
lightning. Kasamir (1975) has reported further on the technique of Holitza
and Kasamir (1975) for introducing corona sites with a lower threshold
than in natural precipitation by seeding with metalized chaff fibers.
Isaac (1977) has considered a more orthodox concept for cloud seeding to
reduce lightning caused forest fires. His observations show that the seeded
clouds did not completely glaciate and that a Bergeron-Findeisen seeding
process was taking place which could lead to more precipitation over forest
fires.
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2.4 Hurricanes

A significant portion of the national weather modification effort during this
four-year period has had the goal of hurricane modification. This was conducted
as the NOAA Stormfury Project. The results of this research have not been
presented in the open literature during this period in the context of weather
modification. The basic concepts and earlier findings of Project Stormfury
were summarized by Sheets, 1975. The Stormfury hypothesis as summarized by
Sheets is:

A. Clouds are seeded outward (away from the storm center) from the external
edge of a mature hurricane eyewall.

B. The supercooled water in the seeded cloud freezes, latent heat of
fusion is released, the buoyancy of the upper portion of the cloud
increases, and increased ascent results in increased condensation rates
and cloud growth. C

C. The seeded cloud reaches the outflow level providing a conduit for the
major vertical mass transport at a larger radius. D

D. The old eyewall circulation weakens as the vertical mass transport is
concentrated in the seeded clouds, and the subsidence in the eye
decreases.

E. The maximum windspeeds are reduced due to the partial conservation of
angular momentum and the decreased temperature gradients. F

F. The pressure field adjusts to the wind and temperature fields. G

. Finally, the storm starts to return to its natural state, as determined
by the synoptic scale environment (atmospheric and oceanic conditions
surrounding the hurricane), 6 to 18 hours after the final seeding.

()

This general hypothesis is partially based upon analyses of experiments on
Hurricane Debbie in August 1969. Sheets reports that while three other
hurricanes were seeded from 1961 through 1971, the experiments were not
conducted in a manner closely resembling the present Stormfury hypothesis.
Verification experiments have still not been started due, primarily, to legal-
political considerations. A draft environmental impact statement, EIS, has
been prepared for proposed Stormfury experiments in the Atlantic, U.S.
Department of Commerce, 1978. This impact statement concludes that:

The dispensing of silver iodide will have no discernible effect on air quality,
water quality, soil, or biological species.

The state of knowledge of hurricane modification and the natural variability
of these storms is such that there is a broad range of uncertainty as to the
specific effects of seeding on tropical cyclone dynamics and on the associated
surge.

Any effects of seeding on the hurricane's structure, windspeed, and movement
will probably disappear within 18 hours after the seeding stops. The hurricane
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will then most likely have virtually the same characteristics, be moving at very
nearly the same speed, and be in very nearly the same place as if it had not
been seeded.

During the 18 hours after seeding, the peak winds, the peak curve, and the
peak waves will most likely decrease. At greater distances from the storm
center the winds and surge may increase slightly, although the change probably
will not be detectable by present observational techniques.

The speed of the storm along its track should be unaffected by the seeding.
According to model calculations, the track itself may be altered somewhat
during seeding and for a few hours thereafter. This deviation may amount to 10
to 20 kilometers for short periods. This is well within the observational noise
level for determining the true track of the storm.

There should be little or no change in rain- fall associated with the hurricane
as a result of seeding except for a slight change in the local rainfall pattern
during the actual seeding operation, which will take place over the open ocean.

The expected behavior of a seeded hurricane ... will not produce any significant
physical impacts outside the experimental area.

Within the experimental area there is a small probability that a seeded hurricane
will affect a populated area while it is still in an altered state. If such an
event does occur and the mainland or an island is struck with peak winds, the
chances are that the winds and surge, and hence the damage, will be
significantly less than they would have been without seeding.

2.5 Other Cloud Processes and Weather Modification Concepts

The weather modification concepts discussed above have emphasized artificial
seeding to alter the natural microphysical and dynamic processes in clouds. The
studies of inadvertent weather modification produced by urban areas, expanding
irrigation areas, and desertification all suggest weather modification effects
even more substantial than are presently indicated from intentional weather
modification. Changnon et al. (1976), Braham and Wilson (1978), and Changnon
(1978) emphasize the likely dynamic links to precipitation increases downwind of
St. Louis that are substantially greater than those reported from intentional
weather modification efforts by cloud seeding. The importance of moisture flux
into the atmosphere as a process of weather modification is suggested in the
analysis of Schickedanz (1976); he shows possible changes in precipitation
down- wind of expanding irrigation areas. He has used various statistical
procedures to present evidence of changes in precipitation related to
increasingly intensive irrigation in Kansas, Nebraska and Texas. These
various authors consider such factors as the contributions of thermal
forcing, increased cloudiness, and, in the case of the city, earlier ice
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formation (leading to dynamic intensification) resulting from changes in
atmospheric nuclei. All these results constitute important information for
consideration of advertent weather modification. Inadvertent modification as
such is discussed as a separate topic in another review in this series.

The effects of large-scale heating by carbon black dispersion has been
considered by Gray et al. (1976). They hypothesize that significant beneficial
influences can be derived from judicial use of dispersed carbon black for the
absorption of solar energy. They point out that, over the tropical oceans,
this could be especially important if it stimulates additional radiative
energy from extra cloud formation and/or from enhanced surface radiation.
They conclude from their calculations that carbon dust can be dispersed
practically and "if dispersed in sizes less than 0.1 um, energy absorption
amounts$las high as around 2x10 calories per pound for ten hours or about4 x
10 calories per dollar per ten hours could be obtained". Positive steps to
explore or test these suggestions have not been reported.

Berkofsky (1976) has investigated air flow over the northern Negev Desert
using a desert circulation model. This follows from Charney's (1975)
consideration of deserts and Berkofsky's calculations for a June and a
December case show sinking motions for high surface albedos and rising
motions for lower surface albedos. He concludes that a lowering of a surface
albedo in such a desert region could lead to increased vertical velocity and
possibly increased rainfall. Idso and Deardorff (1978) caution that in such
studies one should not extrapolate too vigorously to situations where all other
things (such as ground cover) other than albedo are not the same.

Clearly, modification to change heating regimes can produce substantial
modifications of the local weather. Specific concepts and techniques are just
starting to receive attention.

3.0 Artificial Seeding Agents and Generating Systems

A number of studies of artificial seeding agents and seeding devices were
reported in the early part of this recent four-year period. Such reports,
however, diminished strikingly during the last half of the period. Artificial
materials studied have included the AgI-NH I complex, organic nuclei, dry ice,
and materials to lower the surface tensions of droplets. Additional important
attention has been directed toward deactivation characteristics of seeding
nhterials in the atmosphere and on the cost effectiveness of seeding systems.

Garvey (1975) has reported on the effectiveness of various cloud seeding
materials tested at the Colorado State University Cloud Simulation and Aerosol
Laboratory. This includes results of testing of both ground and aircraft
seeding systems, various pyrotechnics, the effects of ventilation on seeding
systems, and comparison of the effectiveness of AgI complexed with NaI and with

20

:sdny wory

D) pue swIo I, Y 238 “[+207/60/10] U0 Areiqr suruQ As[rpy ‘uoidurysep JO Aisioarun £q 2810420012 T10DU/6Z0T°01/10p/wod Kapim- K1e:

:sdny) s

110}/ W09 K[ 1M KIE.

QD1 SUOWIO)) dA1RI)) d[qeoridde ayy Aq pauroaoS are sad1Ie () ‘asn Jo sa[ni 10§ AIeIqrT dUI[uQ) AS[IA UO (SUOHIPUOD-P



VOL. 17, NO. 7 REVIEWS OF GEOPHYSICS AND SPACE PHYSICS OCTOBER 1979

NHI. He has provided additional confirmation of the greater nucleating
efficiency of AgI-NH4I aerosols at warmer temperatures. He does conclude though

that the genezators using this complex are more variable among themselves and
have a greater need for calibration. Davis et al. (1975) have concluded that
this higher nucleating ability with the AgI-NH I-acetone system results from
the existence of a complex compound which has a better epitaxial fit with
respect to ice than has silver iodide.

The emphasis on organic ice nuclei by Fukuta and Paik (1976) has concerned the
nuclei effectiveness when formed by rapid expansion through a supersonic

nozzle. They report that a plateau of effective nuclei of about 1014 per gram
is reached below -9C for 1.5 dihydroxynphthalene (DN) and about 1013 per gram
below -7C for methaldehyde (MA). They also found that the rate of coagulation
of DN is comparable to that of .0l pm radius aerosols according to the
Smoluchowski coagulation equation. This suggests that the size of the
generated DN particles are quite small. Actual coagulation of MA particles
was found to be extremely rapid and to increase with time. The authors
attributed this latter effect to the strong electrical dipole of the MA
particles. Langer et al. (1978) found that DN particles were less active than
AgI particles at a given temperature. They report further that these
particles nucleate by contact over the entire size range, that their ice
nuclei spectrum is similar to that for AgI particles (this appears to be in
conflict with the conclusion of Fukuta and Paik), and that they do not show
any activity as CCN. For particles of phloroglucinol greater than .03 pmin
diameter Langer et al. conclude that the particles are encased in the condensing
liquid and nucleate by freezing, while below this diameter they nucleate by
contact. Consequently, this material has an ice nuclei spectrum that
reflects two modes of ice nucleation.

From a practical standpoint, the findings of Super et al. (1975) relating to the
persistence of Ag-NH nuclei in the atmosphdre are perhaps the most
significant concerning seeding materials. These results have direct impact on
seeding effectiveness, extra area effects, and tracer experiments important to
both weather modification and environmental research. These authors have
observed the flux of effective nuclei in planes perpendicular to a seeding
plume at distances from 2 to 90 km downwind of the seeding generator. This
represents exposure times to the atmosphere from one half hour to 3.6 hours.
Observations were made during three different seasons: July- August,
February-March, and April-May. Sky conditions were clear, scattered cirrus, or
scattered to broken. The authors conclude that the cloud seeding materials
produced by this means "does not rapidly lose its ice nucleating ability even
during daylight". These results indicate that decay of the seeding material
effectiveness is no more than a factor of 2 and may be even nonexistent, and
that there is a potential for extended area effects at great distances from
seeding. The travel and dispersion characteristics of atmospheric nuclei are

21



VOL. 17, NO. 7 REVIEWS OF GEOPHYSICS AND SPACE PHYSICS OCTOBER 1979

also shown by the results of Van Valin et al. (1975), even though the primary
purpose of their paper was to report findings of at least a tenfold increase
in ice nuclei activity in association with a large oil fire in Wyoming. This
increase in active ice nuclei extended for at least 50 km downwind. The
authors speculate that the increased ice nuclei were from minerals carried
aloft in the oil fire, since elemental analysis showed abundance in
combinations of elements known to be active ice nucleators.

Questions of cost effectiveness with cloud seeding have been considered by
Corrin and Barnes (1976) and by Weinstein and Hicks (1976). Corrin and Barnes
find, when titanium dioxide particles coated with silver iodide are prepared
in a conventional thermal AgI generator, that up to 90% of the AgI content of
a typical generator solution may be replaced with the titanate without
reducing the ice nucleating efficiency of the output. They show that the
cost of the materials for these AgI coated particles represents about 28%
of the cost of straight AgI in solution and that a conventional AgI
generator requires no modification for use with this system. Weinstein and
Hicks have experimented with systems to determine the technical
feasibility of using the cooling resulting from adiabatic expansion of
compressed air to initiate ice crystal production in a supercooled fog.

They find that approximately 103 cm 3 of air when compressed to 60 psi and
released through a super- sonic nozzle will produce the same number of ice
crystals as the expansion of 1 cm3 of liquid propane. They estimate
further that the com- pressed-air fog-dispersal system would consume only
about 6% of the hydrocarbon fuel presently consumed by operational systems
using liquid propane spray.

The above systems are all related to seeding for the production of
additional ice crystals in clouds. Ryan (1976) has conducted a wind
tunnel study to investigate the effect on cloud micro-stability of low
surface tension drops in free fall. The experiments show that drops of
low surface tension break up at smaller sizes, are more deformed than
drops of equal mass with normal surface tension and have a lower terminal
velocity than drops of equal mass and normal surface tension. Drops only
partially coated with surfactants cannot be stably supported and undergo
violent oscillations. These results suggests that the introduction of only
minute quantities of highly active surfactants of water would dramatically
affect behavior of the drop through the micro-instability created.

4.0 Delivery of Seeding Agents

Even given valid hypotheses and adequate seeding materials, the delivery of
the materials to the proper location in required concentrations at
appropriate times, places a severe restriction on a viable operational
weather modification technology. Several investigators have recently
addressed questions relating to delivery techno- logy for seeding individual
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small cumulus clouds, while others have addressed the transport and
dispersion of seeding materials from ground sources. Dye et al. (1976),
Isaac et al. (1977) and Holyrod et al. (1978) have considered the delivery
of seeding materials to small convective clouds. Dye et al. have
considered the delivery of silver iodide by light aircraft at cloud base.
Isaac et al. and Holroyd et al. have considered delivery within the cloud
and at cloud top. Isaac et al. used dropable pyrotechnics while Holyrod
et al. used dry ice.

Dye et al., using a case study approach, have investigated development of
ice particles in clouds following the release of silver iodide particles
from pyrotechnic flares at cloud base. The travel of the particles in the
updraft was documented using an instrumented sailplane that could remain
in the same updraft for considerable periods. They sampled both silver
iodide and the increase in ice crystals. Large increases of both silver
iodide and ice crystal concentrations (400 per liter about 4 minutes after
seeding in one small cloud) were associated in time and space with the
seeding. The dispersion of the seeding material corresponded well with
but was greater than would be expected from calculations using the
procedure of Batchelor (1950). This procedure considers the change in
separation of two initially adjacent particles on a plume. Dye et al.
(1976) place considerable emphasis on their observations of ice crystal
aggregation as another impressive indication of the high crystal
concentrations. Their observations showed, for a specific case study with
good data, that about 50% of the stellars were aggregated in about 13
minutes. They also showed that the linear growth rate of stellars in the
temperature range -12° to -15°C agreed closely with the empirical rates
given by Hindman and Johnson (1972). Their estimated generator output
efficiency for a temperature

Et al. -12°c to -17°C was found to be at least 1 x 10 particles per gram
AgI. Significant ice crystal nucleation was found to continue for at least
20 minutes.

Issac et al. (1977) conducted their studies on small cumulus clouds in the
N.W.T of Canada by burning wing-mounted TB-1 AgI flares while flying through
the clouds at the -5° to -10°C level. Turbulence measurement enabled the
authors to make estimates of the dispersion of the AgIl particles. The
observations show that the AgI nuclei spread at a rate consistent with the
turbulence measurements. One case study, for example, resulted in an
observed 1.4 km plume diameter 8.5 minutes after seeding compared with
the 1.2 km estimate calculated from the measured average dissipation rate

of 107 cm?s-3 from the turbulence measurements. Ice particle
concentrations observed after seeding were typically in the range of 40 to
160 per liter. These authors concluded, in agreement with Dye et al.
(1976) that "an AgI aerosol produced similar numbers of ice crystals within
cloud chambers and natural cumuli". This could have considerable
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significance both to cloud ice nuclei observational capabilities and to
cloud simulations in the laboratory.

Holyrod et al. (1978) have considered the effectiveness of dry ice
continuously released near cloud tops. Their experiments were conducted in
Australia and in Montana. The authors place emphasis on questions of dry
ice pellet size and mass and on questions of the feasibility of using the
dry ice seeding technique. They consider the composite evidence of their
entire data set and present analyses of case studies. Cloud volume
dimensions were determined from the aircraft across the entire cloud and
it was assumed that the ice crystals filled the vertical cloud dimension
above 0°C level to cloud top. The dispersal characteristics of the ice
crystal plume were not considered in detail. The authors suggest that the
dispersion should be more rapid than that associated with the dropping of a
few AgI flares due to the more continuous nature of the seeding due to the
different falling characteristics of the dry ice pellets. The authors
conclude that ice crystals were produced in supercooled clouds in
concentrations of at least 2-Sxloll crystals per gram of dry ice, and that
dry ice produces more crystals per gram than AgI pyrotechnics at
temperatures warmer than -9°C. They emphasize the importance of the
greater visibility with cloud top seeding and the corresponding ease of
identifying young, active elements in a developing cloud system.

Super et al. (1975) have emphasized the persistence of nuclei generated
from the AgI-NH I acetone systems in daylight, but they have also provided
important information on the dispersal of ground released silver iodide
particles. They sampled cross sections downwind of a ground-based, elevated
site releasing seeding materials during different seasons and with varying
degrees of cloudiness. The authors observed plumes which extended for
distances up to 190 km downwind of the seeding site (concentrations were
still about 30 times the background) and to elevations of 3000 meters above
ground level. Emphasis was placed on obtaining nuclei fluxes at different
distances downwind, and not on defining absolute boundaries of the seeding
plumes. The authors conclude that their data suggests that it may be
feasible to deliver AgI to convective clouds from ground-based generators
even under some conditions during the summer season.

Linkletter and Warburton (1977) have used silver analysis of rainwater to
indirectly study the effectiveness of the delivery of seeding materials
and the effects of the materials on convective systems during the NHRE
program.

Clouds were heavily seeded by aircraft directly into significant
updrafts. They found that AgI was broadly dispersed when weak, poorly
organized storms were seeded, but with more vigorous storms the seeding
agent was confined to only limited regions. They show that for the 1973
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and 1974 seasons 50% and 70%, respectively, of their samples contained
silver significantly above background amounts. However, when they compared
observed concentrations with those expected from theoretical predictions,
"the proportions of samples containing enough silver to represent a
significant seeding effect became very low (probably < 10%)". If the
silver content is taken as an index of targeting effectiveness for
modification of hail, the authors suggest that there are serious
difficulties. Based on the technology used for the placement of seeding
material at cloud base at locations chosen by NHRE, Henderson (1978), in
commenting on this paper, strongly agrees with the latter conclusion.

Reid et al. (1976) have further investigated seeding agent delivery
from ground-based generators to orographic clouds in the Climax, Colorado
area during the late springtime.

Reid et al.’s findings were not applicable to deep wintertime warm aloft storms in which large cloud
seeding increases in snowfall were thought to have been produced. In the Park Range, wintertime stable
layers completely blocked the vertical dispersion of the seeding agent during storms (Rhea et al. 1969) as
meteorologists would normally expect.

Deep stable layering during warm aloft storms was also noted in the first season of the CRBPP by Willis
and Rangno (1971) who recommended such days be excluded from random draws in the CRBPP.

Airborne measurements by Hobbs et al. (1975) and Marwitz et al. (1976) confirmed the blocking of the
ground released seeding agent during stable conditions in the CRBPP. It is not clear why GC were unaware
of so many reports that confirmed what would be expected in stably layered situations. Such knowledge
would have cast doubt on the reliability of large increases in snowfall due to seeding in those situations.

These studies have included both field observations and numerical
modelling of delivery of a seeding agent to cloud base. Horizontal and
vertical patterns of the dispersed AgI particles were observed by
aircraft. These ice nuclei observations included patterns of enhanced ice
nuclei concentrations even above local inversions. These patterns were
associated with convergence between local drainage flow and the prevailing
free air flow. 1In one case study for a day following seeding, observations
also showed considerable carryover (persistence) of the ice nucleant, but
the nuclei were confined to the valleys and the spatial pattern was
erratic. The university of Virginia's two-dimensional mesoscale model, as
described in detail for orographic flow simulation by Mahrer and Pielke
(1975), was employed by Reid to numerically define airflow. Circulations
were produced by the model that suggest mechanisms that could lead to
vertical transport of seeding agents out of the lower layers of the
atmosphere in mountainous terrain. This model has been used in
conjunction with the Monte Carlo dispersion model of Reid (1974), using
turbulence statistics as determined by Jones et al. (1970) for rough
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mountainous terrain, to study particle dispersal patterns. Calculations
of seeding material concentrations have been made for a variety of
meteorological conditions. An intermediate, 10 mps, geostrophic wind
speed with neutral stability shows the largest area subject to
concentrations of nuclei effective for seeding. This positive indication
with the intermediate wind speed is consistent with the findings of
several seeding experiments including the Climax Experiment (Mielke et
al., 1971; Grant et al., 1971) and the Bureau of Reclamation Pilot
Project (Elliott et al., 1978).

All the CSU cloud seeding successes and their foundations were swept away in presentations at the
7th Conference on Planned and Inadvertent Weather Modification, Banff, CAN, the same month as
GC's review was published. Grant knew the “sweep” was coming since it was his own student, J.
Owen Rhea, that would deliver the blow on the Climax experiments in his presentation that evening,
stating that the Climax experiments should no longer be cited as evidence of snow increased by
seeding. Rangno (1979) would deliver the blow on the Wolf Creek Pass experiment.

5.0 Experimental Design and Evaluation Technology

The completion and reporting on a number of large field experiments during
the period has appropriately stimulated discussion on the methods of
evaluation which have been used. This, in turn, has raised questions of
experimental design, both from the standpoint of designs used in these
experiments and on improvements needed for future experiments. A large
number of papers have dealt with questions of experimental design and
evaluation during this period. Most of the issues raised in these papers
have been addressed by the Statistical Task Force to the National Weather
Advisory Board (1978). Volume II of the Board's report to the Department
of Commerce briefly describes the key issues for the design and evaluation
of weather modification experiments. This report goes further and
considers how well these various issues were treated in recently completed
field experiments. Great emphasis is placed on randomization (including
blocking and re-randomization), confirmatory experiments, quality and
unbiased data requirements, the structure of experiments, better
covariates, extreme events, questions of multiplicity (the condition of
having increased the probability of obtaining one or more desired answers as
a direct result of having asked many questions), and questions of
sensitivity with specific statistical treatments. The manner in which all
of these topics affect weather modification experiments are dealt with in at
least modest detail. The Task Force report represents an important
identification of the different problems associated with the design of
weather modification experiments. Nearly all of the design and evaluation
criteria discussed have been previously considered and nearly all
incorporated into one or more past experiments. The problem of evaluation
is extremely complex since the expected changes in precipitation are small,
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the natural variability is large, and the distributions are skewed.

Specific papers during this period have included considerations of
observational and operational requirements, methodologies for evaluations
and statistical considerations. Observational and operational requirements
have been considered by Morgan and Towery (1975) and Changnon et al.
(1975). Morgan and Towery, for one hail-streak crop loss pattern, show
that a one mile spacing of hail observations would be required with a
square grid to estimate the areal damage to within 25% accuracy 80% of
the time. Changnon et al. conclude that a hail experiment would be
feasible in Illinois, but would have special requirements for aircraft
operations, radar and forecasting. Cotton and Boulanger (1975) point out
some of the observational requirements for determining "dynamic
seedability" as a function of time and location over South Florida. They
point out the important differences in "seedability" predictions that can
occur from soundings separated in time by only 2 hours and in space by only
100 km. Such differences can have substantial effects on analyses using
"seedability" classifications.

Biondini et al. (1977), Atlas (1977), Mielke and Williams (1977) and
others have placed great emphasis on the value of covariates (predictors)
in strengthening evaluation of weather modification experiments. The
Advisory Board, Vol. II, 1978. has stated that an improvement in covariates
"...would do more to make such experiments easier, less expensive, and more
effective than any other" added feature. The Advisory Board has, at the
same time, placed great emphasis on the necessity of having covariates
that are not themselves affected by the seeding. O0lsen and Woodley (1975)
conclude that covariates are essential to address questions of large natural
variability in precipitation in Florida when undertaking evaluations of
weather modification. Biondini et al. (1977) have shown, from earlier
discoveries in the FACE program, that echo motion should be used as a
significant covariate to divide the FACE data into two categories. They
then look at a number of physical predictor variables. While strong
covariates were not discovered for use in the National Hail Research
Experiment, Atlas (1977) has emphasized the importance of strong
covariates to at least provide a rational physical classification of the
data, and he has suggested that "dynamic hail potential is one of the most
likely candidates". Mielke and Williams (1977) have presented a statistical
technique based on the bivariate log- normal distribution for use when
appropriate covariates are available.

Specific statistical considerations for use in evaluating weather
modification have also received attention. Mielke et al. (1977) addressed
both the question of covariates and a statistical technique that can be
used with covariates. Olsen (1975) has continued the investigation of the
value of using Bayesian statistics; he concludes from a parallel
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development of Bayesian and classical statistics that both methodologies
can be used under his assumed experimental conditions, and that the
difficulties with each methodology are comparable.

From a meteorological point of view, several important evaluation problems
for weather modification experiments, while addressed, have probably not
received sufficient attention. These relate to the importance of linking
the statistical experiments to physical evaluation. While one might infer
acceptance of this from the Weather Modification Board reports (1978), the
emphasis in these documents is on empirical covariates. Knight and Brier
(1978) have suggested a technique for evaluating the effectiveness of
hurricane modification experiments by basing the statistical evaluation on
the hypothesized sequence of physical events. They conclude that this
procedure can greatly supplement that of physical analysis. Hobbs (1975)
has pointed out the importance of linking statistical experiments and
physical studies. The importance of the use of linked physical and
statistical experiments has been strongly emphasized by Gagin and Neumann,
(1976) .

Another vital item with respect to weather modification evaluation
(covered but not treated in detail in the Advisory Board reports) relates
to extreme events. Volume II points out the problems of "overwhelming
instances" (one or two extremely large events that strongly affect the
whole data sample); the Advisory Board concluded that three to four events
which make contributions of great importance are not quite as serious.
Brier and Meltesen (1976) find that even robust techniques cannot always
overcome severe distributional problems inherent in the data. Meltesen et
al. (1978) present examples from wintertime data from eastern Colorado
(downwind of the Climax Experiment) which show the critical control on the
normalized test statistics with various distributions of the five extreme
values. Conclusions varying from no significance to highly significant
differences between seeded and not seeded events are dependent on the
allocation of the five extremes between seeded and not seeded events.
These authors suggest that "if the samples are very skewed, the extreme
values of both can have more influences on the value of the test
statistics than a change in r", where r is the exponent in the general
class of two sample non-parametric tests based on the sum of ranks tests
described by Mielke (1972).

Mielke (1972, 1976) emphasizes the importance of using data transformation
using various exponents (both less than and greater than 1) to adjust for
the extreme values in highly skewed precipitation samples. One could
conclude from evidence such as that presented by Meltesen et al. (1978)
that it may, however, still be necessary to objectively remove
"overwhelming" events using physical considerations. Crow (1978) has
addressed the problem of treating days when some of the units received no
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precipitation in single area weather modification experiments. He
addresses the problem by "testing" with a likelihood ratio test and by
estimating asymptotic optimal confidence intervals by means of a
mathematical statistical model which linearizes the maximum likelihood
estimation. He shows the usefulness of the approach with examples drawn
from the National Hail Research Experiment.

6.0 Results of Completed Weather Modification Field Experiments

It is beyond the scope of this review to discuss in detail the results of
the numerous weather modification field experiments that were reported
during this period. A second generation of experiments was completed and
the results of these are significant both in showing the present
limitations of weather modification and providing directions for future
experiments. The Weather Modification Advisory Board statistical task
force in the Volume II report (1978) made a summary review of recently
completed randomized weather modification experiments. This task force
critically reviewed various aspects of these programs with respect to
subjective influences, operational changes and difficulties, contamination
effects, statistical issues, and an overall evaluation. They found problems
of various degrees of seriousness with each of the experiments reviewed.
In their general summary they conclude that only one experiment recently
completed, Israeli II, constitutes a "possible reconfirmation";

Israeli Il was a crossover experiment like Israeli I. The results of the two randomly seeded
targets forming the crossover were supposed to be combined to evaluate the effect of
cloud seeding in Israeli Il as had been done in Israeli l. Gagin and Neumann (1976), as did
Gagin and Neumann in 1974, did not report the results of the crossover evaluation of
Israeli Il as mandated by the Israel Rain Committee. GC, as were most scientists at this
time, were unaware of the mandated crossover evaluation for Israeli Il.

The mandate for a crossover evaluation for Israeli Il was also not known about by the illustrious
members of the Weather Modification Advisory Board nor its Statistical Task Force. Nor did the
authors of the WMAB volumes inquire about the sign (plus or minus) of random seeding’s
effect on rainfall in the south target, a major oversight.

Gagin and Neumann (1974, 1976) had good reason not to report the crossover results for
Israeli ll: Israeli Il had not confirmed Israeli | when evaluated in the same way. Instead, the
crossover evaluation of Israeli Il resulted in a null result with suggested increases in the
north canceled out by larger, suggested decreases in rainfall on seeded days in the south
target as we learned many years later (Gabriel and Rosenfeld 1990).

Various reasons were given for not displaying the crossover result of Israeli Il. One valid
one was that the correlation between the two targets was much lower in Israeli Il than in
Israeli | because of an expansion of the south target into more desert. The other
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explanation advanced later was that the random seeding in south target was “non-
experimental” (Gagin and Neumann 1981).

Still, the null crossover result for Israeli Il should have been shown and explained by the
Israeli experimenters, not hidden from view, in the early publications contained in GC’s
review.

Many questions would have arisen due to such a report in view of the ripe for seeding
clouds of Israel repeatedly described by the experimenters (e.g., Gagin and Neumann 1974,
Gagin 1975). Moreover, radar tops average about 4°C warmer in the south than in the
north target (Gagin and Neumann 1974). Thus, the large decreases in rain on seeded days
(about 15%) would have been difficult to explain. The Israeli Il random decisions led to the
appearance of increases in the north and the appearance of decreases in the south due to
a biased draw that heavily favored widespread heavy rains in Israel when the north target
was being seeded. It is highly unlikely that real decreases in rainfall were produced by
cloud seeding in the Israeli |l south target.

(The conclusions above were found by Rangno and Hobbs (1995) and confirmed for the
north target by Levin et al. 2010.)

that two, Santa Barbara and Tasmania, are "close to persuasive or almost
marginal", that two, North Dakota and FACE, involve "issues of multiplicity
and subjectivity"; and that two, NHRE and the Colorado River (Basin) Pilot
Project, have "limited data, and/or severe operational limitations". The
authors caution the readers that at least one confirmation at the 5% level
out of the 7 listed is to be expected almost one third of the time by pure
chance. They do not, however, speculate on what the joint probability of
these experiments might be. For the non-statistician they also do not
define "possible reconfirmation", "close to persuasive" or "almost
marginal™".

The researchers for the respective experiments have reported their
results in the open literature. They, in general, acknowledge most of the
types of problems addressed by the statistical task force and, to the
extent feasible, have tried to address them. The Gagin and Neumann (1976)
analysis indicates an increase in precipitation of about 13-15% for seeded
events in the Israeli II experiment, which was basically intended as
confirmation of the earlier Israeli I experiment. These increases are
significant at the 2.2-3.8% probability levels. The greater effects were
in the interior sections of the experimental area (farthest inland from
the seeding). The authors appropriately place great emphasis on the fact
that "it is essential to combine randomized seeding operations with studies
of the physical processes ....... in order to convince ourselves that any
encouraging statistical results are not mere flukes ...... ". The positive
effects resulted from cases with cloud top temperatures in the range of -
10° to -25°C. The authors' expectations were for precipitation increases
only in the temperature window. The authors also conclude, consistent
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with their physical reasoning for the Israeli continental type cumulus
clouds, that the positive increases in rainfall are probably the result of
an increased duration of rainfall and possibly due to an increase in the
number of rain periods.

The Israeli Il experimenters did not measure cloud top, but radar echo top. Moreover, echoes in
the extreme north were not able to be measured in the north target due to the distance of the
Israeli Meteorological Services’ 3-cm wavelength radar used for this purpose (K. Rosner, Israeli
experiments’ chief meteorologist, private communication, 1986).

The radar imagery was also of limited scope when appreciable rain was falling at the radar site.

This clarification contradicts the later claim by Gagin and Neumann (1981) that “every cell” was
measured in the north target of Israeli Il.

The Santa Barbara II experiment was primarily reported before 1975 (Elliott
et al., 1971; Brown et al., 1974) but reported on further by Brown et al.
1976. The authors concluded that precipitation at many stations was
significantly greater than expected on seeded days with respect to non-
seeded days. They attributed the increase in precipitation to both static
and dynamic seeding effects.

The Santa Barbara Il experiment was reanalyzed by Bradley et al. 1978. They reported that
increases in rainfall were observed upwind of the target and at the single generator site used in
that experiment, strongly indicating that SBA Il was the product of a lucky random draw.

However, possibly under the influence of those who conducted the experiment, (Elliott et al.),
Bradley et al. (1980) withdrew their initial finding of a Type | statistical error (a good random
draw), and then stated that that the increased rainfall on seeded days upwind and at the single
generator site, must have been due to dynamic effects of seeding that caused clouds to fatten
up downwind of the single generator. The larger clouds blocked/stalled the air flow upwind
which caused the rainband clouds to build up and rain more heavily upwind and on the
generator site. Quite a speculation!

However, this post facto speculation appeared to try to explain away a good draw. The
conundrum re SBA |l should have been discussed for the reader by the authors. We suspect
that they were unaware of the Bradley et al. (1978) publication since it was a grey literature
report with little distribution.

The experiments, Dennis et al (1975), on the North Dakota project
reported positive effects from seeding. Monte Carlo experiments simulating
500 reruns were used to establish significance levels. The Task Force of
the Weather Modification Advisory Board, however, was concerned with
problems of multiplicity and selectivity in this experiment. The task
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force concern with multiplicity resulted from the large number of
different relationships tested, so that by chance at least some of them had
a reasonably high probability of being significant. Dennis et al. conclude
that the analysis shows positive evidence for only those days with high
dynamic seedability. Thus Dennis et al. place more emphasis on the
events that ought to appear favorable while the task force considered
all parameters tested of equal probability. For the same experiment
Hiller et al. (1975) report on analyses to investigate- changes in hail.
They conclude that there were no statistically significant differences in
hail energy, hail depths (derived from hail pads), or differences in
cloud depths between seeded and non-seeded days. From post analysis the
authors suggest greater ratios of average rainfall to hail energy, lower
crop losses, lower reflectivity factors, lower hail energies, and smaller
hail- stones on seeded days. In another analysis Koscielski and Dennis
(1976) conclude that first radar echoes were lower in the clouds on
seeded days and thus occurred at warmer temperatures, near -11°C on no-
seed days and -7° on seed days.

The various analyses of the Florida Area Cumulus Experiment (FACE) seeding
responses clearly reflects the exploratory nature of the experiment and
includes developmental interpretation as the experiment progressed. This
was necessary since a clear hypothesis for a seeding effect over an area
was not specified in detail before the experiment started. Simpson et
al. (1975), and Biondini (1976) have extended the analyses of the earlier
Florida area "single cloud" experiment as a basis for better interpreting
the area wide experiment. Simpson et al. considered the effects of using
various probability functions, both parametric and nonparametric, and the
effects of radar and systematic measurement errors. They again conclude
that there was a positive effect from dynamic seeding of Florida area
single cumuli and that "the best assessment of the magnitude of the
multiplicative seeding factor is between two and three". Biondini (1976)
continued the analysis by classifying the data into categories based upon
cloud motion (following Simpson and Woodley, 1975); he shows that clouds
in different categories respond to seeding in a significantly different
manner. The cloud motion categories distinguish between days,
respectively, with uniform and steady motion and other days with no
discernible motion. Biondini tends to conclude that the one-dimensional
cumulus model is significantly more applicable for detecting an area effect
from "moving" clouds than from "stationary" ones. He concludes that the
main seeding effects on rainfall are to intensify clouds that do not
merge, although their lifetimes are increased by about 40%.

Considering the Florida area wide experiment, Simpson and Woodley (1975),
after the first four summer seasons, conclude that the disparity in mean
lifetimes between seeded and non-seeded clouds before merger suggests
that seeding is promoting cloud mergers as intended. Biondini et al. (1977)
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have attempted to extend the analysis further by extending the use of
empirical predictors. They suggest, after carefully pointing out the
limitations of the data, that the analysis gives further evidence of two
distinct precipitation regimes in southern Florida and that seeding effects are
different for each regime. Woodley et al. (1977), drawing on the same
analysis asBiondini et al (1977), conclude that, when they use echo motion
(or none) as covariates with five different predictor models of natural
rainfall, there is persuasive evidence of positive seeding effects. "For days
with moving echoes, there is evidence for a positive statistically significant
treatment effect on the rainfall from the subject clouds (the floating target)
and in the overall target area". The evidence also suggests, but more
tentatively, that rainfall is also increased from the seeded clouds on days
with "stationary" clouds, but that for these cases there is no net change in
precipitation in the overall target.

Wisniewski and Cotton (1976) have reported an attempted physical
evaluation of FACE. They show that neither samples of rainwater collected at
cloud base nor at the ground provide evidence that additional silver was present
in the seeded cases. Analysis of the FACE data is still in progress.

Elliott et al. have made detailed analyses of the Colorado River Pilot
Project, 1978. Analyses lumping all experimental days, for a comparison of
total precipitation at individual gages for all seeded versus not-seeded days,
showed no significant difference that could be attributed to seeding. The
authors did not report statistical significance for the total large area
precipitation on seeded versus not-seeded days. (The authors’ meaning is not clear here.)
When the authors closely tie their analyses to physical seedability criteria
(in posteriori analysis) the results do indicate positive seeding effects. The
authors show that the capability to forecast the seedability criteria as much
as 24 hours ahead, as was attempted in the seeding experiment, was not
attainable. Many clouds that met criteria for seeding and should have been
seeded were not seeded. Other days that did not meet the criteria were forecast
to be seedable and were actually seeded. In the aposteriori analyses that
considered only events that met seeding criteria, as specified in the design,
changes in precipitation could be noted and were consistent with effects
expected from the earlier Climax experiments (Grant and Mielke, 1967; Mielke
et al., 1971; Chappell et al., 1971). The a posteriori analysis showed that
by restricting seeding to thick clouds with warm tops (> -29°C) and light to
moderate winds and with perfect forecasting and no operational suspensions,
increases in precipitation of 10% or more could be obtained on both the upwind
and downwind sides of the mountains. These conditions for success are
difficult criteria to meet in an operational program.

GC state that the CRBPP a posteriori analysis by Elliott et al. (1978) were “consistent” with effects expected from
the earlier Climax experiments.” This is a fiction and demonstrates that GC were not familiar with the Climax
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experiments. Is this possible?

Cloud tops approaching the low end of this range (-29°C) cannot be considered “warm.” Clouds with tops as
cold as -29°C are loaded with ice, virtually eliminating cloud seeding potential. Too repeat, it was unfortunate
that GC were unaware of the University of Washington and University of Wyoming airborne studies in support of
the CRBPP, or the early papers by Auer et al. (1969) on ice concentrations in wintertime mountain cap clouds.

Ice particle concentrations of many 10s per liter were reported in Rockies wintertime clouds with tops no colder
than -20°C with initial ice forming at about -12°C (Hobbs 1969, Marwitz et al. 1976) or even higher initial ice-
forming temperatures (Auer et al. 1969).

Furthermore, the CRBPP a posteriori tops discussed by GC were derived from the Elliott and Elliott (1972) model,
not from actual measurements of top temperatures. Most remarkably, in view of the statement that too many
clouds with cold tops were seeded by Elliot et al. 1976, 1978,) repeated by GC, is that the E. G.&G. forecasters
were never instructed to use the Elliott and Elliott model “lifted” cloud top temperatures as a forecast criterion.

The forecasts of cloud tops as instructed by the BOR sponsor, were for those cloud top temperatures inferred on
the local rawinsonde. Those tops were often considerably warmer than the “lifted” top used by Elliott et al.
(1976, 1978) in their evaluations. Since Elliott et al. do not mention this cloud top forecasting discrepancy in
their reports so it is not surprising that GC did not know about it.

Moreover, much of the CRBPP was tied to calling random decisions when the 500 mb temperature was >-23°Cin
the attempt to replicate the successes reported by CSU scientists under that criterion. The temperature at that
level has virtually no correlation with that at cloud top.

The word, “showed,” used by GC, is also not warranted considering the many stratifications that Elliott et al.
(1976, 1978) performed on the data to extract a positive seeding result. “Suggested” should have been used in
place of “showed.”

Finally, the Elliott et al. (1976, 1978) evaluators and GC were unaware that the entire effect of cloud seeding in
the three CSU experiments was extending the duration of storms, not increasing the intensity of snowfalls. Due
to this oversight, the duration issue was not even addressed in the otherwise comprehensive report by Elliott et
al. (1976, 1978) nor in the discussion of the CRBPP. Remarkable.

CRBPP operational difficulties:

The criteria for the call of a random decision during the CRBPP, indeed, varied considerably during the five-
season project due to the ambiguity under which strong seeding increases in snowfall were reported in the CSU
publications. For example, CRBPP design document prepared by Grant et al. 1969 repeatedly used the
expression, “500 mb (cloud top) temperature.” Moreover, all the stratifications for the Climax (and Wolf Creek
Pass) experiments in the peer-reviewed literature were by 500 mb (e.g., Grant and Mielke 1967, Mielke et al.
1970 for Climax I) or 700 mb equivalent potential temperature (Mielke et al. 1971, for Climax Il). High air mass
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temperatures stratified increases in snowfall, not cloud top temperatures; those were unknown.

Due to this, the chief of the BOR's cloud seeding division, A. Kahan, instructed CRBPP E.G.&G., Inc., forecasters to
call random decisions when storms were forecast to have 500 mb temperatures >-23°C for 12 h. It was, at this
stage of the CRBPP, that the BOR was attempting a pure replication of the prior CSU cloud seeding successes.

Nevertheless, Professor Lewis O. Grant of CSU at the end of the first operating season of the CRBPP (1970-71)
insisted that the BOR change the criterion for the call of an experimental day from a 500 mb temperature >-23°C
to the inferred same cloud top temperature from the CRBPP locally released rawinsondes.

This was a profound and disastrous change in the minds of we E.G.&G. forecasters (Rhea and Rangno) since we
were no longer going to attempt a pure replication of the CSU successes as we had hoped to do. Professor Grant
was informed by J. Owen Rhea, Acting Project Manager, in my presence at the time of his visit in April 1971 that
during storms the 500 mb and cloud top temperatures are unrelated.

Most of the CRBPP forecast criteria changes were correctly described in the Final Report (Elliott et al. 1976) and
in the peer-reviewed literature in 1980 by Elliott et al. in their published “Reply” to Rangno and Hobbs (1980).*
All this detritus can best be seen foremost as due to peer-review failures in reviewing the original manuscripts
submitted by the CSU experimenters, and the experimenters unable to break out of a cocoon of conviction
regarding their false claims.

Too, there are strong suggestions of misconduct involving the Climax Il experiment whose preliminary results in
its first two seasons triggered a gush of BOR funding to CSU in early 1968. CSU scientists and their consultants
received almost half a million dollars then to begin designing the CRBPP then. No explanation has been put
forward by the CSU scientists about these discrepancies.

Those two early seasons of Climax Il had faulty precipitation data reduced by CSU personnel that helped the
seeded days. CSU personnel failed to draw random decisions on warm storms that brought heavy precipitation,
ones that would have been “Don’t seed” decisions as discerned from the decisions that immediately followed.
“Don’t seed” decisions drawn on a strong, warm two-day storm sequence in early December 1966 would have
creamed the whole Climax Il experiment! (Meanwhile, the seeding of this same strong storm was carried out by
CSU personnel at Wolf Creek Pass.)

Due to the misclassification of storms by 500 mb temperatures a false impression of a Type | error was believed
to have affected Climax Il (Mielke 1979). Storms that produced more than the median amount of snow at Climax
were erroneously shifted into the warm storm category on seeded days while warm storms that produced more
than the median on “don’t seed” days were shifted out of the warm category. Overall, for Climax Il, the chances
of all these errors being neutral (p=0.5) can be rejected at a confidence level approaching 1 in 100,000 (binomial

“The evaluator of the CRBPP, “Aerometric, Inc.,” was a group consisting largely of personnel with the cloud
seeding company, North American Weather Consultants, and led by NAWC's president, Mr. Robert D. Elliott. E.
G. & G, Inc. and NAWC were finalists for the contract for operating the CRBPP.
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theorem)! Such errors were rare and neutral in Climax I.>

It's quite a science story, but not a good one. Will it be published by yours truly and David Schultz? Not if
former CSU faculty, former students, and former co-authors with the major players in this story are reviewers.
Can a conflict of interest be more obvious? | don’t think so. However, it wasn’t seen so by the Amer. Meteor.
Soc. publications commissioner, Dr. Peter Broccoli...who denied our claim of such. Go figure.

The National Hail Research Experiment operated for a shorter period than
originally intended, primarily due to new insight into the details of hail
processes gained from the parallel physical studies. This new insight
"suggested strongly that the seeding methods that had been used were unlikely
to result in a hail suppression effect". Initial analyses also showed that it
was unlikely that, even with an additional two years of the experiment, the
results would be positive. The final report (Crow et al., Volume I, 1976)
shows that there was more hail (mass) and more rain on the seeded days, but
that the differences are not statistically significant. Various considerations
of a number of variables using several tests of the data likewise provide
little evidence of a seeding effect. The authors conclude "with confidence
that seeding clouds with silver iodide, with the technique used in this
experiment, does not produce very large decreases of hail in north- eastern
Colorado". They point out that these results cannot be generalized to other
areas or other seeding strategies.

A randomized lightning modification experiment conducted during the 1960's has
received further analysis (Baughman et al., 1976). The analysis shows that the
long continuing current discharges in cloud-to-ground flashes are significantly
shorter by about one-fourth on seeded days (non- parametric P values less than
.04). The frequency of cloud-to-ground flashes and the duration of lightning
activity were only about 50% as great on seeded days (non-parametric P values
less than.03). The reduction in the length of the long- continuing current
discharges are believed to be the important factor in the reduction of forest
fires.

The above summaries of evaluations all involve recent randomized experiments.
Hobbs (1975), Hobbs and Radke (1975) and Hobbs (1975) present physical
evaluations of cloud seeding, and Hill (1978) and Hobbs and Rangno (1978) have
presented evaluations of operational type programs.

Hobbs and Radke (1975) present results of physical evaluations that show that

5The effect of the errors can be seen for Climax Il in Rangno and Hobbs (1987), a paper so abhorrent to some
who later reviewed orographic cloud seeding it could not be cited as by Reynolds (2015) even after it was
brought to his attention. His review is otherwise very excellent.
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expected changes in cloud microphysics and precipitation did occur from seeding
winter clouds in the Cascade Mountains. Hobbs (1975) concludes that these
selected physical evaluations show that snowfall across the Cascade Mountains
can be redistributed and increased by artificial seeding (a more detailed
discussion of this research is presented in Section 2.2 above).

Both Hill (1978) and Hobbs and Rangno (1978) emphasize the use of covariates
for the analysis of operational programs. The emphasis of Hill's paper is on
covariates that can greatly aid in the analysis of operational weather
modification programs in Utah. He then considers the first two years of a
commercial program in Utah and shows no significant effect of the operational
seeding. The study by Hobbs and Rangno is a reanalysis of the Skagit River
Program originally reported by Hostag and Gladewell (1969). Hobbs and Rangno
conclude that the indicated increase in precipitation in the earlier analysis was
the result of an anomalous pattern of precipitation that was widespread in the
1964 water year. The authors conclude that the techniques of comparing annual
runoff for watersheds that are highly correlated is a powerful analysis tool,
but that great care must be taken to allow for natural anomalies that may take
place.

At about the time the GC paper appeared with its citation of Hobbs and Rangno (1978):

The Hobbs and Rangno (1978) reanalysis was described as an example of as an artificial inhibition of
significance by Gabriel (1979) due to what he believed was a wide search by Hobbs and Rangno to find
SOMETHING that canceled out the Hastay and Gladwell (1969) findings of a cloud seeding success.

| explained to Gabriel in a letter following his publication that it took me just two to three days of plotting
river runoffs in western Washington and the Cascade Mountains to see that Hastay and Gladwell (1969)
had manufactured a success by examining no less than 29 variables to find a seeding “success.” A wide
search of many variables was NOT undertaken by Hobbs and Rangno (1978 —more accurately, Rangno and
Hobbs (1978): the wide search had been undertaken by the original authors and Gabriel had
misunderstood that.

These various analyses generally show the continuing trend for positive
indications from re- search experiments, but inconclusive results when the
seeding criteria from such experiments are applied to operational programs.
In combination, these results provide direction for future re- search and show
the present severe limitations of operational weather modification.

7.0 Societal Considerations

The societal considerations relating to weather modification have received
extensive attention during the past four years. While such articles are
not addressed in this review, many of them are listed in the Bibliography.

The essence of these papers appears to be that (1) the environmental risks
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are probably not large, (2) the economic return could be significant even
with small beneficial modifications, (3) the technology could introduce
significant social problems among various segments of many communities that
could be affected, and (4) legal-political issues exist but most can be
reasonably addressed. Most detailed considerations of societal impacts
must wait better definition of what weather alterations are possible and the
total size of the areas affected.

8.0 Future Direction for Weather Modification Research

Consideration of the direction for future weather modification research has
also received much attention (Sax et al., 1975; NAS, 1977; Simpson,
Silverman, Swanson, Fosse, Farhar and Henderson, 1978; Weather Modification
Advisory Board, Volume I, 1978). These documents and others seem to be
reasonably summarized in the key conclusion of the Advisory Board "...that
a use- able technology for significantly enhancing rain and snow and
ameliorating some weather damage is scientifically possible and within
sight". The conclusion that such technology is "within sight" is thought to
be optimistic by many individuals within the scientific community,
however. The Advisory Board concluded that "the prime requirement of a
national weather modification policy is to learn more about the atmosphere
itself". This must include basic research on "...problems relevant to
modification”. The Board emphasizes that most of the "experiments on the
atmosphere must be done in the atmosphere...".

The direction of weather modification research during the next four-year
period will perhaps be dictated at least as much by financial-political
-factors as by scientific motivations. The scientific program will likely
place great emphasis on refining the description of the atmosphere utilizing
the greatly increased capabilities in numerical modeling and cloud
observations (both direct and remote). These studies should include clouds
under both natural and modified conditions.

Programs of this nature will probably be significantly constrained by
financial and political support on a sustaining basis, unfortunately
gaining support mainly during drought years. There likely will be
movement toward fewer, but more comprehensive, field studies and
experiments with increased emphasis on measurements and studies of cloud
processes. This will have the advantage of permitting comprehensive
observation and cloud process analyses along with field seeding experiments.
The large experiment approach will likely have the disadvantage of
restricting the initiative of imaginative research by individuals and
small research teams. It seems probable that university and small group
researchers will take on more of a service function to the few large
research programs.
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Specific technical areas likely to receive significant attention will
include:

1. Development of 2 and 3D models that can provide understanding and
guidance in the design, testing and evaluation of seeding
experiments.

2. Systematic, simultaneous observations of cloud microstructure, cloud
motions and mesoscale structure that can permit greatly improved
understanding of clouds and cloud seeding processes.

3. Investigations of the interaction between warm rain and of cold cloud
processes.

4. Studies to define seedability and meteorological "windows" in which
cloud seeding has varying effects.

5. Engineering of delivery techniques for improving treatment
capabilities.

6. Increased interaction between physical scientists and statisticians
for the design, analysis and interpretation of weather modification
experiments.

It can be expected that greater emphasis will be placed on concepts and
approaches for beneficial modification of summertime convective clouds.
When both dynamics and the interactive microphysics are considered, it is
apparent that vastly improved descriptions of these clouds and variations
in them among various geographical areas is needed. Large scale exploratory
experiments with West Coast orographic clouds and confirmatory experiments
with Rocky Mountain orographic clouds may be getting underway by the latter
part of the next four-year period.

Based on the complexity of severe weather systems, including hurricanes,
and slow progress in the past, it is not obvious that large experiments or
substantial progress in developing a severe weather modification
technology will be forthcoming during the early 1980's.

In summary, a direction of future programs that would emphasize learning
more about the clouds as a prerequisite for weather modification seems
clear. Recent developments in numerical modeling and cloud observations,
and particularly the availability of a cadre of specifically trained
scientists, provide the basis for a significant step forward. Present
momentum in specific re- search areas will assure advances. Overall
progress in the goal of attaining a sound national weather modification
capability will likely not be great. Limitations of financial and
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political support will likely be the main factors restricting progress.
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Reviewer ALR disclosure:

How do | know all this stuff?

| worked for all five seasons of the Colorado River Basin Pilot Project (CRBPP) as the Assistant
Project Forecaster and Acting Project Forecaster (the latter half of the first winter season, 1970-
1971). The CRBPP and its findings are discussed by GC and some corrections and expansion of
their discussion is warranted.

The CRBPP remains as America’s most grand and costly randomized orographic cloud seeding
experiment. It was undertaken due to reports of stunning cloud seeding successes from
Colorado State University (CSU), the home of GC. Three CSU randomized experiments led to
the execution of the CRBPP: the completed four and half season, Climax | experiment (e.g.,
Grant and Mielke 1967); and from the preliminary reports of seeding successes from the first
two seasons of the Climax Il experiment, and those regarding the first four seasons of the six-
season, randomized by whole winter seasons, Wolf Creek Pass experiment (WCPE) The
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preliminary reports of successes in Climax Il and in the WCPE, ones that seemed to confirm the
results of seeding in Climax |, were contained in the CSU design document for the CRBPP sent to
the Bureau of Reclamation’s Division of Atmospheric Water Resources Management (hereafter,
“BOR”) by Grant et al. in June 1969.

Finally, and this must be reported under the rubric of integrity, in a stunning example of “foot-
in-mouth” disease, in November 1975, | characterized the cloud seeding work at CSU as, “the
Watergate of meteorology” in a careless statement to a Durango Herald newspaper reporter as
our formal interview ended. That reporter made it a secondary headline on the front page of
the Herald the next day.

And lastly, after “finally,” but not so funny, in 1983 | asked for an independent investigation of
the reporting of the Climax experiment results to be comprised of CSU faculty, the National
Academy of Sciences, and the American Meteorological Society.

Why such a dire request?

Mielke (1979) had said he had “very recently” discovered that lucky random draws had
compromised the Climax | AND Climax Il experiments successes in his examination of all
western Colorado precipitation data. However, this was not true. Mielke et al. 1970 (article
accepted date, June 30, 1969) ended their article by stating that they were “currently” looking
at “all western Colorado precipitation data” in conjunction with Climax I.

Question to be answered by a panel of independent investigators: “What happened to the 1969
study that was in progress on June 30th?”

A committee of CSU faculty members, including one that had been a co-author with Prof.
Mielke, was assigned by CSU to look into my question. The NAS and AMS demurred in my
request.

The CSU faculty committee found no problems with CSU’s reporting of the Climax experiments
and a letter from the Interim President of CSU, Robert D. Phemister, threatened to sue me if |
continued to ask my question. | took this as an example of “lawfare” as we would call it today.
There was no way | could hire a lawyer and pay the expenses involved in such a lawsuit without
being ruined in the process, the goal of “lawfare.”

Well, this should be fun or awful reading for somebody! But maybe some of you will believe |
have no credibility whatsoever after these divulgences.

After initial optimism about how the CRBPP would turn out, | came to doubt the validity of the
CSU reports of cloud seeding successes after the very first season (1970-71) due to several key
discrepancies in the CSU assumptions on which the results of their prior experiments
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depended, such as where cloud top was during storms. Much of this skepticism was imparted
during the first season by Mr. Paul Willis, E.G.&G., Inc., Project Manager, and Mr. J. Owen Rhea,
the E. G.&G.,, Inc., Project Forecaster. Willis and Rhea were coming from the BOR-funded Park
Range Project in NW Colorado where discrepancies in the CSU assumptions had already been
noted and reported to the BOR in the E. G.& G., Inc., project reports.

E. G.& G., Inc., had won the BOR contract to perform the seeding and weather forecasting for
the CRBPP edging out rival, North American Weather Consultants, which would later evaluate
the CRBPP under the name, Aerometric Research, Inc., with added consultants.

Remarkably, it was discovered, beginning just four years after the CRBPP ended in 1975 with
inconclusive results, that the reported large increases in snowfall due to seeding warm storms
in all three CSU experiments were illusory. These discoveries were mostly made by outside
investigators (e.g., Rangno 1979) but internal re-analyses also revealed critical problems
(Mielke 1979, Rhea 1983).

The publication of so much faulty literature in peer-reviewed journals in the first place
demonstrates poor and inadequate reviewing of manuscripts had occurred when the CSU
experimenters submitted their manuscripts to journals. You can read more about that and why
poor reviews happen at this site:

https://cloud-maven.com/cloud-seeding-and-the-journal-barriers-to-faulty-claims-closing-the-
gaps/

My comments and “enhancements” of “Weather Modification” by GC are embedded in red
within this copy of their published article.

| start with an overall summary of the genre of “review” literature which | deem from
experience to often be inaccurate and misleading. This “review and enhancement” is part of a
series of so named projects by this writer and can be found here:

https://cloud-maven.com/reviews-and-enhancements-of-published-scientific-reviews/
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