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EXECUTIVE SUMMARY
The Workshop on Hygroscopic Seeding: Experimental Results, Physical Processes, and
Research Needs was held in Mazatlan, Mexico under sponsorship of the World
Meteorological Organization, the State of Durango, Mexico, and the U.S . National Center
for Atmospheric Research. Its purpose was to review three recent rain enhancement
projects utilizing hygroscopic seeding techniques that had claimed positive rainfall
increases from seeding, and that had supporting statistical evidence. An important part of
the workshop was also to assess the current state of knowledge in the field of rain
formation, and to consider the physical effects that seeding with hygroscopic particles
might induce. Armed with this knowledge, the participants were asked to propose what
the next steps should be in furthering our understanding of the physical processes
involved, and possibly in moving ahead with this technology.
The three experiments were conducted in South Africa, Thailand, and Mexico, and all
involved randomized seeding trials. It was recognized that substantial resources had been
assembled for these experiments and that care was taken to develop the necessary
specialized manpower. The Governments and institutions behind this work were
congratulated for their foresight in supporting these exciting scientific and technological
efforts.
The workshop participants found the recent seeding results to be highly interesting, as
well as intriguing. The common elements of the three randomized experiments were (1)
seeding with hygroscopic particles, (2) evaluation using a time-resolved estimate of storm
rainfall based on radar measurements in conjunction with an objective software package
for tracking individual storms (different software was used for each experiment), and (3)
statistically significant increases in radar-estimated rainfall. The Mexico experiment was
designed to replicate, if possible, the South Africa experiment, and employed endburning flares to dispense the seeding agent. The results were found to be remarkably
consistent. Increases in target cloud radar-estimated rainfall were deduced in the period
30-60 min after seeding in both cases (a somewhat later time period than might have been
expected).
The warm clouds studied in Thailand were seeded by the direct injection of salt particles,
and the results held further surprises. The analysis revealed an increase in the radarestimated rainfall, as in the other two experiments. However, the increase did not show
up until 1-4 hours after seeding, rather than being in the first hour, as in South Africa and
Mexico cases. Furthermore, the result was shown to be a result not of increased rain
from the clouds actually seeded, but rather from the secondary clouds initiated by the
seeded clouds.
The reported results dealt with single-cloud experiments. It was agreed that an important
next step would be to demonstrate that cost-beneficial increases in rain could be achieved
on an area-wide basis. This has not yet been done.
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While the randomized seeding results were viewed as very exciting, the workshop
participants concluded that the chain of physical events that might be responsible is not
well understood. It is generally accepted that this second pillar of scientific
understanding is needed to reinforce the statistical results before such results can be fully
accepted.
Research topics thought to be of the highest priority in resolving the scientific questions
were discussed. These included details of the microphysical responses to seeding, and a
coupled cloud-dynamical response that seemed to be taking place. It was thought that the
latter might be critical to the rain enhancement effect. In Mexico and South Africa, for
example, it was shown that the seeded clouds lived longer than the control clouds. In
Thailand, as noted earlier, the seeding effect was found only in the secondary clouds.
Such results were not anticipated in the original seeding hypotheses.
The possibility was raised that the apparent seeding result might be due to seedinginduced drop size changes that would affect the radar estimation of rainfall. Arguments
were made on both sides, and suggestions for addressing the question were considered.
The workshop participants concluded that while the recent experiments were quite
encouraging, there were nonetheless a number of cautionary points that needed to be kept
in mind. These included the absence of an experiment showing an area-wide effect, the
lack of physical understanding, and the use of radar alone to estimate rainfall, as noted
above. It was emphasized also that the results from the three experiments could not
automatically be transferred to a new geographic area, since the background aerosol is
thought to be very important in the process. It was also urged that education and.training
be considered a fundamental part of the activity of any institution considering
involvement in rain enhancement experiments or operations.
The recent experiments, if accepted, lead beyond the classical result in cloud physics
linking cloud condensation nuclei and droplet spectra at cloud base to the efficiency of
rain (for example, the probability that a cloud of a given depth will produce rain).
Rather, these experiments suggest that CCN affect the total rainfall from a cloud, and
apparently also the longevity of the cloud. This would have important practical
implications not only for water resource issues, but also for such things as global change
(for example, a regional change in CCN might easily accompany a mean change in
temperature) and quantitative precipitation forecasting.
The final and perhaps the strongest conclusion of the workshop was that the experimental
results were sufficiently exciting, and the topi.c sufficiently important, that a new
international initiative should be launched to understand the physical processes taking
place. It was recommended that a major cooperative field experiment employing modern
instrumentation be planned and carried out in the near future.
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1. INTRODUCTION
Water is one of the most basic commodities on earth and sustains all 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 water demands. These demands
result from changes in land use and growing populations.
All fresh water, whether on the surface or
underground, comes from the atmosphere in
the form of precipitation, and to a lesser
degree fog and dew. This has prompted
atmospheric scientists to explore the
possibility of augmenting water supplies by
means of cloud seeding as one possible
mitigation strategy among a multitude that
could be considered (e.g., conservation,
improved agricultural practices, etc).
In the last ten to fifteen years significant
progress has been made in the development
of new instruments to probe the atmosphere
and cloud systems. Microwave radiometers,
multi-parameter radars, and lidars make it
possible to study seeding responses in ways
not previously possible. In addition, these
new remote sensors are capable of obtaining
measurements at higher resolution in both
time and space than earlier instruments.

"Sin agua no hay vida"
Central importance of water to life,
particularly in arid regions, as depicted
in this cartoon from the lnstituto
Mexicano de la Tecnologfa def Agua.

With improved airborne instrumentation, it is now possible to document the physical
processes in clouds in much more detail than a decade ago. These developments have
introduced a new dimension to describe the structure and evolution of cloud systems.
Equally important are the advances in computer systems that are now able to handle very
large amounts of data at high speeds, making it possible to use increasingly sophisticated
and detailed numerical models.
During the last ten years there has been an in-depth scrutiny of past experiments using
glaciogenic seeding. There exist indications that seeding has increased precipitation. A
number of recent studies have questioned some of the positive results and their
underlying hypotheses. On the other hand, exploratory analyses of some experiments
have indicated positive effects of seeding under restricted meteorological conditions in
non-targeted areas and for reasons not contemplated in the guiding conceptual seeding
models. However, these have not yet been confirmed through subsequent
experimentation. Faced with these uncertainties some skepticism exists as to whether
glaciogenic methods constitute an effective, proven means for increasing precipitation.
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During the World Meteorological Organization (WMO) 6th and 7th Scientific Conferences
on Weather Modification held in Paestum, Italy in June 1994, and Chiang Mai, Thailand
in February 1999, several interesting reports were presented on results from seeding
experiments in South Africa, Mexico and Thailand using hygroscopic agents. These
efforts included randomized cloud seeding experiments and limited physical studies, and
resulted in strong statistical evidence indicating radar-measured increases in rainfall. The
statistical results indicated that the increases in rainfall were due to seeded clouds living
longer and producing rain over a larger area. In response to these developments, the
Thirteenth World Meteorological Congress in May 1999 noted this emerging new aspect
of weather modification and its application to water resources management. Impending
water stresses for two-thirds of the world's population were cited by the year 2025. It was
noted that weather modification techniques need to be more fully understood and
developed to establish if they can contribute to the management of the world's water
resources. The meteorological community must be prepared to offer advice on the
efficacy of cloud seeding. It is important to note that although promising results have
been obtained with hygroscopic seeding, some fundamental questions remain that need to
be answered in order to provide a sound scientific basis for this technology.
The WMO Executive Council in May 1999 requested the EC Panel of Experts/CAS
Working Group on Physics and Chemistry of Clouds and Weather Modification to review
those activities. The EC Panel of Experts/CAS Group subsequently in collaboration with
the National Center for Atmospheric Research in the U.S. and the State of Durango in
Mexico organized in Mazatlan the Workshop on Hygroscopic Seeding: Experimental
Results, Physical Processes, and Research Needs. The objectives of the workshop were
to review the recent hygroscopic seeding expe1iments, to review our knowledge of the
physical processes that might be involved, and to make considered recommendations
about where the field should go from here.

1.1 Opening of the meeting
The meeting was opened by the Co-Chairmen, Drs. Foote and Bruintjes, who thanked the
participants for attending, mentioned the important roles of the World Meteorological
Organization and the State of Durango, Mexico, in organizing the workshop, and
discussed the main objectives that were sought. Dr. Ulises Adame de Leon also
addressed the participants on behalf of the State of Durango, noting the critical
importance of water resources to this part of the world, and the specific interests of the
government of Durango in a scientific evaluation of rain enhancement by hygroscopic
seeding.
On behalf of WMO, Mr. J.-P. Chalan, chairman of the EC Panel of Experts/CAS
Working Group on Physics and Chemistry of Clouds and Weather Modification Research
thanked the State of Durango for hosting the meeting and providing excellent facilities.
He also thanked the National Center for Atmospheric Research for organizing the
workshop. He then reminded the participants that the WMO has a strong interest in the
domain of weather modification research and in particular when it is associated with
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water resource management. The WMO has been organizing weather modification
conferences since 1973 when the first one was held in Tashkent, Uzbekistan.

1.2 Organization of the workshop
The Mazatlan workshop consisted of a series of prepared talks by internationally
recognized experts on the following general themes:
• Review and discussion of the experimental evidence for rainfall increases
produced by seeding with hygroscopic chemicals
• Review and discussion of our knowledge of cloud physical processes that could
be important for these results
• Suggestion and discussion of hypotheses that might explain the results
• Review and discussion of observational and modeling tools that could be used to
sort out the issues and increase our understanding of relevant physical processes
The presentations were then followed by a general discussion and sharing of ideas on
what should be done now in moving forward to understand these results and, if
appropriate, in further evaluating and adopting such a potential technology.
The present report follows closely the format of the original presentations and
discussions.
The organization of the workshop was the result principally of the Co-Chairmen and
report editors, Foote and Bruintjes. However, special acknowledgment is due a number
of people for their efforts, including: Dr. Al Cooper, for his thoughtful suggestions in
developing the agenda; Ms. Rose Lundeen and Dr. Guadalupe Razo, for a wide variety of
logistical concerns of the utmost importance to a meaningful meeting; Dr. Ulises Adame
de Leon for his support and co-sponsorship of the meeting; and Mr. J.-P. Chalon, Dr. F.
Delsol and the WMO for providing motivational and financial support. Finally, the
excellent participation and contributions of the workshop attendees should be noted as the
single most important ingredient to the workshop's success. The attendees are listed in
the Appendix. All of them contributed written material to the present report.
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2. SUMMARY OF RECENT HYGROSCOPIC SEEDING
EXPERIMENTS
2.1 South Africa
Microphysical observations over a Kraft paper mill near Nelspruit (Mather, 1991) and in
the Bethlehem area during a very wet 1988/89 summer season highlighted the importance
of coalescence and its links with CCN. After an international workshop in the Kruger
National Park, which led to the formation of the National Precipitation Research Program
(NPRP) in 1990, work started on a fresh approach to rainfall enhancement in South
Africa. Modifying the CCN ingested in the updrafts of convective storms with
hygroscopic flares in an attempt to enhance coalescence became the focus. The databases,
extensive experience and unique observational and analysis tools developed in the course
of the previous glaciogenic cloud seeding experiments provided an excellent basis and
infrastructure to test the new concept.

2.1.1

The randomised experiment

Initial seeding trials using the hygroscopic flares and some model calculations led to the
design of a randomised experiment that was conducted between 1991 and 1996. A total
of 127 storms were selected during the experiment (62 seed and 65 no-seed). Seventy
five of these storms were selected in the Bethlehem radar area and the remainder in the
Carolina radar area (to the south-east of Nelspruit). The experimental design, operational
procedures, data analysis techniques, and results of this experiment are described by
Mather et al. (1997).
A quartile analysis ofradar-derived rain mass at lowest scan in 10-min intervals
referenced to decision time is shown in Figure la. Significant differences are found in all
three quartiles with P-values of< 0.05. Apart from this quartile analysis reported in
Mather et al. ( 1997), an analysis was also done to determine the difference between the
means of radar-derived rain mass for all the seed versus no-seed cases. Accumulating
these means for the 60 min after decision time results in a difference of approximately
20%, with a P-value of< 0.05. This difference is smaller than would be expected from
the median (second quartile) analysis shown in Fig. 1, indicating the sensitivity of means
to outliers. A quartile analysis was found to be more effective in investigating differences
in the two groups. In this experiment the outliers inadvertently favoured the no-seed
cases.

2.1.2

Towards the operational application of hygroscopic flares

Early in 1995 the Northern Province government approached the NPRP to employ cloud
seeding as an emergency response to drought in the province. Before the inception of the
"Northern Province" project, it was decided that radar data should be collected and
analysed in a way similar to that in the randomised experiment, to ensure the possibility
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of developing scientific verification techniques. Operations started in March 1995 and
continued through the next two seasons. No randomization was possible.
As most of the storms in this semi-operational programme were selected early in their life
times, a "time-of-origin" analysis was developed to attempt to compare seeded storms
with unseeded storms. The initial growth rate in radar-derived rain mass of the seeded
storms, before effect by seeding can be expected, was used to match each seeded storm
with an unseeded "control." The operational design, procedures, storm matching and
data analysis techniques, including the exploratory findings of this project, are described
by Terblanche et al. (2000a).
A quartile analysis of radar determined rain mass at lowest scan for the 60 seeded storms
versus their 60 matched "controls", referenced to time of storm origin, is shown in Figure
lb.
The means of the seeded and control group were determined in a similar manner as in the
randomized experiment. Accumulating the means for the 100-min time interval during
which the storms were tracked, the difference between seed versus "control" came to
approximately 60%. Reasons for the factor of three difference between this result and that
from the randomised experiment could be: (i) the previously mentioned sensitivity of this
type of analysis to outliers, (ii) the fact that the number of flares used per seeded case in
the semi-operational project was not limited as before and seeding in general continued
as long as favourable updraft existed, and (iii) the analysis was extended to 100 minutes
and therefore includes a longer interval of marked seed versus no-seed differences (see
Figure 1 a and b ).
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Figure 1. Quartile-analysis of radar-derived rain mass of: (a) the 62 randomly seed (solid) and
65 no-seed (dashed) storms and, (b) the 60 operational seed (solid) and 60 paired (dashed)
storms. Radar-derived rain mass is defined here as the radar-estimated precipitation flux
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2.1.3

South African Rainfall Enhancement Pro gramme

During 1997 the NPRP came to an end and later that year the South African Rainfall
Enhancement Program (SAREP) was initiated with a shift in focus towards the logistics,
verification techniques and benefit-cost ratio (within the water resources and agricultural
sectors) of applying hygroscopic flare seeding in an attempt to affect area rainfall. To
date 55 storms have been seeded as part of this program despite a very unstable funding
situation, partially caused by the number of new (equal) partners in the program. The
"Time of origin" analyses of the data show remarkable consistency with previous results.
In the recent past an independent co-ordinator has been appointed to integrate the various
components (meteorology, water resources and agriculture) of the program.
Determining the benefit-cost ratio of this operational program is crucial to the funding
organizations that now include the departments of Water Affairs and Arts, Culture,
Science and Technology. Theoretical studies by the hydrological community have
projected a -25% increase in annual run-off in typical Highveld catchments if the annual
rainfall could be increased by 7%. If attainable, this would result in additional water at
about 1/5 the cost of the cheapest alternative in South Africa. However, it is important to
note that this study was based on a hypothetical increase of 7% in area-wide rainfall. No
program, including the experiments described in this document, has shown yet that this
increase in possible.

2.1.4

Conclusions and the way forward

Moving from storm-based results to establishing an area-wide effect (realizing, say, a 7%
rainfall increase) is a complex task. Along with all the work still necessary to better our
understanding of the early links in the rainfall formation process and how hygroscopic
seeding effects these processes, there is also the need to solve the outstanding issues on
the other end of the scale.
"Acceptable" proof of positive seeding effects on storm-scale rainfall (the familiar
experimental unit) is a prerequisite to proving area-wide rainfall increases. The total
seeding effect of all seeded storms' rainfall should quantitatively match the area effect.
Based on the results highlighted here, simple calculations can give indications of the
number of storms to be seeded and the size of the target area over which a 7%, say,
increase in annual rainfall is desired. An example of this type of calculation is given
below:
Assume the target area of 10,000 krn 2 receives 600 mm per year. A 7% increase
translates to 42 mm. If we receive 600 kton more rain on average per seeded case
(as the results from the semi-operational accumulated mean radar-derived rain
mass might indicate) the number of storms to be seeded can be determined as
follows: Additional rainfall per seeded case over target area= 600 kton/10,000
krn2 = 6 X 10-2 mm. Number of storms to realize 7% increase (42 mm)=
42 mm/(6 X 10-2 mm) = 700 storms
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Clearly, 24-h coverage by radar is necessary to determine whether this number of
treatable cases would present themselves in the target area per season. In South Africa the
number of available storms does not seem to be the limitation but seeding material
delivery by aircraft surely is. New methods to accurately deliver seeding material is one
of the biggest challenges that need to be overcome before convective storm rainfall
enhancement using hygroscopic flares can be used to realize area-wide rainfall increases.
The South African experience and achievements could hold important lessons for the
demands that are facing this community in the 21st Century. Of specific relevance is the
manner in which verification techniques are being developed for operational convective
storm seeding projects. Also of importance is the manner in which the infrastructure
(radar, aircraft, surface monitoring networks etc.) is used for wider meteorological and
hydrological applications, contributing toward the integrated approach needed for the
water problems facing South Africa and many other areas of the world.
2.2 Thailand
A randomized, warm rain enhancement experiment was carried out during 1995-1998 in the
Bhumibol catchment area in northwestern Thailand. The experiment was conducted in
accordance with a randomized floating single target design. The seeding targets were semiisolated, warm convective clouds contained within a well-defined experimental unit which,
upon qualification, were selected for seeding or not seeding with calcium chloride particles
in a random manner. The seeding was done by dispensing the calcium chloride particles at
an average rate of 21 kg km- 1 per seeding pass into the updrafts of growing warm convective
clouds (about 1-2 km above cloud base) which had not yet developed or, at most, had just
started to develop a precipitation radar echo. The experiment was carried out by the Bureau
of Royal Rainmaking and Agricultural Aviation (BRRAA) of the Ministry of Agriculture
and Cooperatives (MOAC) as part of its Applied Atmospheric Resources Research Program
(AARRP) Phase 2. See Silverman and Sukarnjanaset (2000) for a detailed discussion of
the a priori design, the conduct and the statistical and physical results of the experiment.
During the four years of the experiment, a total of 67 experimental units (34 seeded and 33
non-seeded units) were qualified in accordance with the a priori design. Volume scan data
from a 10-cm Doppler radar at 5-min intervals was used to track each experimental unit,
from which various radar-estimated properties of the experimental units were obtained. For
the purposes of the statistical evaluation, the experimental unit consisted of all convective
clouds and entities, whether actually treated or not, within a circle having a radius that is
two times (radius multiplication factor) the radius of the unit as measured during the pretreatment qualification pass prior to its selection for randomized treatment. The statistical
evaluation of the experiment was based on a re-randomization analysis of the single ratio of
seeded to unseeded experimental unit lifetime properties. In 1997, the BRRAA acquired
two sophisticated King Air 350 cloud physics aircraft, providing the opportunity to obtain
physical measurements of the aerosol characteristics of the environment in which the warm
clouds grow, of the hydrometeor characteristics of seeded and unseeded clouds, and of the
calcium chloride seeding plume dimensions and particle size distribution. This was
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information directly related to the effectiveness of the seeding conceptual model that was
not available up to then.
The warm-cloud seeding experiment has provided strong statistical evidence that the
precipitation characteristics of clouds that were seeded with calcium chloride particles are
significantly different from that of their unseeded counterparts. It was found that the
average maximum radar-derived rain volume over the lifetime of the seeded clouds
(RVOLMAX) is 109% greater than that of the unseeded clouds, the average maximum
radar echo area over the lifetime of the seeded clouds (AMAX) is 64% greater than that of
the unseeded clouds, and that the average maximum radar rain volume rate over the
lifetime of the seeded clouds (RVRMAX) is 61 % greater than that of the unseeded clouds
(see Table 1). There is both statistical and physical evidence that the radar-estimated
increases in rain volume are, in fact, real and not an apparent effect caused by a seedingproduced shift in the existing rain volume into a narrow spectrum of fewer but larger
drops which yields a large radar return with little or no actual rain increase.

Table 1. Evaluation of the primary and secondary response variables in the warm cloud
calcium chloride particle seeding experiment. Values of SR-1 with P-values::; 0.10 are
shown in boldface; those with P-values ::; 0.05 are shown in italicized boldface.

Variable

AvgS

Avg NS

SR-1

P-value

RVOLMAX (X 103 m3)

137.10

65.61

1.09

0.020

0.27 to 1.80

RVRMAX (X 103 m3 h- 1)

315.76

196.47

0.61

0.07

-0.07 to 1.16

7.68

7.65

0.00

0.47

-0.23 to 0.21

ZMAX (dBZ)

38.98

43.93

-0.11

0.08

-0.28 to 0.02

DUR (min)

152.71

136.85

0.12

0.29

-0.28 to 0.45

AMAX(km2)

49.13

29.92

0.64

0.03

0.11 to 1.14

HMAX (km)

8

90% Conf Interval

The statistically significant differences between the seeded and unseeded experimental
units were not manifest in the relatively short-lived clouds in the experimental units that
were directly treated as envisioned by the seeding conceptual model. Instead, the seeding
effects were found in the untreated clouds in the experimental units that were
subsequently spawned by the treated clouds (see Figs. 2a and 2b ). Exploratory analyses
of the time evolution of the seeding effects revealed that the seeding conceptual model, as
originally stated, needed to be revised to explain the cause-effect relationship between the
seeding intervention and the observed results.
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Figure 2a. The average maximum value of (1) RVRMAX, (2) HMAX, (3) AMAX, and (4)
ZMAX in 10-min intervals after qualification for the seeded (black circles) and unseeded
(open circles) cases as a function of time for the treated-cell component of the experimental
units.
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Figure 2b. Same as Figure 2a for the untreated cells component of the experimental units.

It is now postulated that seeding warm convective clouds with relatively large polydisperse
calcium chloride particles will accelerate the coalescence process by initiating the collisioncoalescence process earlier in the life of the cloud. By reducing the time required for the
precipitation process to evolve with respect to the time available, rain efficiency will
increase such that the treated clouds will precipitate earlier and with greater intensity than
they would naturally, but they may not necessarily produce more rain than they eventually
would naturally. The change in the timing (and location) and/or intensity of the rain will
produce an enhanced downdraft, the gust front from which will trigger the successive
development of more vigorous second, third and fourth generation cells than those from
unseeded clouds, and they will produce more rain than their unseeded counterparts.

The warm-cloud seeding experiment has provided preliminary physical evidence that is
consistent with the strong statistical evidence, evidence that supports but does not yet
corroborate the physical plausibility that the effects of seeding suggested by the results of
the statistical experiment were, in fact, caused by the seeding intervention in accordance
with the revised seeding conceptual model. Additional physical studies need to be
conducted in order to clarify, confirm and extend the physical-statistical findings from
this experiment.
In general, a better understanding is needed of how the timing (and location) and/or
intensity of the downdraft affects the auto-propagation of a cloud system. In particular, it
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must be determined how seeding can be used to modify the downdrafts in a way that
enhances the auto-propagation of the cloud system. Doppler radar observations and 3dimensional mesoscale cloud model simulations of seeded and unseeded clouds will be
valuable assets in this regard.
It is unlikely that the application of this seeding methodology to individual convective
clouds will be economically viable. It will be necessary to adapt the seeding methodology
for application on an area-wide basis and to demonstrate that it is equally effective on the
larger scale. This will undoubtedly require the satisfactory resolution of additional
scientific issues and logistical challenges. Knowing precisely how the seeding conceptual
model works is the proper scientific basis for applying this seeding concept on an areawide basis. It will also provide the scientific basis for transferring the seeding technology,
when it becomes warranted, to other areas and to other types of clouds.

2.3 Mexico
In response to severe drought conditions in the early 1990s in the north of Mexico a
scientific program was started to evaluate the viability of increasing rainfall through
cloud seeding techniques. Termed the Program for the Augmentation of Rainfall in
Coahuila (PARC), a four-year program was started in 1996 and consisted of physical
studies and a randomized seeding experiment aimed at replicating the South African
hygroscopic seeding experiment discussed in Sec 2.1. The program was conducted in the
State of Coahuila in the north of Mexico bordering central Texas, with mountain ranges
of the Sierra Madre Oriental dominating the central and western regions of the state.
Elevations in the northeastern plains are approximately 220 m, while mountain ridges in
the central and southeastern parts of the state rise to over 3500 m. During the field effort
in 1996 (July-October), the emphasis was on establishing the infrastructure and
operations procedures for collecting data to assess weather conditions and cloud
characteristics in Coahuila. The goal was to evaluate the cloud microphysical
characteristics of the clouds in Coahuila and how they compared with the South African
clouds. Following the 1996 field season, an experimental design was formulated, based
largely on the work and results in South Africa (Mather et al., 1997), and a randomized
seeding experiment utilizing hygroscopic seeding material released at cloud base was
conducted in 1997 and 1998 (July-September). Physical studies were continued within
the constraints of the randomized experiment. Financial constraints have so far prevented
the final year of randomized seeding that was originally planned.

2.3.1

Research compounts

The primary tool for nowcasting and for quantitative evaluation of the seeding
experiment was a 5-cm wavelength weather radar. The TIT AN software (Dixon and
Weiner, 1993) was used for the display of radar data and aircraft position in real-time for
the purpose of directing operations. TIT AN was also used as the automated evaluation
software, defining the experimental unit and producing time-series of storm properties for
use in analysis. The aircraft used in the project was a Piper Cheyenne (PA-31 T) twin-
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engine turboprop airplane, equipped with wing-mounted racks carrying 24 hygroscopic
flares and a basic cloud physics instrument package.
Microphysical measurements revealed similar cloud droplet size distributions and CCN
spectra to those found in the Highveld region of South Africa. Convective storms in
Coahuila have the classic characteristics of air-mass thunderstorms formed under weak
upper-level flow. Of the 1085 storms tracked in 1996, the median storm duration
(reflectivities greater than 30 dBZ) was 0.6 hr with 90% lasting less than 1.4 hr. The
storms generally consisted of a few to several small cells. The median size of storms (size
being defined as the maximum area of the 30-dBZ echo during the storm lifetime) was 35
2
km and median cloud top heights were 9.1 km AGL. Storms also tended to move
slowly, consistent with the generally weak upper-level winds in the region. Ninety
percent of the storms had speeds of 5 m s- 1 or less, and over 50% had 2 m s- 1 or less.

2.3.2

Experimental design

The objectives of PARC were: (a) to determine whether there is an effect on rainfall from
seeding, and if so, understand the time history of such effects, the time-integrated effect
produced, and the probable cause; and (b) to test the concepts of the South African
experimental approach in a different environment. The operational procedure for PARC
followed the South African technique of introducing hygroscopic seeding material in
updrafts at cloud base during the developing stage of a storm. The same flare design as
in the South African experiment was used, and pilots with experience in seeding in South
Africa also flew the aircraft in PARC.
The randomization procedures were the same as used in the South African experiment.
The experimental unit was defined as the storm measured by the radar and tracked by
TIT AN, using a 30-dBZ threshold, for a time period of 20 min prior to decision time to
60 min after decision time. Here decision time is used in the same sense as the South
African work: the time when the pilot first selects a sample cloud. The TIT AN tracking
and analysis is fully automated to avoid the possibility of bias based on knowledge of the
seed/no-seed decision. TIT AN produces time series of storm properties for use in the
analysis. As suggested from the results of the South African experiment, the time-series
response variables included precipitation flux, total precipitation mass (referred to
sometimes as "storm mass"), precipitation mass above 6 km MSL, and storm area. Radarestimated precipitation measurements used a Marshall-Palmer Z-R relationship applied to
a composite of maximum reflectivities at any height in the storm, which minimizes any
range bias.
The hypothesis tested for each time-series response variable is that the value of the
variable was larger for seeded cases than for non-seeded cases during the time period 10
to 60 min after decision time. The null hypothesis was for no differences in response
variables for the seeded and non-seeded cases. The time-response variables were tested
using the first three quartiles of the distribution of values for seeded and non-seeded
cases. These variables were tested at 5-min intervals from 10-60 min after decision time.
A re-randomization technique was used to test the statistical significance of the
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differences in the quartile values of the time-series response variables at the specified
times.

2.3.3 Results
During 1997 and 1998 a total of 99 cases were selected for the randomized seeding
experiment. Of these 47 cases were seeded and 52 cases non-seeded. The results are
summarized in Figures 3 and 4. Figure 3 shows the percentage of active cases as a
function of time before and after seeding. It is evident that seeded cases tend to live
longer than unseeded cases.
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Figure 3: Percentage of active cases as a function of time after seeding for seeded (solid line) and
unseeded cases (dashed line). The numbers at each time interval after 20 min indicate the
number of active cases in each category.

Including all of the valid storms, Figure 4 shows the results of the quartile analysis for the
radar-estimated precipitation rate (flux, m 3 s- 1). The Precipitation Flux was calculated
using a Marshall-Palmer Z-R relation relationship Z =200R 1. 6 where Z is the reflectivity
and R the rainfall rate applied to a composite of the maximum reflectivities at any height
in the storm. The composite technique was used to minimize range bias. Three pairs of
curves are shown, one for each quartile. By 15 min after decision time, all three quartile
values of Precipitation Flux are larger for the seeded storms than for the non-seeded
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storms and remain larger throughout the time period of the analysis. Re-randomization
tests indicate that the differences are statistically significant after 30 minutes, especially
for the 2nd and 3rd quartiles. In many instances the seeded storms have precipitation rates
of up to a factor of two larger than the non-seeded storms.
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One of the main objectives of the Coahuila program was to determine if the South
African results could be replicated in another area of the world. Many past programs in
the world failed when attempts were made to replicate previously successful programs.
Figure 5 displays a comparison of the radar-derived rain mass in seeded (solid lines) and
non-seeded (dashed lines) cases for the three different quartiles as a function of time after
"decision time" for the South African (dark lines) and Coahuila (gray lines) experiments.
The radar-derived "rain mass" variable shown is used to compare with the South African
results. The Mexico data were averaged over 5-min periods, while the South African
data were averaged over 10-min. To be consistent, the combined results are plotted in
Fig. 5 as radar-derived "rain mass accumulated per minute." The results for both the
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South African and Coahuila experiments were statistically significant after 20-30 min and
remained significant for the remainder of the period. It is clear that the results from both
experiments are in good agreement. The main difference is that the storms in South
Africa tended to live somewhat longer than the storms in Coahuila. A likely reason for
this difference is that the atmospheric environmental winds in South Africa are stronger
than in Coahuila providing for better organization of the storms. The comparison of
seeded with control storms shows a remarkable consistency between the two programs.
This is a very significant finding. Such a replication of results provides confidence that
the apparent results did not occur by chance, but that seeding produced a real difference
in the development of precipitation in the clouds.

South African vs. Mexico Results
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Figure 5: Quartile values of radar-derived Rain Mass (Precipitation Flux integrated over 1 min)
versus time after "decision time" for seeded and non-seeded cases for the South African (dark
lines) and Coahuila (gray lines) experiments. 1st quartile is the value of Rain Mass that is
larger than the value for 25% of the storms; 2"d quartile value exceeds the value for 50% of
the other storms; and 3rd quartile value exceeds the value for 75% of the storms.

The results indicate increases in radar-derived precipitation from seeded storms as
compared with unseeded storms. As also discussed in earlier sections here, it still needs
to be demonstrated that such a result can be found for an area-wide effect. The physical
processes responsible for the apparent results found here are not fully understood.
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3. CLOUD PHYSICS STUDIES RELEVANT TO THE
HYGROSCOPIC SEEDING RESULTS AND SUGGESTED
HYPOTHESIS TO EXPLAIN THE STATISTICAL RESULTS
The three experiments summarized in Sec. 2 provide evidence that seeding with
hygroscopic salts can modify the rainfall from convective clouds. What can we say about
the possible processes involved based on our current understanding?

3.1 Understanding of seeding effects based on simple numerical models of the
processes
Results from two numerical models were presented at the workshop. They were aimed at
testing the hypothesis of hygroscopic seeding in convective clouds, show that
hygroscopic nuclei can produce rapid growth of cloud drops leading to earlier formation
of precipitation size hydrometeors. Both models show, however, that the role of the
background CCN (size and concentrations) is crucial for determining the effectiveness of
the seeded particles. This is primarily because the seeded nuclei compete with the
background aerosols for the available water. Having relatively high concentrations of
large effective background CCN prevents the seeded particles from dominating the
growth.
A parcel model with detailed treatment of the development of the size spectra by
condensation and collection (Cooper et al. 1997) shows that the use of giant nuclei, larger
than 10-µm radius, can lead to an earlier development ofraindrops. These drops grow by
collecting smaller drops, primarily those in the drizzle size range. But since the seeded
particles are all larger than 10 µm, very few drizzle drops remain in the parcel once the
few large privileged drops grow to raindrop size (see Fig 6). In other words, the rapid
depletion of the drizzle size drops limits the production of many other raindrops. As a
result, although the rain develops early, the rain does not last very long and its
contribution to the total rain on the ground may be limited. It should be emphasized that
this model does not compute the effect of the drop breakup, a process that could possibly
enhance the concentration of the drizzle size drops.
In contrast, introduction of much higher concentrations of 1 µm particles can lead to
competition with the natural CCN, in which activation of the seeded particles prevents
activation of the natural CCN and in appropriate cases leads to reduction in the total
concentration and broadening of the droplet size distribution. The result is the initiation
of an active coalescence process, in some cases leading to high concentrations of drizzle
along with the production of rain.

The two-dimensional model (Levin et al. 1999) also treats the drop growth in great detail
in a framework that allows for precipitation to fall and to interact with the growing drops
below. The model also treats the growth of the ice phase in the cloud, allowing for ice to
form by heterogeneous nucleation on ice nuclei and by the Hallett-Mossop mechanism.
Since the latter process depends on the drop size at the -5°C temperature level(> 24 µm
diameter), any mechanism, like seeding, that could enhance the production of such large
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drops at this level would enhance ice formation also. The model shows similar results to
those of the parcel model. It shows that seeding particles having a size spectrum with
very large particles, including sizes larger than 10 µm, are very effective in enhancing
precipitation. The same is true when the seeded particles are all larger than 1 µm.
However, when all the seeded particles are smaller than 1 µm, the model-produced net
effect on the rain production is negative in most cases because the competition with the
natural nuclei becomes an issue.
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Figure 6: Mass distribution functions showing the results of condensation and coalescence for the
continental case seeded with 10-µm hygroscopic particles in a concentration of 10 L-1, after
20, 400, 500, and 600 s after the passage through cloud base. The distribution function g(x)
(where x is the cloud d:oplet mass) is weighted by x2 to show the distribution of liquid water
content with a logarithm mass. The true abscissa for this distribution function is mass x, but
the abscissa is labeled here in terms of equivalent droplet diameter. The ordinate in these
plots is equal to one-third of the distribution function g(ln r) used by Berry and Reinhardt
(1974a, b) to display the liquid water content (from Cooper et al., 1997).

The effect of seeding clouds with different background CCN concentrations shows that
those growing in an environment with less than about 350 CCN per cm3 , having more
maritime characteristics with enough large size CCN, are not responding favorably to
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hygroscopic seeding (see Fig. 7). Apparently, the presence of the large natural nuclei
produced large drops on their own, preventing the seeded particles from growing.
One important feature of the results from this model is that for seeding to be effective it
has to take place within a narrow time window, corresponding to the time when rapid
growth of the drops is just beginning. Further modeling studies on this topic have been
reported by Yin et al. ( 1998) and Yin et al. (2000a, 2000b).
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Although the two models are different, one of the main conclusions that emerges is that
the seeded particles have to be larger than about 1 µm. However, the question that needs
to be resolved is whether it is more advantageous for most of the particles to be about 1
µm or should they be larger than 10 µm. It is clear that in a warm cloud, the role of the
drizzle could be important in maintaining the growth of many other drops to raindrop
sizes.

3.2 The production of precipitation embryos in convective clouds: cloud droplet
spectral broadening and the role of mixing and giant aerosol
The objective of this section is to evaluate hypotheses related to the production of
precipitation embryos in convective clouds. For the purposes of this section, a
precipitation embryo is defined as a droplet large enough to initiate the collision coalescence process in a traditional differential fall velocity setting. Specifically, an
embryo will be taken as a droplet of diameter near 50 µm.

In a general sense, the production of precipitation embryos and the onset of collision coalescence are related to spectral broadening. The subject of spectral broadening is
particularly relevant in the context of hygroscopic seeding. For example, the detailed
microphysical calculations of Cooper et al. ( 1997) illustrate the importance of
understanding the degree of natural spectral broadening in convective clouds when
evaluating hygroscopic seeding: "The advantage that seeding provides can thus be
reduced substantially if there is a source of broadening beyond that incorporated in these
calculations."
The most recent measurements with the Fast FSSP in adiabatic cloud regions show
significant spectral broadening on the small-droplet end of the spectrum. Broadening on
the large end of the spectrum is more difficult to assess due to the problem of coincidence
measurements, but available data show relatively small concentrations of "superadiabatic" droplets when instrument effects are accounted for. Actual droplet spectra
observed in clouds are often compared to a reference spectrum derived from the observed
cloud condensation nuclei spectrum with a conventional model of droplet growth by
vapor diffusion in a convective adiabatic parcel. Superadiabatic droplet growth refers to
the observation of a relative concentration of big droplets larger than in the reference
adiabatic spectrum. The problem merits further work as it appears that even slight
spectral broadening, for example the production of a relatively small number of "superadiabatic" droplets, will have important consequences for cloud evolution and the
formation of precipitation.
The following sections provide a number of hypothesized mechanisms for the production
of precipitation embryos and suggested actions for the future.

3.2.1
•
•

Ultra-giant nuclei (UGN)
50 µm CCN in concentrations of a few per liter or more are required.
Effectiveness of this mechanism has been verified numerically, assuming UGN
exist.
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•

Observational verification has been ambiguous due to possible contamination in
clear air by precipitating particles and the poor sampling capability of existing
particle counters.

Actions: High priority for the experimental verification of the existence of UGN.

3.2.2
•
•
•

Entrainment-mixing
Has been observed to produce broadening of droplet spectra.
Mixing with air originating from higher than the cloud base is efficient at
broadening cloud droplet spectra but it also reduces LWC.
As large values of LWC are favorable to the collision coalescence process, it is
necessary to examine how the loss in LWC could be compensated by spectra
broadening for it to increase the collision efficiency in mixed regions.

Actions: Both modeling and experimental work are needed. Modeling to characterize the
most favorable conditions for the production of precipitation embryos and experiments to
verify the modeling results.

3.2.3
•

•

Inertia effects
Effect of preferential concentration on droplet growth: Recent observations from
small cumulus clouds indicate there is no significant spatial inhomogeneity in
adiabatic regions of clouds.
Enhanced collision - coalescence due to turbulence.

Actions: Check experimentally the results obtained with the Fast-FSSP for droplet
concentration inhomogeneities using a different instrumental concept such as the PVM;
develop models of inertia-induced collision; simulate turbulence - cloud droplet
interactions in the laboratory.

3.2.4 Other sources of supersaturation fluctuations
• Localized inertia effects due to intermittency in turbulence
• Radiative flux divergences due to horizontal inhomogeneity in clouds
• Isobaric mixing in entrainment zones
• Most of these mechanisms are short lived, localized, and random so that a
cumulative effect is difficult to evaluate.
• Progress in these areas likely will be in the area of modeling studies.
3.2.5 Other effects
• Distribution of condensation coefficients.
• Most of the influence is expected to be near cloud base making a significant
impact on precipitation embryo production unlikely.
• Influence of electric fields on collision - coalescence processes.
3.2.6 Questions that should be answered relating to spectral broadening:
Where and under what conditions does spectral broadening occur in clouds? Does the
broadening produce small or large droplets, or both? How universal is the broadening
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phenomenon? Which hypotheses provide plausible explanations of the nature and
magnitude of the observed broadening?
Given the magnitude and environmental dependence of spectral broadening, what are the
implications for hygroscopic seeding? Do optimal conditions exist for hygroscopic
seeding based on the expected nature of spectral broadening?

3.3 How might hygroscopic seeding affect the ice process in storms, and is it
important?
The basic intent of hygroscopic seeding is to accelerate the coalescence process through
modification of the cloud droplet size distribution. However, that modification can also
affect ice phase processes in the clouds if they reach temperatures below 0°C, as occurred
in two of the experiments discussed in Sec. 2. There are a number of such potential
influences and the parameters involved in most are reasonably well known. Yet, the
impacts of changes in the overall evolution of the seeded clouds, and in the amount of
precipitation produced are not readily predicted. Just as there has been only limited
success so far in modeling the formation of precipitation in convective clouds in which
ice phase processes dominate, the effects of hygroscopic seeding on such clouds are also
difficult to assess with any confidence.
The most important elementary ice processes that are sensitive to the cloud droplet size
distributions are riming rates and secondary ice generation. Primary ice nucleation is not
expected to be influenced, unless the seeding material or other products associated with it
have ice-nucleating properties. This is not likely to be the case, as neither soluble
particles or combustion products are good ice nucleators. However, the seeding flares
have not been tested for ice nucleation activity, and doing so should be of high priority.

3.3.1 Riming
The accretion of cloud droplets by ice crystals is subject to alterations due to changes in
cloud droplet size distributions and the associated changes in collection efficiencies. To
the extent that hygroscopic seeding either increases the concentrations of the cloud
droplets at the large end of the spectrum, or shifts the whole spectrum to larger sizes, it
will increase the collection efficiencies of droplets on ice particles. The biggest effect of
this would be to speed graupel production somewhat. Only quantitative analysis can
assess the likely importance of this. However, one should expect it to be less important
than any process that increases the number of ice particles.
3.3.2 Secondary ice generation:
The breakup of ice crystals and the fragmentation of rime clusters on ice crystals are both
subject to changes as a consequence of broadened droplet size distributions but not
enough is known about these processes to make more precise statements about the
expected changes.
The most clearly established mechanism for secondary ice generation, the HallettMossop rime splintering process, is known in enough detail to consider the possible
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effects of altered droplet size distributions, and this effect is quite simple. The
probability of splinter production (per collision between ice crystals and cloud droplets)
is directly proportional to the number concentration of cloud droplets with diameters
exceeding 24 µm. Thus, if the shift in droplet spectra due to hygroscopic seeding can be
well predicted then the secondary ice generation rate that might arise in the cloud,
provided all other conditions for this process are fulfilled, can be readily estimated. In
clouds with bases at relatively warm temperatures (+10°C and higher), the impact of
hygroscopic seeding on the H-M process is likely to be small. The droplet spectrum at the
height of the -3 to -8°C temperature level (where the H-M process is active) will already
have a substantial concentration of droplets larger than the critical 24 µm size. The
closer cloud base is to the -3 to - 8°C temperature region the larger the potential effect of
hygroscopic seeding will be.
As in the case of riming, the generation of additional ice crystals via an accelerated H-M
process does not lead to a clearly predictable effect on precipitation efficiency. Model
experiments comparing the precipitation produced with or without the H-M process have
given somewhat divergent results, from no change in precipitation over the lifetime of the
cloud to relatively modest changes. Because of the multitude of processes influencing
precipitation efficiency, and limited by available moisture and instability, the impact of
the H-M mechanism, or of any other specific process, on the total amount of precipitation
is limited.
In light of: ( 1) the large uncertainties in the effect of hygroscopic seeding upon the ice
process (vis a vis precipitation enhancement), (2) the fact that the Thailand results could
not have involved the ice phase at all, and (3) the lack of either evidence for or any strong
expectation that the ice phase is involved in the hygroscopic seeding effects, it is
recommended that studies of ice phase processes should take a secondary role in
examination of hygroscopic seeding effects. Nevertheless, if a field study is linked to a
randomized seeding test and if a practical means is available, evidence of seeding effects
upon glaciation should be sought. Both ZDR and LDR from a sensitive research radar
could be employed, though LDR might only be useful at very short range.

3.4 Summary of results for the SCMS experiment
The Small Cumulus Microphysics Study (SCMS) was a field experiment near Cape
Canaveral, Florida in late summer of 1995. The purpose of the experiment was to
document the broadening of the cloud droplet spectrum, the onset of coalescence, and the
processes of mixing and entrainment in warm cumuli during their early stages. Because
of the relevance of those processes to the hygroscopic seeding issue, a summary is
provided here of the SCMS experiment.
The clouds studied exhibited a variety of CCN concentrations, and were limited to cases
with cloud tops at or below the freezing level. The collected observations included dualwavelength (10 and 3 cm) radar data, time-lapse video, environmental soundings and insitu dynamic, thermodynamic and microphysical data from three instrumented aircraft.
SCMS studies having direct bearing on hygroscopic seeding including observations of
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spectral broadening, ultra-giant aerosols (UGA) in the natural aerosol spectrum, and the
modeling of the role of UGA in warm rain formation. The pertinence of these topics to
hygroscopic seeding is discussed elsewhere in this document.
Brenguier and Chaumat (2000) and Chaumat and Brenguier (2000), using data from the
fast-FSSP, found little or no spectral broadening between cloud base and upper levels in
the adiabatic cores within these warm cumuli. This work thus suggests that entrainment
and mixing alone are responsible for broadening of the cloud droplet spectrum. French et
al. (2000) also suggested from aircraft measurements that mixing and entrainment
distributed drizzle drops throughout the entire cloud volume.
The common occurrence of first radar echoes quickly intensifying to 0 dBZ and greater
implies that coalescence often is initiated quickly in the Florida clouds. As a result much
of the analyses effort has been spent on establishing the presence of UGA in the
boundary layer air beneath cloud base, as well as investigating their role in warm rain
formation. Blyth et al. (2000) computed spectra of UGA from long time-averages (> 5
min) of 1-D image probe data collected in clear air at 500 mover the ocean surface. The
total concentrations, as well as the spectra themselves, were highly variable, even over
consecutive 5-min legs. It is unclear from these measurements if the UGA are highly
variable spatially, or if these findings are a result of an inadequate instrument sample
volume.
Simple modeling studies by Ochs et al. (1998), Blyth and Zhou (1998) and Lasher-Trapp
et al. (2000) suggest that the early radar echo development in the SCMS clouds can often
be explained by the growth of the UGA. Unpublished work by C. Knight using dualpolarization radar contains many cases of very large drops formed very early in the cloud
lifetime in these Florida cumuli, as determined by a large ZDR column extending through
the entire cloud. The importance of the UGA to warm rain formation remains debatable,
however. Lasher-Trapp et al. (1998) and Lasher-Trapp et al. (2000) found the UGA were
incapable of producing more than one raindrop per UGA (for UGA with original sizes >
35 µm) in a modeled cloud with a short lifetime (20-30 min). Cooper et al. (1996)
presented calculations from a parcel model that agreed reasonably well with the observed
in-cloud precipitation spectrum, without invoking UGA. In larger, longer-lived clouds
(storms) than observed during the SCMS, however, drop recycling and/or drop breakup
may enhance the importance of UGA to rain formation, perhaps substantially.

3.5 Hypothesized precipitation processes in multicellular storms that might explain
the seeding results
To understand how precipitation might be influenced in multicellular storms (having
sizes large enough to be significant contributors to regional rainfall), one needs to
confront the following problems:
1. Diffusion of seeding material is too slow to permit spread throughout a rising turret
during the typical ascent of a parcel in that turret. The spread of a seeded plume to a
width of about 1 km takes about 10 min or more, or (with typical parcel ascent rates
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of 5-10 m s· 1) a rise of 3-6 km. Similar considerations of the inflow to a storm versus
the inflow region that can be seeded suggest that it is difficult to affect a significant
part of the inflow of a storm if the seeding effect appears in the initial ascent of the
turret. This suggests, in accord with much observational evidence for natural storms,
that recirculation processes may be required if seeding is to affect a significant part of
the precipitation from a multicellular storm (unless dynamic effects from the seeding
play a predominant role in propagating the seeding effect as considered in the next
section).
2. The number of ultragiant particles produced by the flares seems inadequate to
produce a significant seeding effect, unless enhancement of the precipitation ~recess
by break-up occurs. The flares produce an estimated concentration <1000 m· of
particles larger than 10 µm (as measured behind a seeding aircraft where the plume
was about 10 min diameter). This suggests that the total number produced might be
about lOmx lOmx lOOms· 1 x17minx lOOOm-3= 10 10 particles. If each grows to
a 3 mm diameter raindrop, total rain mass is of order 108 g or, for a 1 km 2 area, a rain
depth of 0.01 cm. The concentrations are also too low to support significant
collision-induced break-up. (In contrast, drizzle concentrations up to 104 larger were
produced in some of the calculations.) This suggests that drizzle formed from
coalescence among droplets may be a significant source of embryos for rain
formation. If the source is giant particles, multiplication by break-up is needed.
3. Continuous-coalescence calculations indicate that, for growth to a 3 mm diameter
raindrop, a collecting embryo must fall over a trajectory having a path integrated
liquid water content of - 6 g m- 3 km; e.g., 3 g m-3 over 2 km. If it takes 10-20 min
for this to occur, this is most of the lifetime of a typical cell.
All these factors suggest that recirculation (embryos produced in one part of a turret
entering another part or another turret) may be needed to produce significant precipitation
in a multicellular storm. That leads to the following hypothesis for a microphysical
propagation of the seeding effect:
•
•

•
•

Hygroscopic-flare seeding enhances the production of drizzle.
Drizzle production occurs in near-adiabatic ascent of parcels (where LWC is
high), giving drizzle near the tops of new turrets and in downdrafts (which can
be stronger).
Recirculation is important, helping drizzle enter high-LWC regions of the
same turret and spread to other turrets.
Seeded storms will differ from unseeded:
Modified droplet size distributions near cloud base (in narrow regions
associated with the seed plumes)
Enhanced drizzle concentrations near tops of turrets in feeder or daughter
cells
Enhanced drizzle in downdraft regions at the edges of turrets
Back trajectories of raindrops that indicate growth from these regions of
high drizzle.
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3.6 Hypothesized dynamical processes that might explain the seeding results
The only direct intervention with processes in the treated clouds is a microphysical one,
so in the strictest terms the response must also be of microphysical origin. There may,
however, be a dynamical effect in the storms that is related to an initial microphysical
response, but that goes on to modulate or perhaps even dominate the rainfall production.
Such a possibility is considered here.

3.6.J

Suggestion of dynamic effects in the data

On the basis of coalescence growth calculations one would expect that seeding with
hygroscopic particles would produce rain earlier in suitable clouds (those with high
droplet concentrations) than would occur naturally. As summarized in Sec. 3.1, seeding
with particles larger than about 1 µm would be expected to initiate such an effect.

In view of these calculations, the experimental results summarized in Sec. 2 are
intriguing, since the differences between seed and control clouds show up later in the
storm lifetime, rather than earlier. In the South Africa and Mexico cases, the difference
became apparent after 20-30 min, rather than after, say, 10-20 min. Both experiments
also found that the seeded clouds appeared to live longer than the control clouds on
average.
In a further analysis of the South Africa data, Bigg ( 1997) showed that the storm decay
rates (proportional rate of change of "storm mass") were quite different for the seed and
control samples. This seems to argue for some dynamical process connected with the
seeding response.
In the Thailand case, the response to seeding was identified only in the progeny clouds
spawned by the original seeded clouds, not in the seeded clouds themselves. Since these
progeny are not themselves treated microphysically, one seems to be left with only
dynamical arguments to explain the difference.
3.6.2

Possible mechanisms

There are many factors involved in considering the dynamics of clouds. For example,
these include the cloud buoyancy, the so-called convective inhibition, the environmental
wind shear both at low levels and upper levels, the downdraft, the cold pool, the storm
organization (isolated cells, lines, etc), the formation of secondary cells spawned by the
first cell, mergers, splits, and so on. It is known that surface convergence zones of one
type or another are implicated in the formation of most convective storms. The
downdraft/outflow from storms and the movement of the gust front relative to the storm
are also known to be dominant factors in the longevity of storms and storm systems.
Since there is no additional latent heat release expected from the direct effects of
hygroscopic seeding, there is no direct thermodynamic response expected and no direct
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dynamical response. Rather, the natural place to look for a dynamic effect of seeding on
rainfall is in the relation between precipitation loading and evaporation and the
characteristics of the downdraft that is generated; and then between the downdraft and the
storm organization, evolution, and lifetime. Several hypotheses have been proposed, and
certainly others are possible.

Hypothesis 1: Seeding leads to stronger downdrafts that increase the lifetime of the
storm system.
Mather et al. (1997) proposed that seeding leads to more early rain, which causes more
evaporation and water loading in the cloud leading to a stronger downdraft and a larger
cold pool. This in turn produces more convergence at the gust front leading to more and
stronger flanking cells, more mergers with nearby cells, and more total rainfall.

Hypothesis 2: Rain from seeded storms falls out more compactly, producing a stronger
downdraft close to the updraft.
Here Bigg ( 1997) argued that hygroscopic seeding produces rain lower in the cloud than
it would form naturally, thereby causing it to be less dispersed by storm motions. He
reasoned that this would produce a stronger and more localized downdraft that is closer to
the updraft, and with a stronger gust front. The stronger gust front would more readily
initiate new convection, or continue to support the existing updraft better, leading to a
longer-lived system and greater rain.

Hypothesis 3: The earlier formation of rain in seeded clouds leads to more vigorous
progeny clouds.
Silverman and Sukarnjanaset (2000) argued that hygroscopic seeding leads to the earlier
timing and perhaps intensity of the initial rainfall, thereby increasing the evaporation,
causing a stronger downdraft (perhaps in a more favorable location), and thereby
producing more vigorous progeny clouds that will increase the total rainfall.
These hypotheses clearly have many elements in common. One is the unstated
assumption that seeding produces an early increase in the rain. If this is the case, one
needs to understand better why such a result does not show up in the experimental data.
Is it too small to be detected against the background of natural variability, yet still big
enough to be crucial in producing a dynamic effect?
Another common theme is that seeding should lead to a stronger downdraft and surface
convergence field, with related consequences on the lifetime of the cloud. These ideas
would appear to lead to testable hypotheses.
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4. CONSIDERATION OF OBSERVATIONAL TOOLS TO ADDRESS
THE ISSUES
Clouds and precipitation studies in the atmosphere continue to have a very strong
empirical component. An important part of the workshop discussions concentrated on
observational tools that could help to further our physical understanding of the issues that
were raised in the previous sections. The observational tools that will be essential to
further our understanding of the physical processes involved in the development of
precipitation and the effects of hygroscopic seeding are discussed in the following
sections. They are divided into in-situ and remote observations.

4.1 In-situ measurements of cloud and aerosol properties relevant to hygroscopic
seeding
In-situ observations from aircraft are indispensable for documenting the composition of
clouds and thereby providing diagnoses of the processes within them. Such observations
have been essential to the progress in cloud physics over the last 40 years. Cloud
physicists have become adept at combining the in-situ observations with data from
ground-based remote sensors (such as radars, lidars, and radiometers), and comparing the
measurements with numerical model results.
This section provides an overview of aircraft instrumentation for the observation of cloud
and aerosol properties. It attempts to briefly summarize the instruments with a focus on
the measurement of the processes deemed important and related to the initiation and
development of precipitation in clouds. It does not try to be complete or to go into the
technical details of the instruments.
Because it is hypothesized that hygroscopic seeding directly affects the initial droplet size
distribution and subsequently the coalescence process in convective clouds it is important
to determine and measure the physical chain of events with respect to nucleation,
condensation and coalescence growth of droplets and drops in clouds.
The accurate measurement of aerosol and cloud particles is complicated by the large
range of sizes, shapes, and concentrations found in the atmosphere and natural cloud
types and conditions. Condensation nuclei (CN) and cloud condensation nuclei (CCN)
can vary from a few nanometers to tens of microns in diameter, while sizes larger than a
centimeter in diameter are not unusual for graupel, aggregates, and hail. The
concentrations of these particles range from >1000 cm-3 for smaller sizes to < 0.1 L- 1 at
the largest sizes. The ability to analyze all of these types of particles both quantitatively
and qualitatively requires more than a single instrument.
The characteristics of aerosols can be measured by two types of instruments: integrators
and single particle counters. An integrator samples a large number of particles
simultaneously and measures the sum of the contributions from each particle. For
example, a nephelometer is an optical integrator that measures the light scattering by a
particle population along various directions. Some characteristics of the particle
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population, such as the distribution of sizes or refractive indices, can be retrieved by
inversion of the scattering integral over the particle population. Single particle counters
such as the Particle Measureing Systems, Inc. (PMS), Passive Cavity Aerosol
Spectrometer Probe (PCASP) detect particles individually and directly measure the
particle characteristics. Aerosol particles ranging in size from 0.1 to 3 µm are sized and
counted by the PCASP probe. It is important to note that depending on the chemistry of
the particles and humidity in the atmosphere, uncertainties in the size distributions may
arise. Simultaneous chemistry measurements and gas phase measurements help in the
interpretation of the measurements.
CN and CCN counters are used to determine the aerosol concentrations and the fraction
of aerosol particles active as CCN. CN counters such as the TSI Inc. counters can
measure aerosol particles at sizes as small as 3 nanometers in diameter. The particles are
detected and counted by a simple optical detector after a highly supersaturated vapor
condenses on the particles, causing them to grow into larger droplets. The range of
particle concentration detection extends from less than 10-2 cm-3 to 105 cm- 3 . CN
measurements provide an indication of the total aerosol concentration because of the high
supersaturations being applied. CCN are detected by activation at supersaturations likely
to be encountered in clouds (< 2% ). The two most frequently used instruments for CCN
measurements are static diffusion chambers and the more complex continuous-flow
chambers.
Along with CN and CCN measurements, ice nuclei (IN) measurements are also
important. These measurements, which can be made with either filters or a continuous
flow chamber, have proven to be much more difficult with larger uncertainties in the
accuracy.
Cloud droplets from 0.5 to 47 µmin diameter are measured with the PMS forward
scattering spectrometer probe (FSSP). The FSSP has been under considerable scrutiny
since its introduction and several shortcomings have been noted. Improved versions with
upgraded electronics such as the Fast-FSSP (Brenguier et al., 1998) have recently been
developed. These improved versions have provided for better sizing of the droplets and
more accurate determination of the concentration of particles. However, some limitations
still apply.
Another important parameter is the measurement of liquid water content (LWC). While
LWC can be calculated from the FSSP, the most widely used instruments have been the
Johnson-Williams (JW) and CSIRO-King probes. The liquid water content is determined
from the cooling effect of cloud droplets impinging on a heated sensor element that is
exposed to the airflow outside the aircraft. It should be noted that these instruments are
effective only for cloud droplets with diameters < 50 µm and become more uncertain for
larger sizes. A probe that utilizes the optical response rather than direct collection was
recently developed (Gerber et al., 1994). The Gerber Particle Volume Monitor (PYM)
measures the LWC, drop surface area and effective radius. The light scattered in the
forward direction by an ensemble of drops is optically weighted and summed on a
photodetector.
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Water and ice particles ranging in diameter from 10 to 4,500 µm are sized and counted
using one-dimensional PMS (lD) optical array probes (OAPs). The OAP probes thus
overlap the FSSP in the cloud droplet range and extend to all but the largest sizes of
hydrometeors usually encountered. If differentiation between ice and water is desired,
mixed-phase particles may be detected using PMS (2D) optical array probes for particles
with diameters ranging from 25 to > 6,400 µm.
A new generation of particle spectrometers that utilizes more recent technology has also
been developed (Lawson and Cormack, 1995). For example, the cloud particle imager
(CPI) uses innovative technology to record high-definition digital images of cloud
particles, and measures particle size, shape and concentration. A high-resolution cloud
scope designed to collect and image particles (video recorded) and simultaneously
measure LWC with a smooth cylinder and total water (liquid and Ice) with an inverted
wedge collector was recently developed at the Desert Research Institute in Reno, Nevada.
The cloud particle probes share some shortcomings, one of which is limited sampling
volumes especially in situations for larger particles that occur in low concentrations.
It should be noted that the standard meteorological parameters such as temperature,
humidity and winds are also important to measure from airborne platforms. Several
different instruments and methods are utilized for these measurements and the
instruments are commercially available.

4.2 Cloud microphysics and rain rate estimation using dual-wavelength and dualpolarization radars

4.2.1

Dual-wavelength radar for estimating cloud liquid water content

The development of remote sensing methods to detect, measure, and map cloud liquid
water content (LWC) is in its infancy, but has enormous potential benefits for cloud
seeding, and basic cloud physics research. One of the methods uses dual-wavelength
radar and relies on the fact that the shorter of the two wavelengths is more strongly
attenuated by liquid water than the longer wavelength. For Rayleigh scattering conditions
(hydrometeors much smaller than the radar wavelengths), the range derivative of the
observed wavelength reflectivity difference is linearly related to the LWC of the cloud in
that location. Studies by Gosset and Sauvegeot (1992), Martner et al. (1991), and
Vivekanandan et al. (1999) among others have demonstrated the feasibility of such a
system for estimating range-resolved liquid water content along the beam path. The
retrieval of liquid water content is confounded by the presence of larger hydrometeors,
either ice or liquid, in the Mie-scattering size range (where the particle diameter is no
longer much smaller than the radar wavelength). Ice particles will not affect the
attenuation measurement for this wavelength pair, but they will have an effect on
reflectivity. They generally are larger than liquid droplets in mixed-phase clouds;
although their dielectric properties give them a smaller scattering cross section, their
larger size will tend to dominate the reflectivity. Martner et al. (1991) and Vivekanandan
et al. (1999) have discussed methods by which Mie scattering may be identified.
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Polarization techniques (Reinking et al. 1997, Vivekanandan et al. 1994, 1999) may be
able to identify the presence of ice and quantify mass and size. However, in warm clouds,
Mie scattering due to ice is negligible.
In the case of Mie scattering, large reflectivity differences are localized in the regions of
aggregates. Assuming particle size is small at the farthest end of the cloud, the difference
between X- and Ka-band is the cumulative attenuation along the radar beam. Choosing
only the local maximum in reflectivity difference that decreases in magnitude at closer
distances from the radar, regions of Mie scattering can be eliminated. An example of
cloud liquid water retrieval using a dual-wavelength radar system (X- and Ka-band) is
shown in Fig. 8. Dual-frequency microwave radiometer data were also collected for this
event. Radiometer estimates only the total liquid water path. Using the dual-frequency
radar measurements, we calculated at the total liquid water path. Figure 8 shows a
comparison between the radiometer and radar-derived liquid water path. They show good
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agreement along most of the radials and underestimation in radar-based values are mainly
due to the lack of sensitivity of X-band system for detecting cloud droplet at farther
range.

4.2.2

Detection of cloud droplet spectrum broadening using radar measurements

Generally, functions with a larger number of independent parameters such as a modified
Gamma function can describe both narrow and broad droplet spectra. This is especially
important because LWC and shape of the droplet spectrum are not correlated. In the case
of drizzle formation, the shape of the larger end or tail of the spectrum plays an important
role. Even though the large droplet tail of a DSD may actually contain few droplets, and
proportionately small amount of mass, the contribution in terms of precipitation
development can be quite large.
The median volume diameter (MVD) has been widely used for characterization of droplet
size. Nevertheless, MVD depends on too many parameters of the DSD parameters and
hence it is difficult to estimate the same using a limited set of radar observables. Using
dual-frequency radar measurements, including reflectivity and attenuation, it is difficult
to estimate more than two independent parameters of the size distribution. Since,
reflectivity and attenuation are available with a dual-wavelength system, it is desirable to
choose a characteristic size that can be easily retrieved. Rayleigh reflectivity (Z) is related
to sixth moment of the DSD, whereas attenuation (A) is related to the third moment.
Hence, the ratio of reflectivity and attenuation (ZJA) may be useful for defining a new
size characteristic, the radar estimated size (RES). RES has several advantages. It can be
estimated directly from dual-frequency radar measurements without having to know or
infer information about the shape of the DSD. It also emphasizes the large end of the size
spectrum, which has been found significant for precipitation development. An example of
LWC and RES estimation using dual-frequency measurement is shown in Fig. 9. The
data were collected during the 1991 field effort of the Winter Icing Storms Project
(WISP, Rasmussen et al . 1992) in northeastern Colorado. The first two panels show ray
plots of X-band and Ka-band reflectivity. Reflectivity around 0 dBZ and monotonic
increase of the difference reflectivity suggest the dominant precipitation type is drizzle.
Panels 3 and 4 of the figure show the corresponding LWC and RES retrieval along the
ray profile. As expected, the results indicate LWC and RES are not necessarily well
correlated.

4.2.3

Cloud Microphysics Retrieval Using S-band Dual-Polarization Measurements

Several studies have shown that polarimetric observables (both linear and circular) can be
used to identify hydrometeor types (Aydin et al. 1986; Doviak and Zmic 1993; Hall et al
1984; Hendry and Antar 1984; Lopez and Aubagnac 1997; Straka and Zmic 1993).
Hendry and Antar ( 1984) used circular polarization measurements for delineating the
major precipitation types such as drizzle, rain, melting layer, snowflakes, ice crystals, and
ice pellets. However, rain or anisotropy precipitation in the propagation path between the
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Figure 9: X-band reflectivity, Ka-band reflectivity, LWC and radar estimated size (RES) along a
radar beam. Elevation angle of the beam is 1.5°. Lower value of the Ka-band reflectivity at
longer range is due to cloud droplet absorption.

antenna and the radar resolution volume introduces more bias in circular polarization
radar measurements than in the case of linear polarization (Doviak and Zrnic 1993).
Linear polarimetric radars, transmit and receive both horizontally and vertically polarized
radiation, providing more information about the scattering media than conventional radar.
Polarimetric radar observables depend on the microphysical characteristics of
hydrometeors; namely, (a) particle size, (b) particle shape, (c) particle orientation relative
to the local vertical direction, (d) phase (liquid or ice), and (e) bulk density (wet, dry,
aggregate, or rimed). In addition to traditional reflectivity (ZHH) and Doppler
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measurements, linear polarimetric observables include differential reflectivity (ZoR),
linear depolarization ratio (LDR), specific differential propagation phase (Kop), and
correlation coefficient (PHV). Reflectivity is related to the power of a horizontally
polarized backscattered electric field from a radar resolution volume for a horizontally
polarized transmitted wave (copolar). Reflectivity is the sixth moment of the particle size
distribution when particle size is small compared to the wavelength. Differential
reflectivity is the ratio of the horizontal copolar return to the vertical copolar return and
can be interpreted as the reflectivity weighted mean-axis ratio of the precipitation particle
in the radar resolution volume (Jameson 1983).
Thus, ZoR (in combination with reflectivity) is a good discrimination between
preferentially-oriented oblate raindrops (high ZoR) and more randomly-oriented tumbling
hailstones (low ZoR). The rain areas are typically characterized by ZoR ;:::o.5 dB and ZHH
:5:60 dBZ; and hail by ZoR zO dB or even slightly negative, while ZHH is ;:::45 dBZ (Aydin
et al. 1986; Doviak and Zmic 1993; Lopez and Aubagnac 1997; Straka and Zmic 1993).
Based on these findings, the anticorrelated pattern between ZoR and reflectivity has been
used for hail detection (Aydin et al. 1986; Bringi et al. 1986). Linear depolarization ratio
is the ratio between vertically polarized power backscattered for a horizontally polarized
transmitted wave and copolar backscattered power.
Tumbling, wet nonspherical particles such as hail, melting aggregates, wet graupel, and
bright band due to melting (Vivekanandan et al. 1990; Zmic et al. 1993) are identified
with large LDR values whereas light rain, cloud droplets, and dry ice particles are
associated with low LDR values. Specific differential propagation phase is the difference
in phase per kilometer of the received horizontal and vertical polarized waves. It is
almost linearly proportional to rain rate and ice water content (Sachidananda and Zrnic
1986; Vivekanandan et al. 1994). Here, Kop can be used to identify nonspherical
particles, such as ice crystals and raindrops. A combination of specific differential phase,
reflectivity, and ZoR can be used for inferring rain intensity and mixed-phase
characteristics (Balakrishnan and Zrnic 1990). Vivekanandan et al (1994) describe a
method for delineating regions of pristine ice crystal and snow using ZHH and ZoR
observations. The correlation coefficient between copolar returns is denoted as PHV .
Values of PHV are close to unity for rain and pure ice crystals. In the case of melting and
mixed phase (rain and hail or graupel) conditions, PHv is smaller than unity because of
the variability in scattering characteristics of precipitation particles for a given size. Low
values of PHV may be used for detecting hail and mixed phase. Typical thresholds of
polarimetric observables for various precipitation types are listed in Table 8.1 of Doviak
and Zmic (1993). These thresholds are based on model computation and limited
comparison of radar measurements with in situ aircraft and ground observations. Using
some of these thresholds, Lopez and Aubagnac (1997) developed an algorithm to identify
regions of liquid, frozen (hail and graupel only), and mixed-phase precipitation ZHH and
K0 p. They then used ZHH and ZoR to differentiate among graupel, small hail, and large
hail and to investigate the relations among liquid particles, frozen particles, and lightning
frequency in thunderstorms. Straka and Zmic (1993) proposed a method, also based on
the thresholds of Doviak and Zrnic (1993), using ZHH, ZoR, PHV, KDP, LDR knowledge of
the freezing level in cloud, and electromagnetic scattering models to alleviate ambiguities
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in hydrometeor types and quantities. It was proposed that accurate microphysical
retrievals could improve numerical weather prediction (Sun and Crook 1997). Holler et
al. (1994) developed a "semi-empirical" hydrometeor discrimination algorithm using
thresholds of ZoR and LDR and an estimate of the melting level. They used their method
to study the life cycle of hail in a convective storm. Notice that each of the abovediscussed techniques uses thresholds, or hard boundaries to identify particle classes. The
use of hard boundaries can lead to misclassification because there is a fair amount of
overlap between polarimetric observables for various precipitation types. Boundaries
between polarimetric observables are gradual, and the formalism of fuzzy logic is useful
in constructing an objective classification scheme (Liu and Chandrasekar 2000;
Vivekanandan et al. 1999).
On 13 June 1997, the NCAR S-Pol radar recorded data of a severe thunderstorm to the
east of the radar. RHI scans of ZHH, ZoR, and the corresponding particle classification
results are shown in Figs. lOa-c, respectively. The storm extends to 16 km in height and
has a well-defined anvil, an overshooting top, and a weak echo region. The storm
persisted for 90 min beyond the time of the RHis shown in Fig. 10. The spatial variation
in ZHH and ZoR shown in Fig. 10 suggests the existence of a variety of particle types. As
expected, the high reflectivity and low ZoR regions are classified as hail by the fuzzy
logic-based technique (Fig. 1Oc ). There were reports of large hail associated with this cell
near the time of the observation filed by the National Weather Service. However, no incloud aircraft measurements were available for verification. Regions with moderate
reflectivity and ZoR > 0.5 dB were identified as light (< 10 mm h-1), moderate (< 40 mm
h- 1), and heavy(> 40 mm h-1) rain intensities. Rain/hail and graupel/rain mixed
precipitation types were detected below hail regions and above rain regions. This is
gratifying since raindrops may be produced by hail/graupel melting as it descends, along
with water-shedding processes. Also, hail has a higher fall speed than raindrops and may
fall through regions of rain. Graupel/small hail was identified just above the hail region.
Above freezing level, the low reflectivity(< 30 dBZ) pixels were classified as dry snow,
irregular ice crystals, ice crystals, or supercooled liquid droplets. These small ice particles
are found mostly in the anvil and near the top of the storm as would be expected. Below
the freezing level, low reflectivity values were classified as drizzle or cloud drops.
The particle classification technique is computationally simple enough to be implemented
for real-time research and operational field programs. One of the merits of the technique
described is that a radar meteorologist may not be required to know the complicated
details and the intricacies of interpreting the data associated with polarimetric radar data
processing. Efforts are now underway to validate the interpretations made from particle
classification schemes.
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Figure 10: RHT scans of (a) Z 1-!H, (b) ZoR and (c) the corresponding particle classification results
(the dashed line denotes the freezing level). The radar measurements were collected by
theNCAR S-Pol radar during the CASES 97 field program.

4.2.4

Rain rate estimation using dual-polarization radar

Generally, a power-law relation between rain rate and radar measurement is used for
estimating rain with a spatial and temporal averaging. For a specified rain rate, the drop
size distribution (DSD) can be different from one storm to another and also varies during
the life cycle of the storm. Fluctuation in radar measurement, variations in DSD and drop
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shape are some of the factors that cause uncertainty in rain rate estimation. Polarimetric
radar measurements are useful for describing the changes in DSD.
Reflectivity is the 6111 moment of the DSD whereas rain rate is the 3.67 111 moment of the
DSD. Thus, rain rate is non-linearly related to reflectivity (Z). Non-linearity between the
reflectivity and rain rate relation causes ambiguity in the rain rate estimator. Although
larger rainfall rates are associated with more intense echoes, there is no unique relation
for estimating rain rate from the reflectivity factor alone. For example, Table 4.1 of
Batten (1973) lists 69 different Z-R relations. Depending upon the type of storm and the
geographic region, radar meteorologists use different R(Z) relations. However, the
classification of storms based on reflectivity alone is ambiguous (Steiner and Houze
1997; Tokay and Short, 1996). Additionally, the error associated with R(Z) relations
depends upon many factors, such as incomplete beam filling, evaporation below the
cloud base, attenuation due to vapor oxygen, and rain, bright band, vertical and
horizontal air motion, beam blockage and anomalous propagation (Brandes et al, 1997).
Polarimeteric radar measurements can be used for alleviating some of the abovementioned problems and improving the accuracy of rain rate estimation. Various rain rate
estimators such as R(Kop), ZoR, R(Z, ZoR) (Sachidananda and Zmic, 1986; Chandrasekar
et al., 1990; Doviak and Zmic, 1993; Seliga et al. , 1987; Aydin et al. , (1992), Ryzhkov
and Zmic (1995)) use polarimetric radar measurements namely, horizontal reflectivity
(Z), differential reflectivity (ZoR), and specific propagation phase (Kop). It has been
demonstrated with simulated and observational data that the rain rate estimator based on
both Kop and ZoR can significantly improve the accuracy of rainfall rate estimation
(Ryzhkov and Zmic, 1995). Kop being the 4.5 111 moment of the DSD, is less sensitive to a
variation in drop size distribution. The use of ZoR in rain rate estimation is regarded as a
better representation of the drop size distribution, because ZoR is a function of the median
volume diameter (Seliga and Bringi, 1976, 1978). The polarimetric-based rain rate
estimation method has been shown to be better than the R(Z) relation for the rain/ice
mixed phase (Balakrishnan and Zmic, 1990), anomalous propagation (Brandes et al,
1997), and beam blockage situations ( Zmic and Ryzhkov, 1996, Vivekanandan et al.,
1999). Even though improvement in the accuracy of the polarimetric radar-based
technique is yet to be proven for operational application, it has the potential for reducing
random error due to drop size distribution variations, the bias due to beam blockage, and
reflectivity calibration in hourly and small-scale rain rate estimation.

4.3 Microphysical information from Doppler velocity spectra obtained from a
millimeter wave radar operating at vertical incidence
Millimeter wave radars are sensitive enough to detect returns from cloud droplet
populations with mean diameters as small as 10 µm (see, for example, Vali et al.1998).
Processing systems on these radars allow for the measurement of the full Doppler
velocity spectrum. At vertical incidence, the measured Doppler velocity spectrum is the
particle fall velocity spectrum convoluted by the radar volume turbulence and shifted by
the mean vertical wind. Recent advances in inversion techniques make the determination
of the particle fall velocity spectrum from measurements of the Doppler velocity
spectrum possible, and so open a new window to obtain observations to fu1ther our
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understanding of microphysical processes in clouds. In particular, such measurements can
be used to determine the nucleated cloud droplet spectrum (plus vertical velocity and
radar volume turbulence) a few hundred meters to 1 km above cloud base, as well as rain
drop spectra (plus downdraft velocity) a few hundred meters above the radar.

4.3.1

Nucleated droplet spectra.

The sum of its fall velocity and the vertical component of motion of the fluid in which it
is imbedded determine the absolute vertical motion of a cloud droplet. For the narrow
beam measurements from a millimeter wave radar, variations within the radar volume of
the component contributed by the fluid motion can be comparable to the fall velocities of
the particles themselves, so that the measured Doppler spectrum will be broader and less
peaked than the particle fall spectrum. Moreover, if there is a non-zero radar volumemean vertical velocity, the measured spectrum will be shifted by that value. Babb et al.
(2000) describe a sub-optimal constraint linear inversion technique to remove the
turbulent broadening effects, and so determine a particle fall spectrum shifted by the
mean wind. No assumptions about the shape of the particle size distribution are required
for this inversion. With the assumption that the radar is capable of detecting those
particles that have zero fall velocity, the volume-mean vertical velocity can be
determined by the off-set from the zero point, and the particle distribution from Mie
theory. This technique will fail when the range of fall velocities of the population of
droplets is small compared to the radar volume air motion variations, and hence requires
some growth of the population of drops after nucleation. In the updraft regions of
convective clouds (in areas devoid of precipitation) millimeter wave radars are capable of
looking several kilometers into the cloud without significant attenuation, and hence can
document the nucleated droplet population and its evolution with height in the cloud.

4.3.2

Raindrop size spectra in downdrafts.

When particle sizes increase, the effects of turbulence decrease, and the measured
Doppler spectrum in precipitation can be considered to be the fall velocity spectrum of
the rain shifted by the volume mean vertical wind. Moreover, as the particle increases in
size relative to the radar wavelength, the backscatter cross section is no longer a linear
function of size, but will oscillate as predicted by Mie theory. The location of extrema
(and hence fall velocity) in these oscillations are well known, thus providing a means to
determine the shift of the measured spectrum. Kollias et al. ( 1999) has shown that these
oscillations are readily detectable in radar spectra taken in rain shafts. Once the volumemean vertical wind contribution is removed, the raindrop spectrum can be determined
from Mie theory.

4.3.3

Limitations

The technique discussed above was developed for ground-based systems. The limited
mobility of these systems precludes their use for evaluating seeding effects. However, the
technique may be used to characterize natural systems, and the potential exists to use an
airborne system to measure raindrop spectra in downdrafts. The ability to remotely sense
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the developing cloud drop distribution is precluded for the airborne platform due to the
necessity to do substantial averaging to get the required sensitivity, as well as the
accuracy of the velocity estimates on the aircraft (-0.1 m s-1).

4.4 Satellite observations and supporting analysis methods for assessment of cloud
modification potential and the effects of seeding

4.4.1

Satellite remote sensing as an integrative tool

Satellite remote sensing can provide temporally and spatially uniform observational data
useful in evaluating the opportunities and effects of hygroscopic seeding. The
geostationary satellites allow routine observations over a wide area that can be targeted
by aircraft for seeding and measurement activity. In the absence of radar data (such as
beyond radar range) or in combination with local radar data, satellite observations can
effectively support management of operational programs. Other observational tools such
as mobile microwave radiometers, lidar, radar, tracer techniques and precipitation
collection can provide information to augment the interpretation and use of the satellite
imagery and calibrated radiance data.

4.4.2

Identifying the potential for cloud modification

The opportunity for effective cloud seeding often is limited to a short time period or area
with a specific range of cloud top temperatures or stage of microphysical development
(Reynolds, 1988; Reisin et al., 1996). Operational access to satellite image data
contributes to the ability to deliver seeding material to cloud zones suitable for seeding
enhancement. Local cloud climatology analysis can be used to improve forecasts of cloud
formation, evolution and propagation. Mapping and time series interpretation of cloud
top equivalent temperatures and cloud depth obtained from thermal infrared image data
and local temperature profiles allows identification of clouds available for effective
droplet growth by seeding. Satellite-derived vertical profiles of temperature and
humidity can also be valuable in characterizing the mesoscale convective environment.
Cloud cell tracking provides information on vertical and horizontal wind shear that will
influence subsequent cloud growth and trajectories.

4.4.3

Identifying the results of seeding

Several aspects of cloud structure as observed by satellite aid in verifying characteristics
that may be altered by cloud seeding activities. These may include cloud cell deepening,
horizontal expansion, temporal trends in these parameters, and cell lifetime.
Certain microphysical changes of the clouds may also be monitored if these occur near
cloud top. In addition, the production of precipitation by cloud has been shown by
previous studies to be indicated by the rate of expansion of cloud top in certain threshold
temperature ranges. Additional use of the near-infrared reflectance is also being
combined with the thermal infrared and visible image data analysis methods to improve
precipitation estimates for light rain rates.
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4.4.4

Data sources

Satellite data access may be necessary through another country's government or
university, so it is important that the WMO continue it's efforts to maintain open
exchange of data between countries. Digital satellite data with pixel navigation and
ability to auto- or manually correct image location provides exact positioning of cells.
Radiometric calibration of imaging channels is required for composite studies of cloud
top evolution, particularly to take advantage of multi-channel data that allow derivation
of physical characteristics.

4.4.5 Applications of visible image data
Specific methods for applying visible satellite data for the purposes of seeding studies
include the estimation of wind speed and direction tracking of small cumulus cells,
observing indications of wind shear from cell tilting and blowoff in later cloud stages,
and providing quantitative estimates of cloud optical depth. Cloud morphology obtained
from cell size and height analysis can be used to calculate trends in cloud volume. In
addition, visible imagery allows observations of cell generation influences from
downdraft outflow boundaries, and terrain or soil moisture features that provide
preferential locations or areas of convective initiation.

4.4.6 Applications of thermal infrared channels
Alteration in the size and depth of convective clouds is one indicator of the potential and
results of cloud seeding (Gagin et al., 1986). Cloud top temperature time series are
valuable for interpretation of updraft vigor and ice formation. The rate of change in area
of threshold temperature contours can be directly related to rainfall rate from convective
clouds. The infrared channels can also reveal areas and boundaries of rainfall through
measurement of subsequent temporal trends in soil apparent temperature, for use in
prediction of likely locations for later convection.

4.4. 7 Applications of near-infrared wavelength channels
Cloud reflectance can be used to estimate effective droplet radius due to the increase in
near-IR absorption as droplet size increases. This parameter indicates local conditions of
droplet growth processes as well as the influence of natural or anthropogenic aerosol on
seedability (Kaufman and Nakajima, 1993; Terblanche et al., 2000b). Significant
reduction in near-IR reflectance also occurs when ice forms in cloud top, and this
provides a method for monitoring the time and degree of glaciation which may be
induced by cloud seeding (Wetzel, 1995).

4.4.8 Real-time targeting and monitoring
Operational programs may not require digital image datasets if adequate image sector
coverage can be prescribed beforehand. However, having access to digital data will
allow more precise decision-making and will allow ongoing refinement of the operational
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programs. Aircraft vectoring to take advantage of real-time satellite imagery requires
base-to-air live communications from an operations center that has access to frequent
(15-min time resolution preferable) and high-resolution (1 km preferable) satellite
imagery from a geostationary satellite. Individual cells should be targeted early in their
life cycle, using selection criteria based on the results of seeding research programs, such
as: cell size, cloud top growth rate, rate of areal expansion of certain temperature
threshold, lack of cloud-top glaciation, estimated droplet sizes (indicating a certain
condition of ambient CCN); cell size and location with respect to surrounding cloud field
and movement; likelihood of mergers based on cell motion tracking. Similar cloud
characteristics can be determined every 15-30 minutes, and cell tracking can be used to
monitor the influences of wind shear on cell development and mergers.

4.4.9

Development and use of cloud climatologies

Satellite data or derived parameters can be composited over the entire project time period
to provide knowledge of the diurnal, seasonal and event-specific characteristics of cloud
fields in the study area. Time composites of visible cloud reflectance, compiled for a
given time of day over multiple days, reveals locations of preferred convective initiation
as well as the propagation, merger and dissipation regions for cloud cells. Convective
development and evolution is often controlled by local topography, recurring air
circulation patterns, and sources of aerosol, heat and moisture. For example, the
METROMEX project found a distinct spatial pattern in precipitation development in the
vicinity of an urban area (Changnon, 1981 ). Composites of infrared equivalent
temperature provide information on the local climatology of the depth and strength of
convection.
Composites of derived parameters such as cloud droplet effective radius could used to
develop early-stage cloud seeding decision criteria, databases for intercomparison with
specific research cases, and long-term statistical conditions against which to test seeding
effects. If the inverse relationship between effective radius and ambient aerosol
concentration observed elsewhere is valid in the local area, then hypotheses of
hygroscopic seeding effects in different aerosol conditions could also be extrapolated to
area-wide interpretation of potential results (Rosenfeld and Lensky, 1998; Rosenfeld,
2000). Mapped and time-specific average fields of cell velocity, cell size and state of
glaciation could each provide new interpretations of seedability criteria and seeding
effects. Seeding implementation projects should implement a satellite image archival and
compositing methodology early in the program to allow ongoing improvement in
forecasting, targeting anu evaluation.

4.4.10 Points to consider in use of satellite observations of cloud morphology
Certain aspects of satellite image characteristics are important to field project
implementation and analysis. The ability to observe changes in cell size depends on
image pixel resolution, so image data with 1-km visible pixel resolution are important to
use for cell identification and tracking. Cell depth estimates from satellite thermal
infrared data require a temperature profile, and that is better obtained from sondes or in
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situ aircraft if available for the study region than obtained from satellite sounding
techniques currently available. Presence of turrets may not be observable in pixel size, so
use of satellite imagery could suggest need for certain size cell for cell tracking as well as
cloud top temperature applications. Finally, as the cloud top ascends into a zone of
horizontal wind shear, condensate advection (blow-off) can increase apparent cell size
that will impact subsequent growth rate estimates. The shape and size of the cloud-top
anvil cloud is determined by the mass outflow rate and upper-level wind field, so
information on wind velocity at these levels could be used with time series of anvil area
for interpretation of updraft outflow of condensate.

4.4.11 Supporting tools
Some additional observing systems can provide significant contributions to the satellite
data interpretation and operational implementation. Radar reflectivity, Doppler motion
fields, and multi-parameter radar data sets will be extremely valuable in relating the
satellite-observed physical parameters and growth rates to internal precipitation echo
development and resulting rainfall. Aircraft data obtained from detailed research studies
will allow testing the satellite retrieval methods for cumulus cells and convective
complexes. Lidar observations of particle scattering are complementary to satellite view,
providing cloud and aerosol distributions and Doppler motion fields from ground-based
or airborne platforms. Dual-channel passive microwave radiometers are available on fully
mobile, 3-D scanning, or airborne platforms to allow mapping of cloud liquid water path
under small cells identified as seedable from the satellite data even prior to significant
rain echo production. These cells can be characterized by a microwave radiometer scan
pattern prior to and immediately after seeding, to document the available cloud water and
to investigate cloud water production processes. The use of chemical tracers (particulate
or gas) or physical tracers (chaff) is a valuable means of tracking the movement of
seeding plumes in strong updrafts, sharing of seeding material via mergers, or external
agent dispersal to nearby clouds - any of which may be indicated by satellite image time
series of cell location and new cell generation. Ground-based precipitation sampling and
direct association of these rain events with cells observed in the satellite imagery allows
verification of water resources enhancements from the seeding program, and can also be
applied to chemical analysis of rainfall associated with chemical tracers in the seeding
agent.
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5. CONSIDERATION OF NUMERICAL MODELING
EXPERIMENTS TO ADDRESS THE ISSUES
5.1 General modeling considerations
Numerical models can be used on a range of scales to study the convective processes,
cloud physics and their interactions as part of a cloud physics field experiment. Probably
the best type of model to use is the non-hydrostatic terrain following model using
horizontal grid sizes ranging from tens of kilometers to a fraction of a kilometer.
Computer limitations require such models to use parameterized cloud physics which lack
the necessary detail to directly address questions regarding such issues as spectral
broadening and other processes needed to test physical hypotheses on the effects of
hygroscopic seeding. These type of questions need to be delegated to either much finer
scale embedded models (using grid refinement) or weakly coupled process models. The
utilization of mesoscale models will be first discussed followed by how simulations can
be used to help address specific questions regarding cloud physics.
Case studies are recommended as the main modeling approach as it allows comparison
with ground based, airborne and satellite data. Linkage to NWP models is necessary for
both initial and boundary conditions. Outer domains of about 1000 to 2000 km on a side
and extending vertically well into the stratosphere are required. Two-way interactive grid
refinement within the outer domain is necessary to allow accurate focusing on regions as
well as specific clouds of interest. Since time periods of a day or more need to be
considered, the model must treat diurnal variations in surface sensible and latent heating
as well as long wave radiative fluxes. The short wave radiation should be flexible enough
to allow cloud-shadow feedback. Surface energy budget treatments are also needed to
allow one to treat the effects of precipitation and cloud shadowing. A terrain-following
coordinate system allows the accurate treatment of orography.
An important consideration is the specific choice of the cloud physics parameterization
scheme. It is recommended to use one that allows the supersaturation to float. This mean
inclusion of CCN and droplet numbers as field variables. This is important, particularly
for the finest scale domains, for linking process model calculations to the simulated data
from the mesoscale model for purposes of testing sensitivity to variations of CCN
resulting from hygroscopic seeding. The physics of both warm rain and ice processes
must be considered in the model.

5.2 Large-scale modeling
Case studies should be chosen to study the variation of the response of convection to
different synoptic conditions. One might start with, say 10-km horizontal grids for the
outer domain and focus down to about 1-km grids over the main region of cloud initiation
that includes the target area. These simulations should start during the early morning and
continue until after convection is well developed and/or observations have ceased.

42

The inner domain using 1-km grids will be particularly useful for studying the nature of
cloud initiation and evolution. The detailed treatment of orographic and thermodynamic
forcing allows the study of multi-cellular evolution, cloud mergers and overall
morphology of the convective clouds. Cold pools resulting from evaporative cooling of
precipitation in the downdrafts and sensitivity of variations in the treatment of the cloud
physics can be studied. Relations between the strength of the cold pool and characteristics
of cell propagation can be investigated. Simulated data can be used to initialize a few
simulations of convective clouds at much higher resolution for purposes of focusing on
the detailed evolving circulation patterns. This will be discussed later. Simulated
precipitation fields can also be used as input to hydrology models to study runoff.
Airborne observations of the spatial variation of CCN spectra can be used to study the
sensitivity of the convective fields to such variation.
As part of the observational tools, four-dimensional data assimilation of radar and
airborne data is recommended to estimate low level wind patterns. These patterns can be
used to identify such features as convergence lines that can be compared to the model
predictions. Direct comparison of radar observed fields with those derived from the
model predictions can be used to assess the cloud physics predictions. Height of first
echoes, location and partitioning of cloud species such as droplets, rain and ice can be
assessed using both radar and in-situ airborne measurements. IR and visible satellite data
can be used to assess cloud distributions and cloud height predictions.

5.3 Fine-scale modeling
Important interactions between the dynamics and microphysics result from the
circulations resulting from entraining eddies and the cellular structures effected by clouds
interacting with their local environment. A few simulations focusing down to resolutions
of tens of meters are recommended to allow detailed studies of the interactions between
the cloud physics and dynamics. These types of studies will aid in our understanding of
how clouds interact with their environment and how such dynamics affect both the nonadiabatic mixing as well as affect the cloud physics by introducing highly temporal and
spatially variable adiabatic particle trajectories. Cloud physics parcel variations resulting
from the myriad of complex circulations resulting from Kelvin-Helmholtz, RayleighTaylor and convective drag have yet to be adequately assessed using models. This may
be an important consideration to furthering our understanding the development of
precipitation.
Detailed models such as those described in section 3.1 will also continue to play an
important role in the evaluation of hygroscopic seeding. Although the two models
discussed there were different, one of the main conclusions that emerged from both was
that the seeded particles have to be larger than about 1 µm . However, the question that
needs to be resolved is whether it is more advantageous for most of the particles to be
about 1 µm or should they be larger than 10 µm. It is clear that in a warm cloud, the role
of the drizzle could be important in maintaining the growth of many other drops to
raindrop sizes. Therefore additional detailed modeling studies are needed to address this
issue.
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6. DELIBERATIONS OF THE WORKSHOP
6.1 General conclusions and recommendations
The objectives of the workshop called for (1) review of the seeding evidence to date, (2)
review of physical hypotheses and consideration of their plausibility and strength of
support. With this background, then, the workshop participants were asked (3) to make
recommendations about where the field ought to go from here in sorting out evidence and
better understanding the phenomena involved. This latter topic is addressed next.
The participants found the seeding evidence to be highly interesting, exciting,
provocative, and problematic. The fact that the Mexico results appeared to replicate
closely those from South Africa was generally considered to be remarkable and strongly
worthy of follow-up. However, the fact that the seeding results appeared late in the cloud
lifetime was not understood, and was viewed as an important weak point in accepting the
results at face value. While, in principle, the expected effects of seeding seemed well
understood for the first 5-10 min after seeding, the effects noted after 30-60 min were not
well understood at all. Arguments were made in support of microphysical links to the
dynamics of the cloud and to cloud lifetime, but no convincing evidence was available to
support such reasoning, which was nevertheless plausible.
There was general agreement that even given the single-cloud results, one could not
automatically expect that area-wide seeding would produce substantial area-wide rainfall
increases. Careful cost-benefit analyses for such a technology remain to be done,
including the hydrologic aspects of what happens to the water after it reaches the surface.
The results from Thailand added further complexity to the situation, in that the positive
results that were found came from increases in rainfall that were attributed to the progeny
of seeded clouds, not to the seeded clouds themselves. These effects appeared some 1-4
hrs after seeding. This was viewed as a strong indication of dynamic effects at work.
Such effects were not anticipated in the original seeding hypothesis. Again, the Thai
results were viewed as extremely intriguing but not well understood.
There were some arguments raised that the general seeding results could have been
caused or at least influenced by changes in the raindrop size distribution induced by the
seeding, and that they were not necessarily indicative of changes in rainfall amount.
Some cloud modeling studies have indicated such a possibility. This could not have been
the case in Thailand, however, since the progeny clouds were not directly altered
microphysically. The main result in the Mexico study was attributed to the finding that
the seeded clouds lived longer than the control clouds, on average. This was unlikely to
have resulted from a seeding-induced change in the Z-R relation. Resolution of this
matter is important, and the participants suggested a number of further studies as
discussed below in Sec. 6.6.
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The lack of a proven explanation for the seeding results, and, moreover the inability to
reach any consensus on a plausible explanation for them were seen as representing a
challenge to the cloud physics community to focus on the key issues that might be
responsible. Some of these links to basic cloud physics are summarized below in Sec.
6.2.
A considerable discussion took place regarding what cloud droplet sizes and what
processes might be responsible for the effect, as summarized in Sec. 3.1 , 3.5, and 6.7.
A number of hypotheses related to dynamic effects were considered, as summarized
earlier in Sec. 3.6. It was felt that numerical modeling would be a necessary tool to
understand which of the suggested phenomena might be taking place. The seeding results
were viewed as an exciting opportunity to further our understanding of the complex
dynamical and microphysical interactions that underlie precipitation physics. Further
discussion is included in Sec. 6.3.
The participants argued that there would be benefit in attempting to analyze the results
from the three experiments in a consistent manner, for example by using a single
software package for radar tracking of storms and rain estimation. Sec. 6.4 amplifies
some suggestions considered.
The participants were strongly aware of the international interest in cloud seeding as a
means of augmenting water resources. Because of the importance of making informed
decisions about cloud seeding as an operational technology, it was strongly urged that
countries take seriously the issue of education and training of personnel. Further
suggestions along these lines are included in Sec. 6.5.
The strongest major conclusion from the workshop was that further field measurements
were strongly warranted in order to understand the physical responses to hygroscopic
seeding. While valuable insights might be gained from modeling and from re-analysis of
the previous experiments, new measurements were considered to be essential. The new
measurement techniques discussed in Sec. 4 provide new promise for helping to unravel
the puzzle surrounding the recent seeding results. The participants agreed that a
comprehensive and coordinated attack on the problem was necessary. There was very
strong support for mounting an international field campaign in the summer of 2002.
Northern Mexico was seen as the most likely candidate location, given (a) its relatively
central position between Western Europe, Asia, and the U.S., (b) the fact that the effect
was found there (as opposed to the Great Plains of the U.S., for example), and (c) the
infrastructure that would be provided by an on-going program in Mexico.
The participants noted that not all the important remaining questions required a large,
coordinated field program. There were a number of issues that it was felt could be
addressed within the scope of individual national programs. Those recommendations
regarding smaller-scale research efforts are discussed in Sec. 6.6.
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The goals of the proposed cooperative international field campaign are considered in Sec.
6.7. The discussion there should be considered as only an outline of what needs to be
done. The actual conduct of such an experiment will first require a serious and more
detailed planning exercise for scientists and funding agencies.

6.2 The needs of fundamental cloud physics research and its relation to the issues
generated by the hygroscopic seeding work
There are important links between our inability to physically explain the statistical results
from the hygroscopic seeding experiments and fundamental problems that remain in
basic cloud physics research. Although previous research has clarified many aspects of
the growth of precipitation particles, a number of problems remain. These include:
•

•
•
•
•
•

•

The relationship between the size distribution and chemical composition of sub-cloud
aerosol particles and the cloud droplet size distribution and number concentration a
few hundred metres above cloud base.
The impact of entrainment and nucleation of small droplets at levels above cloud
base.
The role of droplet recirculation, either within one cloud turret or between cloud
turrets, in broadening the droplet size distribution.
The influence of turbulence on the growth of cloud droplets, especially by the
collision-coalescence mechanism.
The interaction between droplets and ice particles, especially the factors influencing
the production of secondary ice particles.
The relative importance of the factors determining the shape of the drop size
distribution in precipitation and the relationship between the radar reflectivity of rain
and the rainfall rate.
The importance of large-scale forcing on the precipitation efficiency of clouds.

Understanding these fundamental aspects of cloud microphysics is a necessary step in the
interpretation of the results of hygroscopic seeding experiments and their extension to
operational programs covering large geographical areas. Furthermore, the seeding
experiments themselves offer the opportunity of improving basic understanding of
microphysical processes. Seeding experiments offer the possibility to study clouds in
which the natural processes are modified, thereby enabling hypotheses to be tested
through controlled experimentation, which is normally only possible in the laboratory.
The links between the problems outlined above, and hygroscopic seeding experiments are
discussed in the following.
•

The droplet size distribution a few hundred meters above cloud base is determined by
the processes of nucleation and condensation. Measurements of the sub-cloud aerosol
spectrum and of the droplet size distribution at this level, together with the influence
of additional large and giant nuclei following seeding, will enable estimates to be
made of the impacts of turbulence on nucleation and of uncertainties in the
condensation coefficient on droplet growth rate to be assessed.
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•

Droplet spectra measured at most levels in convective clouds show the presence of
significant concentrations of small droplets which are believed to be a consequence of
entrainment of air containing nuclei from outside the cloud. Observations of the
motion of tracers combined with measurements of the droplet size distribution will
enable the source of such small droplets to be identified.

•

The possible role of droplet recirculation in broadening the droplet size distribution
has been hypothesized for many years, but a clear demonstration of its importance has
not been made. The combination of tracer tracking experiments together with
observations of the nuclei within large droplets will provide information on whether
recirculation of the largest droplets is possible.

•

Numerical studies, and limited laboratory observations, suggest that turbulence
enhances droplet coalescence. However the significance of these processes have not
been demonstrated in natural clouds. Documentation of the evolution of the droplet
spectrum in regions within clouds where it is believed that coalescence is just
becoming active, together with numerical calculations will provide evidence whether
or not the frequently used collection efficiencies are representative of atmospheric
conditions. Such observations are also needed to test the basic hypothesis that
hygroscopic seeding reduces the droplet concentration, leading to the earlier onset of
the collision-coalescence mechanism of droplet growth.

•

Evidence for secondary ice particle production during riming and the sensitivity to the
droplet size distribution comes from laboratory experiments and field observations.
However, other factors are also important. Hygroscopic seeding experiments will give
an opportunity to study directly the impact of changes in the droplet size distribution
on the rate of production of small ice particles in clouds.

•

Within a rain-shaft the growth processes of condensation and collision-coalescence,
together with the effects of collision-breakup, lead to similarity in the drop size
distributions so that an empirical relationship can be fitted to the relationship between
radar reflectivity and rainfall rate. A combination of high-resolution radar
measurements and in-situ measurements is needed to establish the mechanisms giving
rise to this similarity and to assess the uncertainty in the reflectivity-rainfall rate
relationship due to natural cloud variability and the effects of artificially-induced
changes in the drop size distribution.

•

It is known that the efficiency with which clouds produce rain varies, depending on
the large-scale cloud environment. Furthermore, clouds with a continental droplet
concentration are generally observed to be less efficient in producing precipitation
than clouds with a lower, more maritime, droplet concentration. It is however unclear
whether the differences between continental and maritime clouds are principally due
to drop concentration or environment effects. Such uncertainties need to be resolved
if the effects of clouds are to be properly represented in global atmospheric
circulation models in which explicit representation of cloud effects is not possible.
Hygroscopic seeding experiments provide an opportunity to assess the relative
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importance of the two factors by permitting comparisons between clouds formed
under similar forcing conditions but with different droplet concentrations.
•

The present seeding results go beyond the classical finding in cloud physics that links
CCN and droplet concentrations to the probability that a cloud of a certain height will
produce rain. The point is that one now has evidence linking the aerosol to the
quantity of rainfall, and apparently to the longevity of the cloud (probably implying
dynamic effects). Such a result has important practical implications, in addition to
the water resource arena, for:
- Quantitative precipitation forecasting for different regions of the world, and
for different air masses (with different aerosol burdens) for a single region
Understanding the implications of climate change, including the possibility
that regional climate change would lead to an average change in the local
CCN concentration and hence the rainfall.

6.3 Model-based evaluation of possible dynamic effects of hygroscopic seeding
There is a general consensus that, given today' s computers, the detailed treatment of
coalescence in three-dimensional models is prohibitively expensive to do with the
accuracy needed to examine seeding effects. However, the models should be capable of
identifying the sort of hypothesized dynamical effects considered in Sec. 3.6. With
parameterized microphysics, one could artificially modify the evaporation or water
loading in the downdraft (in particular, not attempting to model this part accurately). One
could then search for the dynamical links among the following (a) increased downdraft
strength, (b) stronger surface convergence, (c) enhanced growth of progeny clouds, and
(d) enhanced storm system lifetime that are related to (e) rainfall changes.
From studies of this type one could examine whether any of the hypotheses listed in Sec.
3.6.2 have merit. One could also elucidate the sort of observations that would be
necessary to test these ideas experimentally (see Sec. 6.7).

6.4 Analysis of existing data from seeding experiments
During discussion at the workshop it became clear that there would be value in analyzing
the results from the three hygroscopic seeding experiments in a consistent way. Such a
re-analysis would attempt to: (a) document some of the common characteristics of the
cloud systems which developed in the three locations; (b) ascertain that the different
radar software packages for tracking storms gave similar results; and (c) check the
credibility of various elements of the modification hypotheses.
Some questions might be:
• Can we find common characteristics in the systems that concern the three areas?
• Are there common characteristics in the clouds that responded favorably to seeding
and/or had longer lifetimes than average?
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•

•

Can we find parameter variations that confirm or deny some of the hypotheses that
have been proposed during the workshop (e.g., increase of the mixing process,
stronger evaporation, stronger downdraft)?
Can we find common characteristics of the cloud as a function of their 1/M. dM/dt
structure that seems to differentiate seeded clouds from non-seeded ones (here Mis
the instantaneous precipitation mass)?

It is important to create a climatology of natural clouds and understand where the seeded
storms were located in the type distribution. If they are concerned with only specific
cases, located in the tail of the distribution, they may represent only a very small potential
for useful rain enhancement.

The following list is not complete but will give a few examples of parameters that might
be analyzed with the existing data.
•

•
•
•

•

Characterize the meteorological conditions: CAPE, CIN, vertical shear, convective
Richardson number, presence of particular levels with jets and/or with low dewpoint
temperature
Characterize the storm types and behaviors: Type (ordinary isolated cells, supercells,
multicell, squall line)
Individual cell size, speed, duration, system size, number of cells propagation speed,
new cell development frequency, duration and speed of the whole system
Characterize the microphysics of the seeded/non-seeded clouds. Some aircraft data
(LWC, droplet spectra, dewpoint temperature) are available and could be used to
obtain a qualitative idea of the location and importance of the mixing/evaporation
areas.
The radar data from the three sites should be re-analyzed using the same objective
analysis software. Different software was used in each analysis, and it would be good
to demonstrate that the seeding results can be found with different tracking packages.

6.5 Education and training
Countries getting involved in weather modification do not only have to build up the
substantial infrastructure for rain enhancement experiments/operations, they also need to
be prepared to provide trained and educated manpower committed to the tasks.
Specialized manpower is a major resource and every attempt needs to be undertaken to
maintain this highly valued resource.
While the present results seem very encouraging, it is important to understand and to
educate others regarding a number of cautionary points:
• The hygroscopic seeding technique has not yet been demonstrated to be cost
beneficial for an area-wide program
• The hygroscopic seeding results can not be automatically transferred to a new
geographic area, since the background aerosol and probably other things are
very important
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•
•

Scientists do not know at all well the complex physical processes that might
be active in producing the apparent effects
Without this physical understanding we cannot have full confidence that the
statistical results to date were not the result of chance

The scientific community has a responsibility to decision makers and to the general
public to provide sound advice on topics like cloud seeding as well as to communicate
the uncertainty involved. It seems particularly important to avoid now the often reckless
enthusiasm that greeted the Agl seeding prospects in the 1950s, in many cases continuing
up to the present. A number of charlatan schemes have again appeared on the
international scene. Educated decision makers are the best prevention against wasting
money on such things.
How can countries improve their education and training? They can start by building in an
educational aspect to both experimental and operational programs. It should include the
collaboration and further training of local professionals, and a program that contemplates
the formation of new professionals in this area of science (BS, MS, and PhD degrees).
Such a program could include:
•

Short-term training (workshops) for professionals for the understanding of the
problem, field operations and integral management of natural resources. WMO is to
be congratulated for the series of workshops it has provided (Valladolid, Chiang Mai)
in the past. It is hoped that these efforts can be continued.

•

Long-term educational programs with two variants:
At high school level to include a subject related to environmental science
(atmospheric sciences); also at the B.S. level.
Establishment of a promotional program oriented to future B.S. graduates as
to continue with a M.S. and PhD program related with atmospheric sciences
and weather modification.

•

The following components could be the responsibility of each local government:
radio programs
publication of a newsletter
public lectures

6.6 Proposed field experiments: small-scale research efforts
In this section the workshop participants describe field studies of limited scope that could
be undertaken by individual projects to help understand various elements of the
hygroscopic seeding issue.

6.6.1

Characteristics of hygroscopic flares (including ice nucleating ability)

During the past eight years seeding with hygroscopic particles has received a renewed
interest. This interest has especially grown in the past few years after the reported
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positive results from a randomized cloud seeding experiment in South Africa using
hygroscopic flares. This has led many other programs around the world to consider these
techniques for their research and operational work. There also have been a growing
number of companies manufacturing hygroscopic flares. Recent ground-based
measurements at the National Center for Atmospheric Research (NCAR) and airborne
measurements in Texas have shown that the flares from the different manufacturers
produced different particle size spectra which should have different effects when seeding
clouds. In addition, recent measurements in Thailand (Silverman and Sukarnjanaset,
2000) indicated a significantly different particle size spectra for large particle seeding
than was previously assumed.
It is important to note that the principle of enhancing the coalescence process via
hygroscopic seeding is dependent on three important parameters: the chemistry
(hygroscopicity), size and concentrations of the particles produced from the flares or
large particle salt seeding. In addition, the effectiveness of seeding will also depend on
the natural background particles and their characteristics with regard to the same
parameters especially with respect to hygroscopic flare seeding.

The first use of airborne flares to produce hygroscopic particles for cloud seeding to
enhance rainfall was by Mather (1991). The flares generate particles in the sub
micrometer size range which act as cloud condensation nuclei (CCN) and modify the size
distribution of the cloud droplets to larger sizes than would normally occur in an
unseeded cloud or the giant particles act as embryos for rain drops. These larger droplets
or drops accelerate the coalescence process and the development of rain through the
warm-rain process.
A recent model study by Cooper et al. (1997), gives good insights into the theory behind
hygroscopic cloud seeding and provides guidance on the necessary steps to optimize the
cloud seeding flares. If the CCN that are introduced into the cloud from the seeding flare
are larger in size than the natural CCN, the introduced CCN will activate preferentially
over the natural CCN and change the character of the drop size distribution to favor
coalescence and the formation of rain. In addition the modeling study indicated that the
larger particles if present in sufficient concentrations will further enhance the
transformation to precipitation.
The majority of the hygroscopic cloud seeding flares currently in use are based on the
formula of Hindman (1978) that was developed to initiate fog for cover of military
vessels. These flares incorporate sodium and lithium salts along with potassium
perchlorate, magnesium powder and an organic binder as the fuel. These flares produce a
plume of sodium, lithium and potassium salt particles along with magnesium oxide. All
of these species are incorporated into each of the particles that are produced.
Very little information is available on the size or nature of the particles produced from
these flares. A size distribution measurement of the dry particle sizes, indicates that a
majority of the particles are in the 0.2-0.4 µm size range (Cooper et al., 1997). These
measurements were made using flares manufactured with the original Hindman formula.

51

Other studies in flight and in a ground based wind tunnel confirm that a large majority of
the particles produced from the magnesium/perchlorate flares are less than 0.5 µm.
However, the large particle tail that is produced by the flares is to a large extent unknown
at this stage. In recent airborne measurements in Texas to evaluate the output particle
spectra from the different hygroscopic flares it was found that the different flares produce
different size spectra that could have significant impacts on the evolution of the warm
rain process.
An examination of electron rnicrographs of seeding particles captured on glass slides
suggest that the salt particles produced in the burning of flares nucleate on the MgO
produced in the combustion of the flare (Kok and Mather, unpublished data, 1995). The
combustion temperature of the flares is unknown, but is most likely in excess of 2000 °C.
Both NaCl and KCl melt at around 800 °C, and sublime or boil at about 1500 °C. Under
these conditions, the salts will volatilize and then re-condense rapidly, forming small
particles. If the burning temperature of the flare can be reduced, there should be less
volatilization, and consequently the formation of larger particles.
However, a systematic study on the particles generated by airborne hygroscopic cloud
seeding flares and their ability to act as CCN has not been conducted to date. Planned
studies should involve examination of a number of commercially produced seeding flares
as well as testing new formulations that can be more effective than those currently in use.

6.6.2

Studies on radar and rain-gauge measurements of rainfall

The normal expectation for the successful demonstration of a rain enhancement
capability is that the results be based on increased rainfall at the ground. In the three
hygroscopic seeding experiments described in Sec. 2 the use of time-resolved radar
reflectivity measurements proved to be a powerful technique for identifying seeding
effects. However, there is some uncertainty in translating these results to an estimate of
the rain increase at the ground. Perhaps the best way to deal with these issues is to utilize
modem polarization-diversity radars as described in Sec. 4. However, if that is not
possible, work along the following lines should be considered.
It is known that the rain from convective cloud systems has a strong spatial variability,
and that rain gauge measurements are not very accurate. In addition, it is almost never
possible to obtain the rainfall from individual storms with surface gauge data. The best
tool is radar. The deficiencies of radars are that changes in raindrop spectra may affect
the reflectivity; and that there will be some evaporation of rain between the radar
measurement level and the ground. The first effect could be evaluated by measurement of
the drop spectra to provide an empirical reflectivity (Z) - rainfall (R) relationship. The
second effect may be evaluated by modeling the drop evaporation on the way to the
ground in an environment established by radiosonde ascents or aircraft data. This second
aspect is primarily important only in light rain. Threshold conditions may be established.
It is obvious that the rain increases as assessed by radar would have to be locally
confirmed by existing rain gauges. There is clearly a need for radar measurements as
close as possible to the ground, a task which is complicated in areas with significant
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orography. For the same reason, a narrow beam-width antenna with small side lobes and
an effective ground clutter suppression algorithm is necessary.
Local calibration studies clearly show that the obtained Z-R relationships are only
statistically valid, showing very large uncertainty bands when applied to small areas and
short intervals. However, the characteristic sizes and lifetimes of the storms being used as
experimental units require the application of the radar estimates precisely with small
areas and short intervals. This is a topic where the most advanced methods for radar rain
measurements are called for, including multiple band and multi-parameter techniques
recently developed. However, none of them should be used before a reasonable local
verification study has been conducted.
Finally, given all difficulties stated above to measure rainfall at ground level in detail, a
hydrologic verification methodology may be a reasonable complement to the standard
hydrometeorological instrumentation. However, the inherent uncertainties also present in
the rainfall to runoff transformation should not be underestimated. For the kind of storms
being used as experimental units, small catchments have to be chosen, otherwise the
differential effect of seeding will not be evident in its outflow (not even in a statistical
way). The cost of reliably measuring outflow in many such small catchments could prove
too high to be applicable. If hydrologic verification of the effectiveness of the
hygroscopic seeding technique is desired, a specific experimental design to allow this
should be used, for example alternating small catchments for seeded/unseeded storms
every day.

6.6.3 Measurement of raindrop spectra at cloud base for seeded and control storms
Characterizing the raindrop size distribution (DSD) at cloud base is important to the
hygroscopic seeding question in several ways. One is as a direct measure of seeding
response, where the DSD potentially changes in some unknown way due to seeding. A
question exists as to whether the results from the various seeding projects are really due
to DSD changes, which then confuse the radar reflectivity analysis used in the statistical
evaluation.
Another is to calibrate or verify radar reflectivity measurements, which are currently used
to evaluate seeding effects. Establishing the variability of Z-R relationships and possibly
tuning Z-R to area or possibly storm to storm establishes bounds on the interpretation of
the seeding results.
A third is aimed at measuring changes in DSD from cloud base to the ground. This
would relate reflectivity at cloud base to actual rainfall at the ground, which is necessary
for final assessment of possible rainfall changes and for hydrological studies. DSD
changes also relate to Z-R relationships ("R" now being at the ground) and the role of
continued evolution of DSD on the fall to the ground.
Another is as a parameter in initializing and validating numerical studies on the effect of
evaporation and water loading in developing downdrafts and cold pools, which in tum
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may be of importance in generating new convection. Inherent in any DSD study related
to seeding effects is an assessment of natural variability, encompassing the time history
of DSD throughout a storm, from storm to storm, and from day to day.
Various levels of effort are involved in addressing these issues, ranging from what can be
done with historic data (from the current seeding projects), to routine measurements
which could be added fairly simply to these projects, and finally to research tools or
techniques necessary for more detailed or sophisticated studies. For example, some DSD
data exists from airborne measurements (2D-P probe), obtained in the areas of the
seeding projects, that could be utilized in preliminary studies. The same is true of
ground-based rainfall measurements (e.g., raingages) from which DSD can be implied for
well-defined cases. Routine measurements of DSD from airborne 2D-P probes should be
continued where possible, particularly in gathering data from both seeded and non-seeded
storms. Ground-based measurements might be relatively easy to include in current
projects, and would be particularly useful if coordinated with the airborne measurements
near cloud-base. These could include mobile disdrometers (Joss or optical models), or
vehicle-mounted 2D probes (such as available at UNAM), or some other systems.
Auxiliary data that may contribute to variability in DSD could also be measured on a
routine basis, such as CCN, initial cloud droplet spectra, cloud base height, and a host of
other parameters. An important tool for detailed studies of DSD is a polarimetric radar.
Standard polarimetric techniques, utilizing Z, ZnR, Knp, can be used for DSD
determination. Utilizing a research-quality radar for these measurements is critical to
evaluating the seeding results analyzed solely from Z measurements with operationaltype radars.

6. 7 Proposed field experiment: large-scale coordinated research effort
The workshop participants viewed the importance of the hygroscopic seeding results as
extending past the pure water resource implications, and including also such topics as
quantitative precipitation forecasting and climate change feedbacks on rainfall through
aerosol changes. Given this importance of the topic and the excitement generated by the
results to date, it was believed that the planning and conduct of a major international field
program should be a high priority. Many questions need to be answered to fully
understand the experimental results. Some elements that need to be addressed by a large,
coordinated field campaign are considered in the following. A much more careful and
detailed planning effort will be necessary however.

6. 7.1

Natural drizzle production

A more complete understanding of the initial development of precipitation embryos is an
integral component of evaluating hygroscopic seeding. Three components of a focused
field project are detailed here in order to evaluate the most promising hypotheses for
spectral broadening and embryo production

6. 7.1.1 Existence of ultra-giant nuclei
• Objective

54

-

•

Show experimental evidence of significant concentrations (a few per liter)
ofUGN (diameter of the order of 50 µm).
Instrumental setup
In situ airborne measurements with large sample volume particle counter
and particle impactor for further chemical analysis
Especially dedicated flight below cloud base and far from cloud
boundaries to avoid contamination from precipitation or cloud
recirculation.
Upward pointing lidar, either ground based or airborne measuring vertical
profile of extinction.

6. 7.1.2 Effects of entrainment-mixing on spectra broadening
• Objectives
- Document the effect of mixing on spectral shape and the possible
contribution of broadening on the formation of precipitation embryos.
• Instrumental setup
In situ airborne measurements of droplet and drizzle size and spatial
distributions ;
- In situ fast rate (10 Hz minimum) measurements of temperature, water
vapor mixing ratio and velocity ;
Airborne mm radar
- Ground based dual wavelength cm radar
6.7.1.3 Effects of turbulence on production of precipitation embryos
• Objectives
- Examine if the production of precipitation embryos is simultaneous with
high levels of turbulence (inertial effects hypothesis).
• Instrumental setup
- The same as for the study of effects of mixing on spectra broadening, but
concentrating on regions of intense turbulence within adiabatic cloud
regions.
6. 7.2

Natural cloud droplet concentrations at cloud base and relationship to measured
CCN

It is a prerequisite for the interpretation of drizzle and raindrop spectra to have good
documentation of cloud base droplet spectra and air motions. Even if documentation of
the sub-cloud aerosol (size and chemical composition) were available, reliable
predictions of the cloud droplet spectra would remain somewhat elusive due to
uncertainties in mixed aerosol forms and surfactants. Cloud base air motion fields are not
readily predicted by any current means.

Peak updraft values and the extent of updrafts exceeding certain threshold values, as
measured by aircraft, are frequently used to characterize the updraft. However, there are
indications that it is important to obtain a more complete picture of the updraft structure
at cloud base, immediately above it and possibly below it to observe vertical and
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horizontal air motions, the presence of adjacent precipitation areas, sharp gradients in
vertical velocities (leading to shear instabilities and mixing), and other such things.
The above set of observational needs is not easily fulfilled. The droplet spectra from a
few micrometers to at least 100-µm diameter cannot be measured with a single in-situ
probe. The Penn State University radar is a powerful tool that yields spectral information
through a reasonable cloud depth, but is limited in mobility and is restricted to vertical
pointing. The Wyoming Cloud Radar with the King-Air is another powerful tool
combining capabilities for both in-situ sensing and for the depiction of motion fields in
vertical or horizontal planes. Ground based or airborne lidars would have the advantage
of simultaneous depiction of sub-cloud aerosol and low-level cloud features.
Near cloud-base droplet spectra would be very useful for stratification of cases in a
randomized seeding experiment. There is the further possibility that, once hygroscopic
seeding effects are more fully understood, some features of the cloud base spectra may
emerge as a qualification criterion for seedability.

6. 7.3

Determining the dominant mechanism by which hygroscopic material influences
the development of precipitation.

There are two ways in which hygroscopic seeding might enhance the early formation of
precipitation:
(a) Through addition of ultra-giant particles that provide embryos for rain formation
(b) Through production of larger cloud droplets that lead to an enhanced coalescence
process and hence to rain.
Calculations suggest that both these processes may be important, but the framework for
the calculations and our present knowledge of the aerosol size distributions in natural and
seeded cases are not adequate to determine which (if either) is dominant. The next step
in exploration of the physical sequence leading to precipitation (in natural and seeded
cases) is to determine the relative importance of these two processes.
The first process (a) involves ultra-giant particles and is optimized by the introduction of
low concentrations of very large particles (larger than 10 µm diameter). The second (b)
requires higher concentrations of smaller particles (of about 1 µm diameter). The two
processes also differ in how they will affect clouds: the first directly enhancing the small
concentrations of precipitation embryos, while the second lowers the number
concentration of cloud droplets, broadens the droplet size distribution, and hence
accelerates the coalescence process that leads to rain. The two possibilities thus differ
significantly in the seeding method that would be optimal and in the change produced in
hydrometeor size distributions.
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Any ultra-giant particles introduced into an adequate updraft will grow to precipitation
embryos, so the relative importance of these two processes will largely be determined by
how important (b) is. Some observable consequences that could be measured include
these:
•

•

•

Process (b) requires modification of the central portion of the cloud droplet size
distribution at cloud base, while that is not a requirement of (a). Absence of cloudbase changes other than the introduction of ultra-giant embryos would be strong
evidence for (a).
Process (b) will lead to a broader cloud droplet size distribution at altitudes of 1001000 m above cloud base, and so to an enhanced coalescence rate. Concentrations of
drizzle at intermediate levels in the cloud that exceed the concentrations of ultra-giant
particles introduced at cloud base (with appropriate correction for dilution), if linked
to seeding, will be strong evidence for process (b ).
One might expect process (a) to produce an early echo dominated by a small number
of very large hydrometeors while (b) might produce an early echo from a larger
number of drizzle-size droplets. Calculations suggest that these two processes might
be distinguished by a differential-polarization (ZDR) measurement, with a high value
favoring (a) and a low value favoring (b).

There are other distinguishing differences that can be studied in the measurement
sequence proposed below. Of course, it will also be critical to determine the typical
concentrations of ultra-giant particles entering cloud base in natural and seeded cases.
Our knowledge of these concentrations is rather poor in both cases at present, in the
natural case because past measurements have not been representative of the areas or the
cloud-base conditions of the experiments and in the seeded case because the available
measurements are variable and it is not clear to what extent the large particles were still
burning when they were measured.
To demonstrate that measured changes in hydrometeor size distributions are caused by
seeding, it would be very valuable to develop ways of identifying the seeding plume in a
cloud from an aircraft. This might be done through use of detectors that detect the
constituents of the plume (e.g., potassium via flame ionization), or through the use of a
tracer that could be added to the flare or released with the flare. Detection of this
material would then serve to tag parcels as potentially influenced by the seeding material,
at least initially while concentrations are high and sedimentation of hydrometeors is not
significant. Detection of the seeding material would also be helpful later as an indication
of how high or how widely distributed the seeding material was.
The proposed measurement sequence and required measurement capabilities are these:
•

Measure the natural aerosol size distribution entering cloud base and the
corresponding distribution for the seeded regions.

•

Measure the cloud droplet size distribution immediately above cloud base in regions
affected by seeding, and compare those to similar nearby regions outside the seeding
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plume. (This requires a research aircraft with hydrometeor spectrometers, preferably
of the highest resolution. It would benefit greatly from simultaneous detection of the
plume material or an associated tracer.) Expected result: A broader size distribution
and reduced droplet concentration if (b) is important.

•

Measure the droplet size distribution at intermediate altitude (perhaps 1-2 km above
cloud base) to determine if a coalescence process leads to drizzle faster than in the
natural case. This could be done by repeated passes of a research aircraft as seeding
material is introduced below, with chance encounters between the seeding material
and the research aircraft. [Repeated seeding passes at cloud base might be made at
intervals as short as 2-3 min in favorable circumstances. If these seeding lines spread
to about 500 m vertical extent in the ascent to 2 km and are rising at 5 mis at 2 km
above cloud base, there is a good chance that the upper-level aircraft flying
perpendicular to the seeding direction will encounter the rising plumes.] This
measurement may be possible without tracer detection if the effect is large (from
comparison between seeded and unseeded clouds), but would be much stronger if the
modulations introduced by seeding could be detected as the cloud parcels rise past the
level of the upper-level aircraft.

•

Use a high-performance aircraft (or perhaps a sailplane) to make repeated passes
timed to encounter seeding plumes as they rise. This can be done through use of an
onboard computer to use the measured updraft to predict the required altitude of the
next pass. A few rapidly rising turrets documented in this way could provide
convincing documentation of the nature of the development to precipitation.

•

Use a research radar (preferably with polarization-diversity capabilities) to document
the development of the radar echo in seeded and unseeded clouds. The seeding
experiments suggest that there will be a significant difference in the development of
the radar echoes in seeded versus unseeded cases. The higher resolution of researchgrade radar may permit better identification of this development, and the extra
information available from multi-polarization measurements (like ZDR) may provide
valuable information to indicate which process is responsible for the radar echo.

6. 7.4

Identifying seeding effects and mechanisms related to seeding-induced changes in
the downdraft structure

The dynamic effects discussed in Sec. 3.6 that might explain the observed rainenhancement results all relate to changes in the cloud downdraft below cloud base. They
follow more or less the following hypothesized sequence of events.
1) An early increase in rain production follows seeding-induced changes in the
cloud droplet distribution
Note that the changes here have not been observed in radar data, though a
few aircraft observations have found the rapid broadening of the droplet
distribution that would be expected
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2) The increase in early rainfall leads to changes in the downdraft
This could mean a downdraft with a larger area, or one with larger
downward velocity
Perhaps it could mean a more compact but stronger downdraft
This might be produced by increased precipitation loading
It could also be produced by increased evaporation from the larger mass of
precipitation present (note that the same rain mass moved into larger drop
sizes would tend to reduce evaporation, however)
3) This leads to stronger surface divergence in the downdraft, and stronger
convergence at the gust front than would be present otherwise
4) This leads to one or more of the following:
A longer-lived initial cloud that produces more rain
The forcing of new clouds (alternately called progeny, secondary clouds,
daughter clouds, etc) that are larger or last longer than in the natural case,
and that produce more rain
Enhanced merger of the initial cloud with nearby clouds, thus leading to a
larger and longer-lived system that rains more
The experimental approach suggested is to construct testable hypotheses from events 2-4
using the research tools discussed in Sec. 4. This would be most profitably done in the
context of initial cloud modeling as discussed in Sec. 6.3. Such model results might give
sharper guidance to the search for seeding-induced dynamical effects than do the simple
qualitative arguments made above.
As examples, one could consider the following:

• Use aircraft and automated surface measurements to look for average differences

•

•

between seed and control samples related to:
Relative humidity
Drop size distributions in the rain
Rainfall rate
Use sensitive Doppler radar, polarization-diversity radar and perhaps lidar to
examine:
Rainfall-rate differences that might otherwise be masked or misrepresented
because of seeding-induced Z-R changes
Downdraft size
Average and peak divergence in the downdraft
Gust-front convergence characteristics like strength and area of convergence
Use objective radar analysis software to try to determine:
Number and size of progeny clouds
Frequency of mergers
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