A Review of Cloud Seeding _=
Experiments to Enhance Precipitation
and Some New Prospects

‘ [

:

Roelof T. Bruintjes
National Center for Atmospheric Research,” Boulder, Colorado

ABSTRACT

Water is one of the most basic commodities on earth sustaining human life. In many regions of the world, traditional
sources and supplies of ground water, rivers and reservoirs, are either inadequate or under threat from ever-increasing
demands on water from changes in land use and growing populations. This has prompted scientists and engineers to
explore the possibility of augmenting water supplies by means of cloud seeding.

This paper provides an overview of the current scientific status of weather modification activities to enhance pre-
cipitation for both glaciogenic and hygroscopic seeding experiments. It is important to emphasize that although funding
for scientific studies has decreased substantially during the past decade, operational programs have actually increased.

During the last 10 years there has been a thorough scrutiny of past experiments involving experiments using
glaciogenic seeding. Although there still exist indications that seeding can increase precipitation, a number of recent
studies have questioned many of the positive results, weakening the scientific credibility. As a result, considerable skep-
ticism exists as to whether these methods provides a cost-effective means for increasing precipitation for water resources.

Recent results from hygroscopic seeding experiments provided for some renewed optimism in the field of precipita-
tion enhancement. Although promising results have been obtained to date, some fundamental questions remain that need
to be answered in order to provide a sound scientific basis for this technology.

1. Introduction world where ground water is one of the primary
sources of freshwater. This is particularly evident in
Water is one of the most basic commodities dhe southwest United States and Mexico. To help al-
earth sustaining human life. In many regions of theviate some of these stresses, cloud seeding for pre-
world, however, traditional sources and supplies oipitation enhancement has been used as a tool to help
ground water, rivers and reservoirs, are either inaditigate dwindling water resources.
equate or under threat from ever-increasing demandsWhile many countries conducting weather modi-
on water from changes in land use and growing pogdication activities are located in semiarid regions
lations. In many countries water supplies frequentbf the world, several countries in the Tropics such
come under stress from droughts and increased po#la-Indonesia, Malaysia, India, and Thailand are also
tion in rivers, resulting in shortages and an increaswolved in weather modification activities. Although
in the cost of potable water. Ground water tables hatwese countries receive a relatively large amount of
been steadily decreasing in many areas around tamfall, a 5% below normal rainfall year translates
into a drought for them due to their infrastructure and
agricultural practices that are more water intensive
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the surface (National Academy of Sciences 1966arhent program. This question may be answered differ-
1973; Weather Modification Advisory Board 1978)ently by scientists, water managers, or economists, and
This fact has prompted scientists and engineers to el depend on different factors depending on who
plore the possibility of augmenting water supplies answers the question. This difference is illustrated by
means of cloud seeding. If more water could be trarise fact that although scientific cloud seeding experi-
formed into precipitation, the potential benefits appearents have shown mixed results based on the level of
very attractive. The ability to influence and modifgproof required by the scientific community, many
cloud microstructure in certain simple cloud systenaperational cloud seeding programs are still ongoing.
such as fog, thin layer clouds, simple orographiowever, it also emphasizes the fact that the poten-
clouds, and small cumulus clouds, has been demtat technology of precipitation enhancement is very
strated and verified in laboratory, modeling, and oblosely linked to water resources management. It is
servational studies (American Meteorological Societiius important that the users of this potential technol-
1992). Although past experiments suggest that precip@gy are integrated into programs at a very early stage
tation from single-cell and multicell convective clouds order to establish the requirements and economic
may be increased, decreased, and/or redistributed Miability of any program (Ryan and King 1997). In ad-
response variability is not fully understood. It appeadition, the continued need for additional water and the
to be linked to variations in targeting, cloud selectidact that most programs currently ongoing in the
criteria, and assessment methods. The complexitybiited States and the rest of the world are operational
atmospheric processes and specifically cloud and ppesgrams emphasizes the need for continued and more
cipitation development has prevented significaimtensive scientific studies to further develop the sci-
progress in developing a cloud seeding technology teatific basis for this technology.
can be tested and verified in a repeatable manner within the past, weather modification activities were
the level of proof required by the scientific communityften initiated in times of a drought when desperate
In the annual register of National Weather Modwater needs exist. In many cases, the programs were
fication Projects, compiled and published by the Worttiscontinued when the drought was over. Apart from
Meteorological Organization (WMO) since 1975, 2the question of whether these programs are success-
countries provided information on 88 ongoing weath@r or not, the more relevant question is whether cloud
modification activities in 1994. It should be emphaeeding should be initiated during drought conditions
sized that these data only pertain to countries that at-all due to the limited number of clouds available
port such data. Many countries do not report thdar seeding. A better approach that has been adopted
activities, making the above estimate conservative.bg some operational programs is to view the technol-
the United States alone, the National Oceanic and Agy as a longer-term water resources management
mospheric Administration (NOAA) reported informatool. It may be better to continue seeding during non-
tion about 36 ongoing weather modification activitiedrought years in order to build up water supplies for
in 12 states in 1994. The federal government spdhe future.
sored only one of these projects. Twenty-nine projects In the scientific community weather modification
were for precipitation enhancement. These activitiss still viewed as a somewhat controversial topic.
are operational programs that operate on the basi€bfingnon and Lambright (1990) identified several
past scientific results. problems and difficulties that have arisen during the
The fact that many operational programs have bemmnduct of weather modification experiments.
on going and have increased in number in the pastAdording to Changnon and Lambright, based on their
years indicates the ever-increasing need for additiomalalyses of the National Hail Research Experiment
water resources in many parts of the world, includirand the Sierra Cooperative Pilot Program (SCPP),
the United States. It also suggests that the level of prtwé major scientific controversies were a result of six
needed by users, water managers, engineers, andf@agtors. These factors were 1) proceeding with an in-
erators for the application of this technology is genaadequate scientific knowledge base, 2) a flawed
ally lower than what is expected in the scientifiproject-planning process, 3) differing views between
community. The decision of whether to implement dunding agencies and project scientists, 4) lack of con-
continue an operational program becomes a mattetintiing commitment by the principal agency conduct-
cost/benefit risk management and raises the questiomthe experiment, 5) changes in project directors, and
of what constitutes a successful precipitation enhané@poor performance by project scientists. Because of
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the complex nature of precipitation en- Precipitation Process Chain

hancement experiments, it is extremely e a1 . oo
orm —p €— ou 0cesses —
important to funding agencies, water>ynoptic - Mesoscale - Storm

managers, and scientists that_current. ex- - /—--.\r___~>
periments are critically reviewed in e /—‘

. . -,
terms of these six factors in order to

avoid repeating the mistakes listed
above.
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2. Precipitation processes soscale Snow / Hail o .
. Growth .
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quires the involvement of a large range
of expertise due to both the multifaceted Fic. 1. The “precipitation process chain,” illustrating the sequence of events,

nature of the problem and the large ranq\/@t necessa}‘rlly !’ndependent that lead to precipitation at the ground. Processes
hin each “link” or event often occur on different spatial and temporal scales.
of scales that are addressed. The large-

and mesoscale dynamics determining the
characteristics of the cloud systems down to the smalition path. The seeding conceptual model (physical
scale microphysics determining the nucleation ahgpothesis) describes how this is accomplished by the
growth characteristics of water droplets and ice paeeding intervention and specifically how the initia-
ticles all form part of the chain of events of precipitdion and development of precipitation in seeded clouds
tion development (Fig. 1). Although our knowledgdiffer from that in unseeded clouds and may affect the
of the individual aspects in the chain has significanttlynamics of the cloud.
increased in the past 20 years, there still exist major Precipitation formation mechanisms can differ dra-
gaps about certain physical processes. matically from one location to another, and at one lo-
Precipitation initiation and development can proceegtion, depending on the meteorological setting.
via several physical paths (Fig. 2), involving variouBrecipitation growth can either take place through
microphysical processes that proceed simultaneousbalescence or the ice process or a combination of the
but at different rates, with one path be-
coming dominant because of its greater

efficiency under given atmospheric AEROSOLS

conditions. The efficiency with which Bl WATER | EYeporation during melting
clouds produce rain at the surface varie Contensiion | YAPOR [<—epmiton

greatly. Precipitation efficiency, definedg 5 v Riming v

as the ratio of the rate of rain reaching th& 2 [croup |« Melting | CLOUD
ground to the flux of water vapor pass§ § WATER ICE .
ing through cloud base (Marwitz 1972) & 2/ 5] _ Collecton of ce by tain ]
can range from zero in nonpreupltatm@ H 3 g | 5 3
clouds to greater than unity for shorg|* 3 £ HE

times, in very intense, time-dependent N ‘"RA]N" 3 5y
convective systems (Cotton and Anthes TR e LLSNOW |
1989). Some of the earliest studies A A o cotleetion T

showed that ordinary thunderstorms S GRAUPEL |

transform less than 20% of the influx of M Vg T -~

water vapor into rain on the ground v

(Braham 1952). The principles of most,

if not all, precipitation enhancement hy- > PRECE AN

potheses are rooted in these efficiency
factors that, in general, seek to improve Fg. 2. various pathways by which water vapor is transformed into various
the effectiveness of the precipitation evaypes of cloud particles and precipitation. Adapted from Houze (1993, 96).
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two (Fig. 2). In clouds with tops warmer than 0°C, preffer, the greatest opportunity for providing the un-
cipitation can develop by means of the coalescemberstanding necessary to successfully assess precipi-
process. Clouds are further categorized as either ctation enhancement potential and evaluate such
tinental or maritime, which describes the degree experiments.
colloidal instability. However, when cloud tops reach
temperatures colder than 0°C, ice develops and pre-
cipitation can develop through a different set of pathi8, Evaluation of seeding technologies
as is displayed in Fig. 2.

The number concentration and size spectrum af Methods of evaluation
cloud droplets can also vary dramatically, depending The evidence that is required to establish that a
on the cloud condensation nucleus (CCN) size disttloud seeding methodology is “scientifically proven”
bution. A maritime droplet spectra will consist o€an be divided into two aspects, namely, statistical and
fewer particles but more large drops than in a conpihysical evidence. Statistical evidence is usually ob-
nental spectrum (Pruppacher and Klett 1978). tained by an experiment based on a seeding concep-

Another distinction that is often made in continertual model that is conducted and evaluated in
tal summertime convective clouds (Braham 198&c¢cordance with its original design using accepted sta-
Silverman 1986) is the temperature levels at which thigtical principles and procedures, and results in the
ice crystals nucleate. In clouds with “cold basesgjection of the null hypothesis at an appropriate level
(<+10°C) and a narrow cloud droplet spectra, ice tenafsstatistical significance and power of detection. The
to develop between th€d° to-12°C levels (Krauss statistical evaluation enables the detection, in an as
et al. 1987; Bruintjes et al. 1987). In clouds witbnbiased manner as possible, of a change (seeding sig-
“warm bases”#$ +10°C), coalescence usually occursal) in a response variable, as specified by the seed-
together with an active multiplication process in theg conceptual model, which is usually small
-5° to —8°C region (Hallet and Mossop 1974). Theompared to its natural variability.
dominant ice crystal habit will differ in both cases, Physical evidence constitutes the measurement of
with hexagonal plates and dendrites being the dorkey links in the chain of events associated with the
nant graupel embryos in the former case and large fseeding conceptual model establishing the physical
zen drops and columns and capped columns in filausibility that the positive effects of seeding, sug-
latter. In the latter case precipitation development \i@sted by the results of a statistical experiment, could
the ice phase is initiated earlier and functions more bBave been caused by seeding intervention. The physi-
ficiently than in the former case (Johnson 198¢al evidence enables the establishment of a cause-and-
Bruintjes et al. 1987). The concentrations of ice crystffect relationship between the seeding intervention
tals in the latter case are usually higher than in thed the changes in the response varialagsiocu-
former case. It is clear that responses to seeding wikknted in the statistical evaluation. This is usually
differ, depending on the precipitation mechanism thatcomplished by means of case studies of the behav-
is operating at the time. ior of seeded and unseeded clouds that are conducted

The multitude of different paths by which precipien a sample of clouds involved in the statistical ex-
tation initiation and development proceeds (Fig. 2eriment or separate from it, and/or as an integral part
based on the meteorological variability in space aonéithe statistical experiment through the identification
time and the inability of past experiments to alwayd a series of response variables associated with the
measure these differences, has been and still rema@sding conceptual model. Such variables must be
one of the primary reasons why many experiments digpable of being measured to the degree necessary
not provide conclusive results. It is therefore neces-discern the anticipated changes due to the seeding
sary to understand these differences and identifiervention.
covariates that describe the different meteorological Physical evidence is essential in confirming the
conditions in order to include these factors in thalidity of the seeding conceptual model in order to
evaluation of cloud seeding experiments. Field expeprovide the basis for transferring the cloud seeding
ments conducted in combination with theoretical and
numerical modeling efforts based on the deveIOpmeﬁEsponse variables are parameters that represent key links in the

of new instruments and advanced computer Systeggin of physical events as described by the seeding conceptual
have shown (Klimowski et al. 1998), and continue taodel.
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methodology to other areas. The seeding conceptQaiton (1986) mentions the fact that changes in seed-
model determines the recognition of seeding oppang strategy to optimize detection of a response in the
tunities, implementation of a seeding strategy, and tihéermediate links in the chain of responses may have
evaluation of the effects of seeding. an adverse effect on the bottom line response, namely,
The earlier statistical experiments measured prainfall on the ground.
marily precipitation and snowfall at the surface as the Itis very important to consider the possible pitfalls
response variable, and physical studies did not fothat have affected experiments in the past. They can
an integral part of these experiments [Australian esange from errors in the statistical design, the concep-
periments, Ryan and King (1997); Climax, Mielkéual model and associated anticipated responses;
etal. (1971)]. The physical chain of events was treatgtanges in seeding strategy and/or seeding material;
as a “black box,” making it difficult to explain theinappropriate statistical and/or evaluation methods;
results in a physical manner (Cotton 1986). Both tland inadequate tools to conduct the experiment. In ad-
Whitetop (Braham 1979) and the Israeli experimerdgion, the seeding conceptual model and seeding strat-
(Gagin and Neumann 1974) could also be classifiedy established in one area may not be transferable to
as black-box-type experiments. However, both hatother (List et al. 1999).
parallel observational studies that either supported or With respect to statistical design and methods it is
did not support the basic concept. While the physiadko important to consider the appropriate method and
studies were not an integral part of the statistical teks power to detect the statistical significance of
of the basic concept, they helped in the interpretatiohanges in response to seeding (Smith et al. 1984;
of the statistical results and placed the physical cavlielke et al. 1984; Fletcher and Steffens 1996; Gabriel
cept on a firmer scientific base (Cotton 1986). TH®99). In addition, it is important to consider the power
problem with a pure black-box experiment is that df the statistical method in order to determine the
just one weak link exists in the hypothesized chainlehgth of an experiment to obtain statistical signifi-
physical responses, all is lost without our knowingance (Gabriel 1999). Ryan and King (1997) also men-
which was the weak link (Cotton 1986). If measurdioned these issues in their review of the Australian
ments of the key links in the chain of physical evengxperiments.
associated with the seeding conceptual model had
been obtained, it might have been possible to detbct Cold-cloud seeding
the problem and alter the strategies and experimentalThe inception of the modern era of weather modi-
design to overcome the weakness (Cotton 1986). fication began with the discoveries of Schaefer (1946)
In physical experiments such as in the Cascadesimd Vonnegut (1947) showing that supercooled lig-
Washington (Hobbs 1975a,b; Hobbs and Radke 1974y water could be converted to ice crystals using ei-
the High Plains Experiment (HIPLEX-1; Bureau ofher dry ice or silver iodide. The motivation and
Reclamation 1979; Smith et al. 1984; Cooper amdnception of these projects were based on conceptual
Lawson 1984), and SCPP (Bureau of Reclamatiamdels developed from past experience defining con-
1983; Reynolds and Dennis 1986), the aim was to td#tons that are conducive to positive seeding effects.
the cause and effect relationships of key links in tAdese conceptual models were based on (i) visual
physical chain of events associated with the seediigservations of clouds that did not precipitate, (ii) the
conceptual model. presence of supercooled water, (i) the similarity with
The key benefits of a physical evaluation are thelbuds in other regions that responded positively to
it provides the information necessary to determiseeding, and (iv) data collected with aircraft and ra-
whether or not the seeding conceptual model is wodars, among others (Vali et al. 1988).
ing as postulated and, if not, why and where it is dif- Since the discovery of glaciogenic materials more
ferent. It provides the information needed to determitiean 40 years ago, both silver iodide and dry ice are
if and how the seeding methodology can be improvstill the most widely used cloud seeding materials in
(optimized), and finally it provides the informatiorthe world. Both materials enhance the ice crystal con-
needed to determine the conditions under which tbentrations in clouds by either nucleating new crys-
seeding methodology can be used in other geograpthis or freezing cloud droplets. Based on their
cal locations (transferability criteria), within the samiee-nucleating capabilities two seeding concepts have
country or other countries. However, the physical apeen proposed in the past, namely, the static and dy-
proach is not without pitfalls either. For examplajamic seeding concepts (Braham 1986).
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1) SrATIC SEEDING CONCEPT microphysical processes. However, such clouds do
(i) Convective clouds not contribute significantly to rainfall at the ground.
Some of the initial steps in this chain of events ha@®mnvective complexes contribute significantly more
been demonstrated in field measurements and labdlran semi-isolated cumulus congestus clouds to the
tory and modeling studies, including increased corainfall at the surface in most regions where a major
centrations of ice crystals and the more rapjahrt of the annual precipitation is the result of convec-
production of precipitation particles in cumulusive activity (Bureau of Reclamation 1979). However,
clouds. In the HIPLEX-1 experiment a detailed seedenvective complexes are much more complex dy-
ing hypothesis (Smith et al. 1984), together withreamically than the smaller clouds because they are, to
well-designed field program that monitored each stedarge extent, manifestations of mesoscale and large-
in the physical hypothesis, was conducted. Althoughkale dynamical processes.
the experiment failed to demonstrate statistically all The increases in precipitation at the ground due to
the hypothesized steps, the reasons for the failutke static seeding concept in convective cumulus
could be traced to the physical dataset (Cooper aiduds have in general been inconclusive and the ini-
Lawson 1984). This in itself is a significant result thatal optimism has been replaced by a more cautious
indicates the importance of the ability of physical meapproach. Braham’s (1986) list of factors that have
surements and studies to provide an understandindjmited research progress can be summarized in two
the underlying physical processes in each experimgntints: the large natural variability and an incomplete
It is interesting to note that although the HIPLEX-inderstanding of the physical processes involved.
seeding hypothesis called for the ice crystals producedThe Israeli experiments (Gagin and Neumann
by seeding to develop into graupel, measurements 881) have provided the strongest evidence to date that
-6°C in HIPLEX-1 clouds did indicate large numberstatic seeding of convective cold-based continental
of aggregates (Cooper and Lawson 1984). This waeuds can cause significant increases in precipitation
due to the short-lived nature of HIPLEX-1 clouds angh the ground. However, Rangno and Hobbs (1995)
the rapid decrease in supercooled liquid water, whibave questioned the validity of the conclusions of the
is the primary growth source for graupel. The aggrksraeli experiments. From their reanalyses of the
gates, on the other hand, had much lower fall velotsraeli | and Il experiments they claim that seeding-
ties than graupel particles and stayed aloft amtluced increases in Israeli | were contaminated by a
evaporated, resulting in no increase in precipitatiolype | statistical error (i.e., a lucky draw). In addition,
This result indicates that not all clouds may be ami&ey claimed that naturally higher precipitation in the
nable to seeding and that there exists a certain windoerth target area on seeded days during Israeli Il could
of opportunity. For the static seeding concept this opave been mistaken for a seeding-induced change in
portunity appears to be limited to continental colgrecipitation.
based clouds with top temperatures approximately The apparent decrease in rainfall in the south target
between-10° and-20°C, and limited to the time whenarea in Israeli || was linked to the incursion of desert
significant amounts of supercooled liquid water dust by Rosenfeld and Farbstein (1992). They suggest
available for growth by riming of the seeded producéldat desert dust contains more ice nuclei and also can
ice crystals (Cooper and Lawson 1984). provide coalescence embryos that can enhance the
Experiments that used a combination of the statillision—coalescence process in clouds, providing for
tical and physical approaches are the Canadian stobre efficient precipitation processes in the clouds.
ies by Isaac et al. (1977, 1982) and English and The original thought that clouds in Israel were con-
Marwitz (1981), the WMO Precipitation Enhancemetinental in nature and that ice particle concentrations
Project (WMO 1986; Vali et al. 1988), the Australiain these clouds were generally small for cloud tops
experiments (Ryan and King 1997), the South Afrivarmer tharr-12°C with neither coalescence nor an ice
can studies by Krauss et al. (1987), and others (ergultiplication process operating has also been ques-
Dye et al. 1976; Holroyd et al. 1978; Sax et al. 1978pned. Rangno and Hobbs (1995) and Levin (1992)
Hobbs and Politovich 1980; Orville 1996). presented evidence for the existence of large super-
Most of these experiments were conducted aooled droplets and high ice concentrations at rela-
semi-isolated cumulus congestus clouds to providéwely warm temperatures in these clouds. Although
relatively simple cloud dynamics framework to corthe measurements represented a limited number of
firm fundamental cause and effect relations of clowdses, it somewhat erodes the earlier perception that
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clouds over Israel were highly susceptible to seeding A review of the relevant literature immediately
(Gagin 1986; Gagin and Neumann 1974). highlights the correlation between the temporal and
The criticisms of Rangno and Hobbs (1995) hawpatial evolution of cloud liquid water (CLW) and the
generated a significant number of responses in t@mplexity of the terrain (Rauber et al. 1986; Rauber
scientific literature (Rosenfeld 1997; Rangno arghd Grant 1986; Marwitz 1986; Deshler et al. 1990;
Hobbs 1997a; Woodley 1997; Rangno and Hobbhkiggins and Sassen 1990). Rangno (1986) notes that
1997b; Ben-Zvi 1997; Rangno and Hobbs 1997the cloud variability encountered in several mountain-
Dennis and Orville 1997; Rangno and Hobbs 1997adus areas in the United States poses severe challenges
Although many of the issues were clarified by theser forecasting seeding opportunities and determining
comments, the perception that the Israeli experimeatreatment strategy, especially when seeding oppor-
were the most successful example of precipitatitumities are short lived. This conclusion was reiterated
enhancement has been weakened. by Super and Holroyd (1989) based on studies in Ari-
Mather et al. (1996) reported results from randormena where they specifically noted that, although CLW
ized cloud seeding experiments using dry ice in Sowtfas present in all storm systems, it was highly vari-
Africa. They hypothesize that their results do not table in time. However, in most of these studies, mea-
tally fit the static seeding hypothesis but also includgeirements of CLW with microwave radiometers
the freezing of large drops that grow much faster tharicated many hours of CLW that could potentially
graupel particles (Johnson 1987). The results from 12 seeded (Huggins 1995).
storms analyzed using radar data indicate that radar-The temporal and spatial variability of CLW also
measured rain flux and storm area from seeded clopdses a severe problem for targeting regions of CLW
were significantly larger than for the unseeded cloudgith seeding material. This was especially highlighted
In their analyses a floating target defined by the stoim seeding experiments over the Sierra Nevada
track from the radar was used. Although these resyBeshler et al. 1990), where the complete chain of
indicate increases in rain from specific storms, they dgents from seeding to precipitation could be docu-
not address the issue of rainfall increases over a targented in only 2 of 36 experiments. The authors as-
area on the ground. Results of this study also indicatgtbed the failures to difficult technical and logistic
that clouds in which the coalescence process waslanitations, and to the variability of even simple cloud
tive seem to be more amenable to seeding (Matlsgstems, and not necessarily to the seeding conceptual

et al. 1986). model. This was particularly evident in the spatial and
temporal distributions of CLW and in the natural fluc-
(ii) Winter orographic cloud seeding tuations in ice crystal concentrations. Huggins and

Since the first conceptual models (Bergeron 1949assen (1990) were also unable to document the physi-
Ludlum 1955), attempts began to increase winteal chain of events from seeding to precipitation at the
snowpack on mountain ranges by seeding clouds wétlrface in seeding experiments in the Tushar Moun-
silver iodide or dry ice, and several operational and tains in Utah. Once again, insufficient knowledge
search winter orographic cloud seeding programs halout the transport and dispersion of the seeding ma-
been conducted worldwide. Many of the steps in tierial was quoted as one of the primary reasons for
physical chain of events associated with the static sefsilure. In the Utah experiment as well as in many other
ing concept have also been documented in these eographic seeding experiments, seeding generators
periments (Elliott 1986; Reynolds 1988; Reynolds amekre located in fixed positions upwind from the tar-
Dennis 1986; Super 1990; Reinking and Meitin 1983)et while the measurement facilities were concentrated
These studies have shown that seeding does increasesingle location downwind from the seeding gen-
precipitation under certain favorable conditionerators. These locations were chosen assuming a mean
(American Meteorological Society 1992) and can rg/ind direction and assuming that no changes in wind
sultin increases in snowpack. However, there are dtilfection occur between the seeding generator and the
many unanswered questions. In particular, the varialtédrget position. One would expect that with fixed seed-
ity of clouds in complex terrain and associated termg and target locations, seeding effects would only be
poral and spatial changes in wind flow and regions d@étected when the flow is parallel to a line connecting
supercooled liquid water lead to difficulties in the tathe seeding generator and the target. Thus, the oppor-
geting and dispersion of seeding material and the id&uimities to document the chain of physical events are
tification of suitable seeding situations. limited. This approach also assumes that CLW regions
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will always be present in the same location and thegeding release site and the target area. Although this
sufficient amounts are present for seeding materialremuires a dense network of sensors, recent studies
interact with and to produce precipitation in the ta(Bruintjes et al. 1994, 1995; Heimbach and Hall 1994,
get area. 1996) have shown the utility of using state-of-the-art
Due to the problem of insufficient knowledganodels for guiding and understanding the flow pat-
about the wind flow patterns and associated CLW tterns and associated CLW regions in complex terrain.
gions, some investigators proposed conducting cddrville (1996) provided a review of the important ad-
tinuous seeding during the entire storm duration in tiiances in modeling efforts for weather modification.
hope that seeding would have positive effects whanaddition, new observational tools provide the op-
CLW was present and no effects when CLW was natrtunity to address the above problems with renewed
present (Super and Holroyd 1989; Super 199@jgor.
However, this approach may further mask seeding
effects and may even have negative effects in certain(iii) Summary
instances. This may explain why some seeding experi-During the last 10 years there has been a thorough
ments in winter orographic regions have produced serutiny and evaluation of cloud seeding projects in-
ther inconclusive or negative results. volving the static seeding concept. Although there still
The results from the CLIMAX | and CLIMAX |l are indications that seeding can increase precipitation,
experiments (Grant and Mielke 1967; Mielke et ah number of recent studies have questioned many of
1981), which were the most compelling evidence the positive results, weakening the scientific credibil-
the United States for enhancing precipitation in wirty of some of these experiments. As a result, consid-
tertime orographic clouds, were also recently charable skepticism exists as to whether this method
lenged by Rangno and Hobbs (1987, 1993). Althoughovides a cost-effective means for increasing precipi-
the Rangno and Hobbs reanalyses still indicate a ptagion for water resources.
sible increase in precipitation of about 10%, which still
is significant, it is considerably less than originally 2) DyNAMIC SEEDING CONCEPT
reported. The second approach is the dynamic seeding con-
Ryan and King (1997) recently presented a coroept. The thrust of this concept is to seed supercooled
prehensive overview of more than 40 years of cloatbuds with large enough quantities of ice nuclei or
seeding experiments in Australia. They concluded thadolant to cause rapid glaciation of the cloud. Due
seeding was not effective in enhancing winter rainfatl seeding, supercooled liquid water is converted into
over the plains area of Australia. However, there wae particles, releasing latent heat, increasing buoy-
evidence to suggest that cloud seeding is effective forcy, and thereby invigorating cloud updrafts. In fa-
limited meteorological conditions in stratiform cloudsorable conditions, this will cause the cloud to grow
undergoing orographic uplift. Especially in thédarger, process more water vapor, and yield more pre-
Tasmanian program, strong statistical evidence fapitation. Furthermore, the formation of the precipi-
rainfall enhancement for cloud-top temperatures ki&tion might cause more intense downdrafts and
tween-10° and-12°C in a southwesterly airstreaninteractions with the environment, promoting more
was found. The reason for failures could in some iaetive convection.
stances be traced to insufficient knowledge, and flaws The dynamic seeding concept was first tested by
in the statistical design and conduct of the experimermpson et al. (1967). The hypothesized chain of
Ryan and King (1997) noted that extreme care need@nts in these earlier experiments has been summa-
to be taken in the statistical design and conductrifed by Woodley et al. (1982). Few of the hypoth-
cloud seeding experiments. esized steps in the chain of events have been measured
The timely identification of regions of supercooleth past experiments or have been verified and validated
liquid water and the efficient targeting and dispersidsy numerical models (Orville 1996).
of seeding material in mountainous terrain remains a Observations have shown the rapid glaciation of
difficult problem. This will have to be consideredeeded clouds (Sax et al. 1979; Hallet 1981), and some
when developing guidelines and strategies for dispeesdidence has been presented that clouds developed to
ing seeding material. An important aspect emphasizgaeater heights as a result of dynamic seeding
in nearly all past experiments was the need for mg&mpson et al. 1967). Due to the difficulty measur-
wind measurements in time and space between thg and documenting the chain of hypothesized re-

812 Vol. 80, No. 5, May 1999



sponses, the initial experiments including FACthich many of the steps in the chain are very difficult
(Florida Area Cumulus Experiment) -1 and FACE-@ measure. Therefore, if one link in the process is in-
(Woodley et al. 1982; Woodley et al. 1983) haveorrect, it would be very difficult to trace the effects
mainly resorted to a black-box-type experiment withf seeding, especially in convective clouds, which by
its resultant pitfalls (Cotton 1986). nature exhibit a large natural variability. Focused ex-
After some initial encouraging results, this conceperiments to collect measurements, as well as model-
has been explored in a number of projects. The resitig studies, are needed to validate and support this
from the Texas experiments (Rosenfeld and Woodlbypothesis.
1989, 1993) suggested that seeding with silver iodide Although rainfall increases from individual clouds
increased the maximum heights by 7%, the areasdiya limited scale have been documented, evidence on
43%, the duration by 36%, and the rain volumes of thaat the effect on area rainfall would be has not been
cells by 130%. Although these results are encourapcumented. This method therefore remains as yet an
ing, they also create new questions. The increasauimproven technology for increasing rainfall for water
cloud-top height is considerably less than originallgsources.
hypothesized or found in the earlier experiments.
In response to these findings, Rosenfield arrd Warm-cloud seeding
Woodley (1993) modified the initial hypothesis to Since its inception, the term “hygroscopic seeding”
explain the lack of increase in cloud-top heights frotras taken on slightly different meanings depending on
seeded clouds. While an unseeded cloud would the experimental design, type of seeding material used,
through five stages, including the cumulus growt#nd the type of cloud that was the subject of experi-
stage, supercooled rain stage, cloud-top rainout stagentation. In all instances the ultimate goal has been
downdraft stage, and dissipation stage, the seedeenhance rainfall by somehow promoting the coa-
cloud would go through several more stages. While tlescence process. The direct introduction of “appro-
first two stages are the same, the third stage woupldately” sized CCN that can act as artificial raindrop
show the first effects of seeding and is called the glembryos using either water sprays, dilute saline solu-
ciation stage. This stage also includes the freezingtiohs, or grinded salts are the most common hygro-
raindrops, which subsequently results in the unloagtopic seeding techniques used previously (Biswas
ing stage. The following stages include a downdrahd Dennis 1971; Murty 1989; Czys and Bruintjes
and merger stage, mature cumulonimbus stage, d884). The primary objective of introducing artificial
finally the convective complex stage. In cases wha@ndrop embryos (salt particles larger tharuh®di-
the buoyancy cannot sustain the water loading in theeter) is to short-circuit the action of the CCN popu-
glaciation stage, dissipation may follow. It has to Hation in determining the initial character of the cloud
emphasized that this is a proposed chain of events tihaiplet population and, thus, jump-start the coales-
has not been verified. cence process. This concept has been previously used
Rosenfield and Woodley (1993) suggested modir programs in the United States and other countries
fications to the conceptual model that included mo(Biswas and Dennis 1971; Cotton 1982; Bowen 1952)
attention to microphysical processes. The modifieshd is still widely used in southeast Asian countries
conceptual model involves the production and sustsd India (Murty 1989).
nance of greater precipitation mass at and above theAlthough this technique is widely used in countries
seeded region, which allows more time for continuéwl southeast Asia, the previous statistical experiments
growth of the cloud. The subsequent unloading of thigere generally inconclusive, although some suggested
enhanced water mass increases the downdraft and positive effects. Observations and modeling results
cipitation while at the same time allowing for addirave lent some support that under certain conditions
tional growth in the region that retains some of theith an optimal seed drop (artificial embryos) size
previously released latent heat. This modified concegptectrum, precipitation could be enhanced in some
assumes the existence of large drops that facilitate thauds.
rapid conversion from supercooled water to ice in the Disadvantages of this approach are that large quan-
cloud (Cotton 1982; Koenig and Murray 1976). tities of salt are needed and dispersion of the salt over
Although this conceptual model is plausible anareas comparable to a cloud inflow is difficult. In ad-
provides for a logical chain of events to enhance pution, the growth rates of the particles to raindrops
cipitation, it is a very complex conceptual model fanust be matched well to the updraft profile or their
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growth will be inefficient (Klazura and Todd 1978diameter) in an attempt to broaden the cloud droplet
Young 1996). The optimal seed drop size is a fungpectrum and accelerate the coalescence process. The
tion of the updraft velocity and the cloud depth, arturning flares provide larger CCN Q.3um diam-
depends on the mode of seeding [e.g., cloud basetar) to the growing cloud, influencing the initial con-
near cloud top; Rokicki and Young (1978); Tziviomlensation process and allowing fewer CCN to activate
et al. (1994)]. In a modeling study, Farley and Chéa cloud droplets. The larger artificial CCN would in-
(1975) found that salt seeding only produced a favibit the smaller natural CCN from nucleating, result-
large drops without significant effect on the preciping in a broader droplet spectrum at cloud base. The
tation process, unless drop breakup acted to indudewer cloud droplets grow to larger sizes and are of-
chain reaction that enhanced the effects of seeditemn able to start growing by collision and coalescence
While some positive effects have been attributed wth other cloud droplets within 15 min (Cooper et al.
such seeding (Biswas and Dennis 1971), seeding wvi#97), initiating the rain process earlier within a typi-
hygroscopic material has usually appeared less attreal cumulus cloud lifetime of 30 min.
tive than seeding with ice nuclei. While most hygro- The development of this approach was triggered
scopic seeding experiments using this approach seedgdadar and microphysical observations of a convec-
clouds with a wide range of seed drop diametetsje storm growing in the vicinity of a large paper mill,
Young (1996) pointed out that most seeding materighich indicated an apparent enhancement of coales-
might have been wasted, since only a small fractioance in these clouds as opposed to other clouds far
of the mass is near the optimal seed drop size. Taigay from the paper mill (Mather 1991). Earlier ob-
could explain why hygroscopic seeding with largeervations by Hindman et al. (1977) also suggested a
particles have produced widely different results.  similar connection between paper mills and enhanced
precipitation.
There are significant operational advantages to this
4. Recent progress form of hygroscopic seeding. The amount of salt re-
quired is much less, the salt particles are readily pro-
Recently a new approach to hygroscopic seedidgced by flares, and the target area for seeding is an
has been explored in summertime convective clouessily identified region at cloud base where the ini-
in South Africa as part of the National Precipitatiotial droplet spectrum is determined (Cooper et al.
Research Programme (Mather et al. 1997). This d®97).
proach involves seeding summertime convective Mather et al. (1997) reported the results from a
clouds below cloud base with pyrotechnic flaremndomized cloud seeding experiment that was con-
(Fig. 3) that produce small salt particles (aboutb- ducted from 1991 to 1996 in summertime convective
clouds in the Highveld region of South
Africa. The results of this experiment in-
dicated that precipitation amounts from
seeded storms were significantly larger
than from control storms (Fig. 11 of
Mather et al. 1997). The results were
statistically significant at the 95% con-
fidence level. Exploratory analyses in-
dicated that seeded storms rained
harder and longer than unseeded storms
(Mather et al. 1997). Mather et al. (1997)
also provided supporting microphysical
evidence that supported the physical hy-
pothesis. It is remarkable that statistical
significance was reached on such a small
sample set of 127 storms (62 seeded and
65 controls). Orville (1995) described

Fis. 3. Photograph of burning hygroscopic flares during a seeding experinfi@ results from this experiment as per-
in Coahuila, Mexico. haps the most significant scientific ad-
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vancement in the past 10 years in weather modifiégmpediments is the diffusion and transport of seeding
tion. A strong signal is readily detected, making stazaterial throughout the cloud. Weil et al. (1993)
tistical tests very reasonable (Orville 1995). showed that only after more than 10 min can a plume
The calculations of Reisin et al. (1996) and Cooeleased in a cloud spread over distances of several
per et al. (1997) support the hypothesis that the féitometers, as required to fill an updraft region of even
mation of precipitation via coalescence might bane cell. A possible solution to this problem is to seed
accelerated by the salt particles produced by the flath® strongest updrafts, which are expected to rise
These studies also found that for clouds with a matd- near cloud top, where any drizzle size drops pro-
time cloud droplet spectra hygroscopic seeding witluced might spread and be carried downward in the
the flares will have no effect, since coalescence is descending flow near the cloud edge. According to
ready very efficient in such clouds. However, the r&lyth et al. (1988), such material would spread
sults from the calculations should be interpreted withroughout the cloud and might affect large regions
considerable caution because they oversimplify tbéthe original turret and, perhaps, other turrets. Such
real process of precipitation formation. Cooper et @ .circulation is supported by the observations of Stith
(1997) identified some of the shortcomings in the cat al. (1990). In addition, the suggested dynamic ef-
culations related to mechanisms that broaden cldiedts of Bigg (1997) need to be further explored. These
droplet size distributions, sedimentation, and the pasncerns need to be addressed before this technique
sible effects on ice phase processes. can be accepted as a proven technique to enhance pre-
Bigg (1997) performed an independent analysis cipitation on the ground in different cloud systems
the South African experiments and also found that tasound the world. However, it is refreshing to see
seeded storms lasted longer than the unseeded stosarsie new promising techniques in the field of weather
Bigg (1997) also suggested some dynamic responsesdification.
which also were identified by Mather et al. (1997). Equally important for both hygroscopic and
Bigg suggested that the initiation of precipitatioglaciogenic seeding experiments is the fact that our
started at a lower height in the seeded clouds tharkimwledge of cloud physics/dynamics and statistics
the unseeded clouds and that a more concentraaed their application to weather modification has in-
downdraft resulted closer to the updraft. The surfaceeased substantially since the first cloud was seeded
gust front was thereby intensified and its interaction 1946. Technology development—such as aircraft
with the storm inflow enhanced convection. platforms with a variety of measuring systems, meso-
The promising new results of the South Africaacale and rain gauge network stations, and remote
experiment, as well as the model calculations, ledgensing techniques from both space and the ground—
the start of a new program in Mexico in 1996 usirgas introduced a new dimension to describe the struc-
the South African hygroscopic flares in a similar fastdre and evolution of cloud systems and has begun to
ion as in the South African program. The
program in Mexico is conducted unde
leadership of the National Center fo
Atmospheric Research in Boulder, Colo
rado. The program will take place ove
four to five years, including physical
measurements and a randomized seed
experiment. Figure 4 shows a picture ¢
typical convective clouds in Coahuila
and an overview of the experiment an
some preliminary results are provided b
Bruintjes et al. (1998).
Although this seeding method ang
the associated results have provided r
newed optimism regarding the probabil
ity of enhancing precipitation using
hygroscopic seeding, some critical prob
lems remain. One of the fundamental Fis. 4. Photograph of convective clouds near Monclova, Mexico.
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address with renewed vigor some of the questiomgo tracer materials that are used most often are chaff
raised in the previous sections. and SE. Both materials could be released from either
The last 10-15 years have seen significant progréss air or the surface. The dispersion and transport of
in the development of new instruments to probe thige chaff is monitored by radar, while the detection of
atmosphere and cloud systems. Microwave radiothe SE is usually conducted with aircraft equipped to
eters, multiparameter radars, and lidars make it poetect it at very low concentrations. (Stith et al. 1990;
sible to quantify seeding responses that previoustlimowski et al. 1998).
could not be measured. In addition, these new remoteEqually important are the advances in computer
sensors are capable of obtaining measurementsystems that are now able to handle very large amounts
higher resolution in both time and space than earl@rdata at high speeds, making it possible to use in-
instruments. With improved airborne instrumentationreasingly sophisticated and detailed numerical mod-
it is now possible to document the physical processas. In the past, weather modification experiments
in clouds in much more detail than a decade ago. Thesmrporating modeling efforts were primarily depen-
developments have introduced a new dimensiondent on simple one- and two-dimensional models to
describe the structure and evolution of cloud systerhelp understand atmospheric processes and to give
With the advent of multiparameter radars havirguidance during field experiments. However, three-
both Doppler and polarization measurement capabdimensional time-dependent models are now used in
ties, it is now possible to study the flow patterns the analyses of data from some projects. Field tests to
individual cloud systems and identify particle types imn these large models in an operational mode in the
the clouds. These measurements provide additiofield as part of weather modification efforts were con-
insight into the precipitation evolution in clouds. Suctlucted during two recent field programs in Arizona.
radars were used in a recent field program in Arizoithe preliminary tests were highly successful. The in-
and results obtained from measurements collected witht is to use these models in the future to guide seed-
these radars are described in Bruintjes et al. (1996) &mgloperations in real time and to help in the analyses
Reinking et al. (1996). In addition, these measuref seeding responses. Orville (1996) provides a com-
ments can be used to identify the effects of seedingmehensive overview of the use of numerical models
the evolution of precipitation (Klimowski et al. 1996)in the field of weather modification.
Satellite-based microphysical retrievals can be
combined with in situ cloud sampling to monitor the
effects of natural and anthropogenic aerosol or hyg®. Conclusions
scopic seeding material on droplet size evolution, and
the effects of ice-forming nuclei on ice-particle con- The potential technology of precipitation enhance-
centrations, both of which determine the efficiency ofient is very closely linked to water resources man-
precipitation production (Wetzel et al. 1996; Rosenfetyement. It is important that the users of this potential
and Gutman 1994). Wetzel (1995) has also studied taehnology are integrated into programs at a very early
application of future possible satellite spectral chastage in order to establish the requirements and eco-
nels (such as narrowband 0.85- anddn6ehannels) nomic viability of any program.
to improve microphysical analysis, such as identifica- The funding of weather modification research has
tion of glaciated clouds, and the discrimination afeen some dramatic changes over the past 40 years. In
clouds over high-albedo surfaces such as snow or sahd.United States it peaked in the early 1970s at about
In the case of glaciogenic seeding, the near-infrar®ti9 million (U.S.) per annum. By the 1990s this level
channels can be used to more effectively identifhad decreased to less than $5 million (U.S.) per year,
seeded clouds (Wetzel 1995), which have reduceith the largest part being funding by the NOAA Fed-
scattering due to phase change and/or modified paral/State Atmospheric Modification Program.
ticle size, as well as to discriminate clouds from fregkithough this program started to produce some excit-
snow cover. ing new insights into the field, it was canceled in 1995.
Substantial work has also been conducted in tfiee current budgeted amount of funding for research
past 10 years regarding the dispersion and transporthis field is about $0.5 million (U.S.) per year.
of seeding material in both convective and orographic Operational programs have increased in the last
clouds. The use of tracer material to tag a seededfev years but now without a sound scientific research
gion has been particularly helpful in this effort. Thprogram supporting them. Much of the research in
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precipitation enhancement is Currently being coBergeron, T., 1949: The problem of artificial control of rainfall
ducted outside the United States. One of the Ieadingon the globe. I. General effects of ice-nuclei in clod@dius,

: fam e 1,32-43.
causes for this demise in weather modification rEi- g, E. K., 1997: An independent evaluation of a South African

search ha_15 beer_1 the previous overselling of these prgﬁygroscopic cloud seeding experiment, 1991—19aB0s.
grams with claims that only a few more years of res.43,111-127.

research would lead to a scientifically proven techn@liswas, K. R., and A. S. Dennis, 1971: Formation of rain shower
ogy. This approach indicated to some extent ignorancedy salt seedingl. Appl. Meteor.10, 780-784.

regarding the complexity of the problems that the fieRpt: A- M., W. A. Cooper, and J. B. Jensen, 1988: A study of
. the source of entrained air in Montana cumuliAtmos. Sci.,
was faced with.

45,3944-3964.

Future investigations thus should concentrate 8Bwen E. G., 1952: A new method of stimulating convective
establishing a physical hypothesis that incorporates alklouds to produce rain and hajuart. J. Roy. Meteor. Soc.,
the major components of the precipitation formation 78,37-45.
processes in order to provide as sound a scientific Bgham, R. R., Jr., 1952: The water and energy budgets of the

. . . . . thunderstorm and their relation to thunderstorm development.
sis as possible for estimating the magnitude of theJ_ Meteor.9. 227—242.

ex_peCtEd effect. To attain thls ObJeCtl\_/e We will have—, 1979: Field experimentation in weather modificatidn.
to increase our understanding of the individual com- amer. Stat. Assocz4, 57-68.

ponents of the precipitation formation process—, 1986: Precipitation enhancement—A scientific challenge.
Progress in understanding a single component of thig>recipitation Enhancement—A Scientific Challerideteor.

process is intrinsically limited if an understanding of Monogr.,No. 43, Amer. Meteor. Soc., 1-5. _

Il the major components is not developed to com Ba{y'mjes.’ R.T. A J. Heymsfield, and T. W. Krauss, 1987: An
a | P p P examination of double-plate ice crystals and the initiation of
rable levels. precipitation in continental cumulus cloudsAtmos. Sci44,

It is very important not to make the same mistake 1331-1349.

with the new hygroscopic seeding method. Although—, T. L. Clark, and W. D. Hall, 1994: Interactions between to-
very exciting and promising results have been obtainedPegraphic airflow and cloud and precipitation development
to date, some fundamental questions remain that nee uring the passage of a winterstorm in Arizahatmos. Sci.,

: : . .-"51,48-67.
to be answered in order to provide a sound scientific_ ___ ;4 1995: The dispersion of tracer plumes in

basis for this technique. mountainous regions in central Arizona: Comparisons be-
As mentioned in the introduction, water is becom- tween observations and modeling resultsAppl. Meteor.,

ing an ever more scarce and precious commodity34,971-988.

around the world. The potential societal benefits of + R- F- Reinking, B. W. Orr, B. A. Klimowski, and E. A.
initation enhancement are therefore too importan Betterton, 1996: Observational study of silver iodide seeding
precipt P 'in a gravity wave cloud in Arizona. Preprinigth Conf. on

for us to ignore, al’.ld a coordinatgd St_r_aIGQY_Shomd b&blanned and Inadvertent Weather Modificatiatianta, GA,
developed to provide a sound scientific basis for pre-Amer. Meteor. Soc., 1-8.

cipitation enhancement programs. With the new toets—, D. W. Breed, M. J. Dixon, B. G. Brown, V. Salazar, and
and techniques, the scientific community has an ex-H- Ramirez Rodriguez, 1998: Program for the Augmentation
cellent opportunity to provide new insights, and to of Rainfall in Coahuila (PARC): Overview and preliminary

ib b il he b fit of results. Preprintsl4th Conf. on Planned and Inadvertant
contribute substantially, to the benefit of water re- Weather ModificationEverett, WA, Amer. Meteor. Soc.,

sources management around the globe. 600—603.
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