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EXECUTIVE SUMMARY

Woodley Weather Consultants (WWC) has made an assessment of cloud seeding for rain
enhancement as a water management strategy for Texas under contract with the Texas Water
Development Board (TWDB). The results are presented in this Final Report, which also has a
strong educational component. The investigation is broken down into the following tasks:

» Task 1. Compilation of worldwide evidence concerning the efficacy of cold-cloud seeding
for rain enhancement. This includes results obtained in Texas during intermittent
experimentation in the period 1986-1994 and in Thailand for the Royal Thai Government
(RTG) in a randomized six-year (1993-1998) cloud seeding experiment. Both experiments,
which were under the direction of Dr. Woodley, suggest, but do not prove, that cloud seeding
increases rainfall.

* Task 2. Estimation of statewide seeding opportunities in the growing season (1 April through
30 September) using calculations from satellite imagery made during the 1999 and 2000
seasons by the research team of Woodley and Rosenfeld for the Texas Natural Resource
Conservation Commission (TNRCC).

® Task 3. Estimation of the amount of additional rainfall to be expected in Texas from seeding
under various weather regimes as a function of space and time using the information obtained
in Tasks 1 and 2. The original intent was to do this for periods of above normal, normal and
below-normal rainfall to provide an estimate of the quantity and reliability of the rainfall
enhancements to be expected in Texas from cloud seeding under these three natural rainfall
scenarios. Because of normal to below normal rainfall during the period of study, however,
the above—normal scenario could not be examined.

» Task 4. Estimation of the impacts and reliability of increased seeding induced rainfall on the
water supply. It includes a more detailed case study of the potential hydrological impacts of
cloud seeding on the Edwards Aquifer.

e Task 5. Determination of the operational costs of producing potential increases in water
supply from cloud seeding.

The study does not include performing any estimates of agricultural or other economic
benefits from cloud seeding. A review of the first draft of this Final Report by the Texas Water
Development Board under contract No. 2000-483-343 is provided in Appendix G.

Major Study Assumptions and Uncertainties

This investigation is a broad, conceptual examination of the potential impacts of
hypothetical seeding induced rainfall (HSIR) on the hydrogeology of Texas. Because of the
many assumptions and uncertainties inherent to the study, its results must be view qualitatively
rather than quantitatively. Most critical is the assumption that glaciogenic cloud seeding
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enhances rainfall on an area basis. Although the collective evidence suggests that cloud seeding
increases rainfall from individual clouds and cloud clusters, proof of its efficacy on an area basis
does not exist (Task 1). Much of this research is based on the results of a randomized cloud
seeding experiment over floating targets in Thailand. Although the apparent seeding effects are
large, ranging as high as +91%, they are not statistically significant and they are confounded by
the natural rainfall variability. A more realistic, but still uncertain, estimate of the effect of
seeding, based on linear regression, is +43% for floating targets of about 2,000 km?. In addition,
the climate and terrain differences between Thailand and Texas raise additional questions about
the transferability of the Thai results to Texas. Further, the apparent seeding effects in Thailand
and elsewhere must be extrapolated to hydrogeologic areas of various size, typically larger much
larger than the targets of past experimentation, in order to meet the goals of this study. In one
scenario, these extrapolations are made as a function of satellite inferred cloud microphysical
structure (Task 2); again based on past research results in Thailand. Because of these
uncertainties, a range is assigned (i.e., low, middle and high) to the hypothetical area seeding
effects to be superimposed on the radar-estimated rainfalls (Task 3). Further quantification
would not be reliable in view of the uncertainties.

In view of the many uncertainties associated with this study, many of which are beyond
reliable quantification, it is emphasized that the HSIR values generated are meant to be
illustrative of likely potential general impacts on surface and groundwater resources, consistent
with hydrogeologic principles and the hydrogeologic settings of the study areas. The values
should not be considered definitive or precise and have not been subjected to an intense
statistical analysis since such results would suggest a greater certainty in the values than in fact
exists. The data produced by this study are meant to guide future research to areas where HSIR
would likely be most productive. However, the radar-estimated natural area rainfall, likely
accurate to within + 20% on a monthly basis, during the period of study has influenced these
guidelines. Thus, those areas that did not appear suitable for cloud seeding intervention might
have fared differently had the input natural rainfalls been greater.

Natural Processes and Seeding Concepts

As background for Task 1, the study begins with an overview of the physics of clouds
and precipitation, including a discussion of the processes leading to the formation of clouds and
the development of cloud condensates. This leads naturally to the presentation of precipitation
augmentation concepts, including cloud seeding to improve precipitation efficiency (PE),
sometimes called “static” cloud seeding, and seeding to alter the circulations that sustain the
clouds, leading to increased cloud growth, duration and rainfall, sometimes catled “dynamic”
cloud seeding. Both are misnomers.

“Static” seeding is a misnomer, because it is not possible to produce the hypothesized
microphysical changes in the clouds without changing their dynamics. If “static” seeding
initiates and augments rainfall from clouds, their downdrafts will be affected. This is a dynamic
effect, so “static” seeding affects cloud dynamics. Conversely, “dynamic seeding,” which is the
approach used in Texas, focusing primarily on enhancing rainfall by altering the circulations that
sustain the clouds, can only attain its purpose by first producing changes in the cloud
microphysical structure.
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The history of the “dynamic” cloud seeding conceptual model from the mid-1960’s to the
present is addressed in detail because of the pivotal role it plays in Texas. In its present form the

clouds. This seeding is hypothesized to produce rapid glaciation of the supercooled cloud liquid
water content (SLWC) in the updraft by freezing preferentially the largest drops so they can rime
the rest of the cloud water into graupel (soft irregular snow pellets). This seeding-induced
graupel is postulated to grow much faster than raindrops of the same mass so that a larger
fraction of the cloud water is converted into precipitation before being lost to other processes. Ice
multiplication is not viewed as a significant factor until most of the cloud water has been
converted into precipitation. This faster conversion of cloud water into ice precipitation enhances
the release of latent heat, increases cloud buoyancy, invigorates the updraft, and acts to spur
additional cloud growth and/or suppott the growing ice hydrometeors produced by the seeding.
These processes result in increased precipitation and stronger downdrafts from the seeded cloud
and increased rainfall in the unit overall through downdraft interactions between groups of
sceded and non-seeded clouds, which enhance their growth and merger. “Secondary seeding,”
whereby non-seeded clouds ingest ice nuclei and ice embryos produced by earlier seedings, is
thought also to play a role in the precipitation enhancements.

The Design, Conduct and Evaluation of Seeding Experiments

Issues of relevance to the design, conduct and evaluation of cloud seeding experiments
are addressed. Such experiments begin with a conceptual model of the sequence of
meteorological events to be expected after seeding, leading ultimately to increased precipitation.
This is followed by a systematic program of measurement using aircraft, radar and satellites to
determine whether the clouds in the prospective target area have the characteristics assumed by
the conceptual model.

The pre-experiment measurements are followed by the selection of a design (e.g,,
crossover, target-control and single target) by which the efficacy of the seeding in increasing
precipitation is to be tested. The crossover design, which is the most efficient, involves two
targets with a buffer zone between them. On each day of suitable conditions a treatment decision,
which specifies which target is to be seeded and which is to be left untreated, is drawn from a
randomized sequence. The experiment then proceeds according to the randomized instructions.
The evaluation of the crossover experiment is made by forming the double ratio:
RIS/R2NS//RINS/R2S where R1S and RINS refers to the rainfall (R) in Target 1 when it was
seeded (S) and non-seeded (NS), respectively, and R2S and R2NS refers to the rainfall (R) in
Target 2 when it was seeded (S) and not-seeded (NS), respectively. This design requires that the
rainfalls in the two targets be highly correlated (e.g., correlation > 0.70).

A second alternative is the target-control experiment. With this design the treatment
decision is randomized for the target (i.e., S or NS) and the upwind control is never seeded. The
evaluation of the target-control experiment is done by forming the double ratio:
RS/CS//RNS/CNS where RS and RNS refer to the target rainfall on S and NS days, respectively,
and CS and CNS refer to the rainfall in the control area on S and NS days, respectively. Seeding
is never done in the control area. Thus, it serves to detect biases on the S and NS days and this

18




mean bias in the form of the ratio CS/CNS is used to correct for what is assumed to be a
corresponding bias in the target. Again, the utility of this approach depends on a strong
correlation between the rainfall in the target and the rainfall in the upwind control area. Such
correlations normally do not exist in convective regimes such as those in Texas.

The third alternative is the single target design for which the treatment decision is
randomized (i.e., either S or NS). The single target can be fixed to the earth or it can drift with
the wind. This design is the least efficient, because only one target is seeded on each day and
there is no formal way to account for the natural rainfall variability by using control areas.
Despite its limitations, the single target design is the only one that has been possible for dynamic
cloud seeding experiments in Texas.

All three designs require randomization of the treatment decisions. This is done to avoid
the possibility of human bias in the selection of the treatment decision. Randomization also
makes it possible to employ “double-blind” procedures whereby the treatment decision is not
known by the experimenters in the field and the analysts in the laboratory until the analysis of
the experiment has been completed. In addition, randomization, if employed for many cases, is
useful also in minimizing the impact of the natural rainfall variability that usually confounds the
interpretation of cloud seeding experiments.

Within the context of a given design there are several types of experiments. If successful,
the most persuasive is one in which the design, conduct and evaluation of the experiment are
specified beforehand (i.e., a priori). Everything is done according to the a priori design and the
results of the experiment are evaluated, where a P value of 0.05 normally is deemed necessary to
achieve statistical significance. “P-values” refer to the results of statistical tests where a P-value
is the probability that a particular result could have occurred by chance. The lower the P-value
the stronger the result and the lower the probability it could have occurred by chance. The
statement that a result is statistically significant is reserved for @ priori experiments.

If the intent of a particular experiment is to confirm the results obtained by seeding
elsewhere in the worid, it should attempt to duplicate all that was done in that experiment.
Further, it should state what is to be done beforehand. When this is done, the experiment
becomes an a priori confirmatory experiment. If completed successfully with P values < 0.05,
the experiment would be statistically significant.

Experiments whose designs and execution change during the course of the experiment
are considered exploratory. Likewise, experiments that achieve P values < 0.05 for after-the-fact
(1., a posteriori) analyses of seeding effects are also considered exploratory. Most experiments
fall into this category. An exploratory experiment with strong P-value support still cannot be
Judged statistically significant and is, therefore, not as persuasive as the a priori experiment. The
only way to solidify the results from an exploratory experiment is to confirm them with a priori
experimentation, either in the same area or in another part of the world.

A major challenge comes in the conduct of the experiment. The biggest problem is

delivering the nucleant to the clouds at the times and places it is needed. If individual clouds are
to be seeded and evaluated, the nucleant must be introduced when the cloud is in its active
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growth phase. If seeding takes place late in the life of the cloud, the hypothesized changes are
not likely to take place. Likewise, if groups of clouds are to be seeded over either a fixed or
floating target area, many clouds actually must be seeded repetitively in a timely fashion in order
to enhance the rainfall over that area.

A crucial aspect of all rain enhancement experiments is the estimation of target rainfalls.
The word “estimation” is used rather than “measurement,” because there is no way to measure
rainfall with absolute accuracy, especially convective rainfall with strong cores and gradients.

Radar is an attractive alternative for the estimation of convective rainfall, because it
provides the equivalent of a very dense gauge network. Radar estimation of rainfall is, however,
a complex undertaking, involving determination of the radar parameters, calibration of the
system, anomalous propagation of the radar beam, concerns about beam filling and attenuation,
and the development of equations relating radar reflectivity to rainfall rate, where radar
reflectivity is proportional to the sixth power of the droplet diameters in the radar beam. Because
these Z-R equations depend on the drop sizes in the clouds, the radar is going to make errors in
estimating the precipitation, if the scanned clouds contain drop sizes that are different from those
that went into the derivation of the equations. Further, if the clouds of interest do not fill the
radar beam, errors will also result. Z-R relationships also are contaminated when hail is present
due to the transition from Rayleigh to Mie scattering at C-band wavelengths.

Such problems are not likely to engender much confidence in the short-term radar
estimation of rainfall, although it is shown in this report that the Texas NEXRAD radars perform
quite well over the period of a month or longer. Fortunately, the interest in cloud seeding
experiments is in the ratio of S to NS rainfalls. Thus, if the errors the radar makes apply equally
well to the S and NS clouds, the estimate of seeding effect should be unaffected by the errors. If
on the other hand, the radar under or overestimates the rainfall from the S clouds relative to the
NS clouds, the apparent seeding effect may be spurious, due not to the seeding but to radar
errors. This possibility was investigated during the Florida experiments by measuring the droplet
sizes in rainfall from S and NS clouds. No differences in drop sizes were detected (Cunning,
1976). Thus, the radar estimate of seeding effect should still be valid,

The absolute amount of rainfall to be realized from seeding is still in question, because of
evaporative losses in the drier air beneath the clouds. The only way this can be estimated is
through comparison of the radar rainfall estimates with the measurement of rainfall by rain
gauges in clusters or small arrays. Such comparisons will allow for adjustment of the radar
rainfall estimates everywhere within scan of the radar. With such a system the estimates should
be better than those provided by radar or rain gauges alone.

The evaluation phase of an experiment focuses on the results of the seeding. Even if the
conceptual model is valid and even if the seeding was conducted properly, there is still no
guarantee of success. Only if the natural rainfall variability, which can mask an effect of seeding,
can be overcome will it be possible to detect a seeding effect, given there is one to detect.

In theory, randomization of the treatment decision should take care of the natural rainfall
variability. If the experiment goes on long enough, it is assumed that an equal percentage of the
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naturally wet and dry days will be apportioned randomly to seeding and controls (ie, not
seeded). If so, the mean rainfal] differences between the seeded and non-seeded storms should be
4 measure of the effect of seeding. If this is not 50, the mean rainfall differences might be due to
the disproportionate random allocation of wet or dry days to either the seeded or not seeded
categories.

difficult,

Assessment of Randomized Cloud Seeding Experiments Worldwide

An overview of the results of randomized cloud seeding experiments worldwide is
provided in this report. Excerpts from the “official” views of the status of weather modification
by the American Society of Civil Engineers, the Weather Modification Association, the
American Meteorological Society, and the World Meteorological Organization are provided also
in Appendix A. Although the details differ from assessment to assessment, there is a general
consensus that cloud seeding enhances precipitation under some conditions and produces no
effect or even a negative effect under other conditions. The evidence is strongest for the seeding

The report then takes a closer look at specific orographic and convective cloud seeding
experiments, including those with “static” and “dynamic-mode” conceptual models. The main
focus is on the series of dynamic-mode experiments of relevance to Texas, beginning over the
Caribbean Sea in the mid-1960’s, Florida in the 1970°s, Texas in the 1980°s and early 1990’s,
and Thailand in the 1990’5 In addition, experiments in Cuba and South Africa are examined.

with an ice nucleant might be useful for enhancing area rainfall, although proof from a single

experiment is still lacking. The best estimate of area ncreases in rainfall for the experimental
units range between 25%, and 45%, depending on area size Despite these uncertainties,

Past 40 years at various locations around the world. The current program in Texas, which now
involves 10 project sites, is the latest in a long line of such programs.
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perspective of Dr. Bernard A Silverman has been published in the Bulletin of the American
Meteorological Society (Silverman, 2001). Special attention is focused on the wintertime rain
enhancement experiments in Israel, the Climax, Colorado snow augmentation experiments and
the series of warm-season dynamic-mode seeding experiments. Silverman’s general view of the
status of glaciogenic seeding experiments for precipitation enhancement is embodied in the
following from his paper:

“Based on a rigorous examination of the accumulated results of the numerous
experimental tests of the static-mode and dynamic-mode seeding concepts conducted
over the past 4 decades, it has been found that they have not yet provided either the

Woodley and Rosenfeld (2001) submitted a Commentary to the Bulletin of the American
Meteorological Society regarding the Silverman (2001) paper in August 2001. As of November
2001, however, when this F inal Report was completed, their Commentary had not been
published. An overview of their position as it relates to dynamic-mode seeding is embodied in
the following:

The biggest contributor to the uncertainty over cloyd seeding experiments is the natural
rainfall vaniability, which can confound the interpretation of the results. It can hide an effect of
seeding in the natural rainfall noise or it can conspire to suggest an effect of seeding when in fact

such that the effect of seeding, assuming that one is present, is readily detected despite the
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analysis categories and seeding effects can be sought within each category. If no effect is evident in
the category thought most suitable for seeding, there will be legitimate reason for concern. Under
such circumstances, all seeding should stop until the matter is resolved.

(Woodley and Rosenfeld) designed, directed and evaluated both programs. Further, the results
for Thailand and Texas are very similar afier accounting for some of the natural rainfall
variability. In addition, the conduct of the seeding operations in both Texas and Thailand are
very similar to what is being done now in the operational cloud seeding programs of Texas,
Although it is not a perfect match, the Thaij experiment is the most relevant of any known
experiment to what is being done in Texas. Ag such, it merits a closer look.

The Thai randomized, cold-cloud, rain enhancement experiments were carried out during
1991-1998 in the Bhumibol catchment area in northwestern Thailand. These experiments
involved exploratory experimentation in 1991 and 1993, which suggested increases in rainfall
due to seeding. This was followed by a “demonstration” experiment to determine the potential of
on-top Agl seeding for the enhancement of areal (over 1,964 km?) rainfall, It was conducted in

Evaluation of the demonstration experiment, consisting of 62 experimental units (31 §
and 31 NS), gave a S (11,519 x 10° m’) to NS (6,021 x 10° m’) ratio of mean rain volumes over
the unit lifetimes of 1.91 at a statistical P value of 0.075. The ratio of S (5,333 x 10° m®) to NS
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(3,516 x 10> m*) median rainfalls is 1.52. Evaluation of the units at 300 minutes after their
qualification, which has historical precedent, gave a S (7,930 x 10°> m®) to NS (5,348 x 10° m’)
ratio of mean unit rainfalls of 1.48 at a P value of 0.123. Thus, the demonstration experiment fell
short of statistical significance at a P value of 0.05, regardless of the period of evaluation.

Although the Thai “demonstration” experiment did not reach significance in the time
allotted to it, there is much to be gained by exploratory examination of the entire data set (43 S
and 42 NS). It is emphasized that P-values obtained for exploratory analyses do not carry the
same weight as P-values obtained for the results of analyses of a priori experiments. Beginning
on the scale of the individual treated cells, it was found that the ratio of S to NS rain volumes is
1.37 at a P-value of 0.066. The other cell parameters have P-values < 0.05 except for the echo
height. These results suggest that seeding increases the rain volume from individual cells by
increasing their maximum radar reflectivities, inferred maximum rainfall rates, maximum areas,
maximum rain-volume rates, duration, and their clustering and merger with other cells. These
results are similar to comparable exploratory cell analyses in Texas.

The mean rain volumes for the unit durations are 10,398.78 x 10° m® for the S sample and
5,404.19 x 10’ m’ for the NS sample, giving a S/NS ratio of 1.92. Six huge S units, whose rain
volumes exceed the largest value in the NS sample, dominate this result. Deletion of the wettest
S (105,504 x 10° m*) and wettest NS (17,709 x 10° m’) units as a sensitivity test gave a revised S
(8,134 x 10’ m®) to NS (5,104 x 10° m’) ratio of rain volumes of 1.59 at a P value of 0.040.
Normalization of the entire sample to the overall NS mean unit rainfall to account for year
effects decreased the apparent effect slightly (1.88) but improved the P value slightly to 0.009.

Linear regression analyses to account for the natural rainfall variability in the experiment
suggest a smaller apparent effect of seeding. The ratio of S to NS unit rainfalls after accounting
for up to 30% of the natural rainfall variability ranges between 1.43 and 1.73 at P values of 0.136
and 0.063, respectively. Although the poor correlations between the covariate candidates and the
unit rainfalls (all < 0.55) make the accuracy of these estimates problematic, it is still likely that
the natural rainfall variability favored the S sample to some extent.

The Thai results suggest also that the effect of seeding depends on the internal cloud
structure, especially the intensity of coalescence, whereby smaller cloud drops of varying sizes
collide and coalesce into larger raindrops. The strongest apparent effect, exceeding well over
100% even after correction for the natural rainfall variability, is evident in clouds with some
coalescence and raindrops. The apparent effect is smaller for clouds with no coalescence. In
clouds with intense coalescence the apparent effect of seeding is near zero or even negative.
Such clouds glaciate very rapidly and are not suitable for seeding according to the seeding
conceptual model. These results underscore the importance of using AVHRR satellite imagery to
specify the cloud structure over Texas during the summers of 1999 and 2000 as a precursor to
the estimation of seeding effects over the State.

The assessment of past cloud seeding experiments, especially those of relevance to
Texas, provides strong but not conclusive evidence for the efficacy of cloud seeding for the
augmentation of rainfall. There is a basis, therefore, for the systematic assessment by the Texas
Water Development Board of cloud seeding as a water management tool in Texas. Because of
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the many assumptions and uncertainties, however, the results of such a study must be interpreted
qualitatively rather than quantitatively.

History of Cloud Seeding In Texas

To attain the objective mandated by the Texas Legislature to develop and refine cloud-
seeding technologies, the State of Texas took a first step by linking up with the U S. Bureau of
Reclamation in 1973 to devise and demonstrate a viable cloud-seeding technology. Since then,
an on-going, though often Intermittent, research effort has ensued to corroborate and quantify the

character, having increasing coalescence and glaciation, as distance from the Gulf Coast
decreases. This is consistent with the rainfall climatology for the State.
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effect for each target as a function of the satellite-measured cloud structure on each day for
which measurements were available. The procedures are described in this Report.

Radar Estimation of Rainfall in Texas
=s==—=oamation of Rainfall in Texas

Making the assessment of the potential alteration of rainfal] by seeding and the impact of
rations on the water supplies of Texas requires the statewide measurement of convective
rainfall. This is a major challenge. The point measurement of convective rainfall with rain

gauges is an accepted standard, even though gauges are subject to errors due to wind and

Gauge and radar estimates of monthly and seasonal (April-September in 1999 and 2000)
convective rainfall were compared for a large network in the Texas Panhandle. In 2000, the
network, covering approximately 3.6 x 10* km? (1.4 x 10* mi’), contained 505 fence-post rain
Bauges with individual, subterranean, collector reservoirs at a density of one gauge per 72 km?
(29 mi®). These were read monthly to produce area-averaged rain totals, obtained by dividing the
gauge sums by the number of gauges in the network. The gauges were not read in September
2000 because of negligible rainfall. Comparable radar-estimated rainfails for the same time
periods were generated using merged, base-scan, 15-min, NEXRAD radar reflectivity data
supplied by the National Weather Service through WSI, Inc. and the Global Hydrology Resource
Center.

The gauges vs. radar comparisons were made on the basis of rain patterning and area
averages. The Z-R relationship used to relate radar reflectivity (Z) to rainfall rate R)was Z =
300R™, which is the equation used in standard NEXRAD practice. Because all of the rain
gauges could not be read on a single day, the gauges do not provide an absolute basis of
reference for comparison with the radar estimates, which were made in time periods that
matched the average date of the gauge readings. The gauge and radar monthly rain patterns
agreed in most instances, although the agreement in August 2000 was poor. The monthly
correlations of gauge and radar rain amounts were 0.86 in 1999, 0.96 in 2000 and 0.93 for the
two years combined. The radar tended to underestimate heavy rain months and overestimate
those with light rain. The radar overestimate for months with light rain may be due to
evaporative losses beneath the level of the radar scan as the drops fell through dry air to the
ground,

of variations in the date of the gauge readings, it was found that all but one of the five
comparisons was within 5%. The exception (April/May 1999) differed by 16%. The seasonal
gauge and radar estimates in 1999 and 2000 agreed to within 4% and 8%, respectively, which is
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extraordinary considering the uncertainties involved. Thus, the longer the period of comparison
the better the agreement appeared to be. It is concluded that the use of radar in Texas can
provide an accurate representation of rain reaching the ground on a monthly and seasonal basis,

Estimation of Area Seeding Effects
===l 9l area >eeding Effects

The TWDB contract calls for estimation of the amount of additional rainfall to be
expected in Texas from seeding under various weather regimes as a function of space and time.
hydrologic interest and ail of Texas. The period of “daily” rain estimation was tied deliberately
to the convective cycle, beginning at 0700 CDT on the day of interest to 0659 CDT the next day.

Initial estimates of the hypothetical effect of seeding on each day for each seeding target
were obtained by taking the product of the daily radar-estimated rainfall and the appropriate
hypothetical seeding factor. The former was obtained by integrating the 15-min NEXRAD base-
scan reflectivity data. The latter was obtained by converting the satellite cloud classifications
listed in Appendix B for each day to a seeding factor in the manner described in the report. It was
necessary also to extrapolate the cloud classification values to days without direct measurements,

Once the daily estimates of seeded and non-seeded rainfalls were available, they were
summed to obtain the “seeded” (S) and non-seeded (NS) rain volumes by month and for the
entire 1999 and 2000 seasons. Results, including the differences (8-NS) and ratios (S/NS) of S
and NS rainfalls, are provided in the report. The daily calculations from which the monthly and
seasonal values were derived are available on computer disk.

Strictly speaking the results are applicable only to areas of around 2,000 km? (about 800
mi’), which was the size of the floating target in Thailand, since the hypothetical effect of
seeding used in this study, expressed as a percentage of the “natural” rainfall, depends on scale,
Based on past Texas and Thai experimentation, the seeding factor on the scale of individual
clouds having base areas averaging 75 km?® (29 mi’) is on the order of 1.75 (i.e., +75%). When
dealing with the Texas and Thai experimental units covering 1,964 km? (758 mi®), the seeding
factor after adjusting for the natural rainfall variability drops to about 143 (i.e, +43%). The
apgarent effect of seeding in the FACE-1 (Florida) seeding target covering 13,000 km? (5,019
mi‘) was 1.23 (ie, +23%). Most of the Texas seeding targets are larger than the FACE target,
suggesting that the overall effect of seeding, expressed as a percentage above the natural rainfall,
should be somewhat smaller still, probably on the order of +10%. Therefore, upon considering
the size of the Texas targets, it is assumed that the high, middle and low estimates of seeding
effects for the Texas seeding targets are one-half, one-quarter and one-eighth of the calculated
values. This is discussed further in the Report.

In considering the results, it should be remembered that radar does not provide an
absolute measure of the rainfall, so errors should be considered in estimating rainfall and the
probable increments due to seeding. As it turns out, however, the errors for radar estimates of
monthly and seasonal precipitation are much smaller than the probable uncertainties associated
with the imposition of seeding effects. At worst the radar estimates of rainfall for this study are
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probably in error by no more than + 20%. This is less than the uncertainties with respect to the
expected effects of seeding.

The next step as was the radar estimation of the daily, monthly and seasonal rainfalis for
the 40 areas of hydrologic interest. The main challenge was the superposition of seeding effects
on these hydrologic areas. The initial intention was to attempt an extrapolation of the target
results to the hydrologic areas. Upon examining the data, however, this seemed neither possible
nor wise, because the results do not show a systematic trend through Texas. In adopting a
conservative approach, it was decided that a range (i.e., high, middle and low) of seeding factors
would be applied to the hydrologic areas as a function of their size, based on the results of past
experimentation.

The TWDB contract calls for estimation of the effects of seeding under conditions of
above normal, near normal and below normal rainfall. Unfortunately, the rainfall in Texas in
April to September in 1999 and 2000 was below normal. It was possible, however, to infer the
effect of seeding in Texas on days in these periods with heavy, moderate and light natural
rainfall. This exercise depended in part on the well-known finding with respect to convective
rainfall that typically 10% of the days with measurable rainfall in any time period account for
50% of the rainfall produced in that time period. For the purposes of this study, these were called
heavy rain days. Elaborating further, 50% of the days with measurable rain produce 90% of the
rainfall measured in that time period. Thus, the 40% second wettest days produce 40% of the
rainfall. These were called moderate rain days. Finally, the remaining 50% of the days with
measurable convective rainfall produce at most only 10% of the total rainfall in the period of
interest. These were called light rain days.

To determine the hypothetical effect of seeding as a function of the natural rainfall in a
given time period (eg., 2 month) and target, the radar-estimated rainfalls were sorted in
descending order from the greatest o the least after assignment of a seeding factor based on the
satellite measured cloud structure. Thus, the sorted natural rainfalls brought their hypothetical
seeded rainfalls with them. Then, the number of days with measurable rain in the period was
determined. If one assumes for the purposes of illustration that a target had 20 days during a
month with measurable rainfall, then the wettest two days are heavy rain days, the next wettest 8
days are moderate rain days and the remaining 10 days with rain are light rain days.

Mean natural (unseeded) and seeded rainfalls were then determined for each category and
the hypothetical effect of seeding by category was determined. This was done by differencing the
S and NS rainfalls to obtain volumetric increments and by forming the ratio of S to NS rainfall to
obtain percentage increases. Miuch can be learned from this presentation. First, 10% of the days
with rain > 10° m® produced 54% and 56% of the rainfall during the 1999 and 2000 seasons,
respectively. Second, 50% of the days with rain exceeding this threshold during the 1999 and
2000 seasons produced 97% and 98% of the rain volume, respectively. Third, the other half of
the days with rain was inconsequential in terms of rain production. Fourth, the percentage
increases in rainfall due to hypothetical seeding are as large on the wettest 10% of the days as
they are on the other days and the rain increments are larger on the wet days. If true, this
suggests that there would be considerable benefit from seeding on days with heavy convective
rainfall. This is somewhat of a surprise, since it was assumed that the internal cloud structure
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would be less suitable on such days. These results also suggest that there is little to be gained
by seeding on at least half of the days with rain, since doubling or even tripling of the
rainfall would still be of little consequence. The challenge is in identifying such days in
advance of the seeding operations so that project resources are not wasted in unproductive
seeding operations.

The effect of natural rainfall and its enhancement by seeding depends not only on total
rain amount but also on its distribution in time. Fortunately, the data from this study make it
possible to generate tabulations and time plots of the rainfall in all of the areas. Examples are
provided in the Report.

To obtain a picture of the rain distribution in Texas during the 1999 and 2000 seasons the
area-averaged rainfalls (in mm) were calculated for each of the 50 areas. In agreement with
climatological expectations East Texas was considerably wetter than West Texas in both years.
The Panhandle was quite wet in 1999 but less so in 2000. The wettest region for the two years
combined was in North Texas along the Red River to the north of Dallas-Ft. Worth. The radar-
estimated area-average rainfalls in Texas during the 1999 and 2000 seasons were 234 mm (9.21
inches) and 171 mm (6.73 inches), respectively. The data also permitted the production of rain
maps for any area and for any time period. Seasonal rain maps for 1999 and 2000 are provided in
the report.

Estimation of the Impacts and Reliability of Increased Seeding Induced Rainfall

on the Water Suppl

A major component of the investigations was the Task 4 assessment of the general
hydrological impacts of seeding-induced rainfall (HSIR) on major Texas river drainage basins
and aquifers. The general effects of monthly values of HSIR were estimated for the discharge of
the Brazos, Colorado, Guadalupe, Nueces, and Trinity Rivers and for the groundwater recharge
of the Alluvium and Bolson, Carrizo-Wilcox, Edwards-Trinity, Gulf Coast, Ogallala, and Trinity
Aquifers. In addition, a more detailed smaller-scale study was conducted on the effects of HSIR
on groundwater recharge in portions of the San Antonio Segment of the Edwards (Balcones Fault
Zone) Aquifer, Water losses to evapotranspiration and to soils were considered in the
calculations,

This investigation was intended as a broad, conceptual examination of the hypothetical
impacts of HSIR. The values generated for this study are meant to be illustrative of likely general
impacts on surface and groundwater resources, consistent with hydrogeologic principles and the
hydrogeologic settings of the study areas. The values should not be considered definitive or
precise and have not been subjected to an intense statistical analysis since such results would
suggest a greater certainty in the values than in fact exists. The data produced by this study are
meant to guide future research to areas where HSIR would likely be most productive. The
following conclusions are based on this premise and the results of this investigation.

Surface Water Studies
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1) General studies of effective precipitation should limit the size of the watersheds
investigated to no more than 10,000 km?, or use radar or other means to account for ET losses in
only the rainfall-affected areas.

2) HSIR will have relatively little overall impact on the Lower and Middle basins of the
Brazos River, the Middle Basin of the Colorado River, the Lower Basin of the Nueces River, and
the Lower and Upper basins of the Trinity River.

3) HSIR is likely to have the most impact, hypothetically ranging from 9 to 17% above
mean historic six-month precipitation, in the Upper Basin of the Brazos River, the Lower and

Upper basins of the Colorado and Guadalupe rivers, and the Upper Basin of the Nueces River.

4) HSIR during August hypothetically produces little significant effective rainfall
because of the low natural rainfall. Low volumes are expected during July and September, but
significant volumes are hypothetically possible if appropriate meteorological conditions are
present.

5) The greatest proportional and volumetric change in stream discharge from HSIR may
hypothetically occur in the Upper and Lower Basins of the Nueces and Guadalupe rivers, the
Lower Basin of the Trinity River, the Middle Basin of the Colorado River, and the Middle Basin
of the Brazos River.

6) The smallest proportional and volumetric change in stream discharge from HSIR may
hypothetically occur in the Upper Basin of the Colorado River and Upper Basin of the Brazos
River.

7) HSIR during August hypothetically produces little or no significant increase in stream
discharge, although hypothetically, notable gains may occur in the Lower Basin of the Colorado
River, the Upper and Lower basins of the Guadalupe River, and the Lower Basin of the Trinity.
Low volumes are hypothetically likely during July and September, but hypothetically significant
increases may occur if appropriate meteorological conditions are present.

8) HSIR in the Lower Basin of the Trinity River and possibly in the Lower Basin of the
Brazos River should not be applied without further research. The water needs of these areas are
currently satisfied by the available water resources, and occasional catastrophic flooding of
streams in the northeast part of the coastal bend demand only limited and carefully modeled
HSIR, possibly for only July through September when HSIR will have its lowest yield and when
water demand is highest.

Groundwater Studies

1) Hypothetically, HSIR will probably be most effective in providing recharge that can be
stored and retrieved for use in the following aquifers, listed in descending order of effectiveness:
Edwards, Carrizo-Wilcox (excluding the Eastern and Trinity to Sulfur River segments), Trinity
(excluding the Northem Segment), Edwards-Trinity, and Ogallala (Central and Southern
Segments). Potential recharge from HSIR in these aquifers could occur at mean annual rates of
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about 4-30 acre-feet/km” of recharge zone.

2) HSIR will probably be least effective in providing recharge that can be stored and
retrieved for use in the Gulf Coast Aquifer and the Hueco-Mesilla Bolson Segment of the
Alluvium and Bolson aquifers. Potential recharge from HSIR in these aquifers could occur at
mean annual rates of about 0.2 to 1.2 acre-feet/km’ of recharge zone.

3) HSIR during August hypothetically produces little significant increase in recharge.
Edwards Aquifer Focused Studies

1) The modeled HSIR data for 1999 and 2000 are adequate for this study’s preliminary
assessment of the effect of HSIR on aquifer recharge during below-normal and normal rainfall
years because they respectively represent below-normal and normal rainfall periods. The
modeled data are probably not adequate to effectively assess recharge from HSIR during above-
normal rainfall years.

2) During below-normal rainfall years, hypothetically recharge of the aquifer could be
increased 50,464 acre-feet/year (62.2 million m>/year) by HSIR.

3) During normal rainfall years, hypothetically recharge of the aquifer could be increased
97,840 acre-feet (120.7 million m”) by HSIR.

4) During above-normal rainfall years, hypothetically recharge of the aquifer could be
increased at least 97,840 acre-feet (120.7 million m®) by HSIR. Much recharge during high
potentiometric levels typical of such periods would be very short-lived before discharging, but
other recharge would enter high volume, low permeability storage. The volumetric gain in
storage compared to water loss though increased discharge is not known.

5) Recharge in the Hondo Creek drainage basin could hypothetically be increased 1,168
acre-feet (1.44 million m’) to 11,071 acre-feet (13.66 million m®) during the months of April to
September. Total hypothetical recharge during this period would constitute a 2.3 to 5.6%
increase to the total recharge of the Edwards Aquifer.

6) HSIR over the city of San Antonio would hypothetically reduce pumping of the
Edwards Aquifer by about 1,770 to 3,540 acre-feet/year (2.18 to 4.37 million m’/year). This is
about 6-13 times less than the hypothetical volume of recharge from HSIR on an equal size
portion of the aquifer’s recharge zone.

Recommendations for Hydrologic Studies

Further studies of HSIR should focus on the specific areas discussed below. That research
should utilize computer modeling of the radar-based precipitation to not only precisely measure
rainfall, but to calculate ET, and to model the hydrologic characteristics of the underlying surface
watersheds and groundwater recharge zones. Statistical modeling and analysis of those results
would be warranted. Decisions that will be made from the results of this study should consider
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the water needs of communities, which were not examined in this report, and prioritize future
research and/or actual seeding for areas where water demand and the potential water yield from
HSIR are both high.

Surface Water Studies

1) The impacts of HSIR on effective precipitation throughout surface water drainage
basins should be further studied in the Upper Basin of the Brazos River, the Lower and Upper
basins of the Colorado and Guadalupe rivers, and the Upper Basin of the Nueces River. If cloud
seeding is considered in advance of further research for the purpose of increasing overall
effective precipitation, it should be primarily directed at these areas.

2) The tabulated results of this study should be compared with surface water needs in the
studied drainage basins and the potential for damage from stream flooding. HSIR research and
implementation in the central and west Texas drainage basins listed in the previous paragraph
should be prioritized based on needs and impacts.

Groundwater Studies

1) The impacts of HSIR on recharge should be further studied in those aquifers suggested
through this investigation as having the greatest potential to receive and retain recharge for
human use: Edwards, Carrizo-Wilcox (excluding the Eastern and Trinity to Sulfur River
segments), Trinity (excluding the Northern Segment), Edwards-Trinity, and Ogallala (Central
and Southern Segments). If cloud seeding is considered in advance of further research, it should
be primarily directed at these areas.

2) The tabulated results of this study should be compared with groundwater needs in the
studied aquifers. HSIR research and implementation in the aquifers listed in the previous
paragraph should be prioritized based on needs and impacts.

3) Detailed water budget studies are needed for the karst aquifers, especially the
Edwards-Trinity, to better define the hydrology in those areas and the potential impacts of HSIR.

4) HSIR appears to be least effective in providing recharge to the Hueco-Mesilla Bolson
Segment of the Alluvium and Bolson aquifers. However, given the significant need for water in
the El Paso area, further research is warranted to confirm these results or to find ways to enhance
them.

Edwards Aquifer Focused Studies

1) Digital hydrologic models of the Edwards Aquifer should be used to study the effects
of HSIR on recharge. A new model is currently under development (Geary Schindel, Edwards
Aquifer Authority, personal communications, 2001). The models should examine aquifer
response to aquifer-wide HSIR and HSIR within selected drainage basins to determine which
basins will allow the greatest recharge. HSIR should then be directed to those areas. The models
should consider that recharge in different drainage basins will have varying effects through the
aquifer, and HSIR should be applied to those where the maximum desired benefit would occur.
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HSIR in non-recharge zone areas to limit demand for aquifer water should be modeled to
determine if conditions could be identified when the relatively small benefit of HSIR would be
warranted in those areas.

2) The effect of HSIR during normal and above-normal rainfall years should be modeled
to determine the potential for long-term benefits in aquifer storage and yield.

3) While HSIR over the city of San Antonio appears to produce relatively little benefit
compared to HSIR over the Edwards Aquifer recharge zone, a similar comparison should be
made with rainfall over cropland during the growing season when pumping for irrigation is
greatest. In studying the cropland scenario, or if further study is made of HSIR over San
Antonio, the maximum possible reduction in pumping should be determined to limit the extent
for which the recession coefficient of equation 4 can be applied.

Determination of the Operational Costs of Producing Potential Increases
in Water Supply from Cloud Seeding

Having laid the scientific foundation for cloud seeding, assessed the evidence for its
efficacy and estimated the hypothetical increases in water supply to be realized by cloud seeding
in Texas, the final task was the determination of the operational costs of cloud seeding over an
enormous area in Texas (approximately 199,800 square miles, or about 128 million acres) that
would most benefit from cloud seeding. In view of the present state of knowledge, however, it is
questionable whether an effort of this magnitude would be warranted at this time. Even s0, it is
useful to see what it would cost. The accepted program could then be scaled back from that.

The project design plans set forth herein are not intended as a short-term means to deal
with drought, but as a long-term water management tool. The impact of any precipitation
enhancement weather modification program will be greatest when weather patterns are “normal”,
or even on the wet side, for cloud modification does not “make” precipitation, but instead helps
nature be more efficient, producing fractional increases in the precipitation received.

To establish the large operational target area the hydrologic cycle and the Texas climate
were considered. Texas was divided into four zones based on cloud structure and rainfall and the
target area was “carved” from these zones. Nearly three-fourths of Texas is included in the
target, which includes the western and central portions of the state and contains 16 radar sites,
each staffed by two meteorologists. The overall project will have four technicians, each assigned
to one of four Maintenance Regions. The importance of co-locating all project operations,
including aircraft and pilots, at one location is emphasized.

The cost assessment also considers the types of cloud seeding that might be applied in the
seeding target. Only seeding from aircraft is considered, because it allows timely delivery of the
nucleant to the place it is needed most. Both glaciogenic and hygroscopic seeding are considered,
and the techniques and equipment, especially aircraft, needed to do the job are discussed.
Typically, aircraft with higher performance are required for “on-top” seeding than for seeding at
cloud base.
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In the context of the plan, individual Areas of Primary Responsibility (APRs) within the
target are defined and treated as a whole. This means that although aircraft are based within each
APR, their operations are not limited only to that area. Because weather systems generally move
in a more-or-less predictable progression, fewer aircraft can be deployed, with the understanding
that each may conduct operations in APRs adjacent to that in which each is based. Some
infrastructure must first be set forth in order for this arrangement to function effectively. This is
detailed in the report.

Each APR will have a certain number of aircraft assigned to it, depending upon its area,
proximity to other regions, the number of adjacent areas that also have available aircraft, and
whether or not it is on an upwind side of the greater project area, e.g., whether or not it has the
responsibility for the initial response to those clouds first moving into the state (Table 93).
These “initial response” regions, from north to south, are: North Plains, High Plains, Colorado
River, Far West, South Pecos, Texas Border, Southwest, and Far South. Clouds may develop
within the regions, or upwind of them. Only the “initial response” regions must deal with both,
the other regions will for the most part only be dealing with clouds that develop within their
borders, or with those leaving (and therefore previously treated by) other regions.

The deployment of facilities and equipment is a major consideration for the huge seeding
target. Wherever possible, existing radars and aircraft being used in the current operational
seeding projects are integrated into the effort, and a means of sharing the resources on a cost-
reimbursable basis is described.

Likewise, the seeding aircraft must also be shared. Examination of other successful
rainfall enhancement programs reveals that the number of aircraft deployed is a balance between
what is needed to do the job in the “worst case” scenario, and what can be afforded. In other
words, if a target area sometimes has enough clouds to keep eight aircraft busy, but usually only
half that many, that project will typically deploy the lower number, or perhaps even slightly less,
depending upon budget considerations.

Because all APRs will be in regular contact with each other, the aircraft resources can be
shared effectively with adjacent APRs, reducing the need for any one APR to have as many
aircraft as they might have operating as an independent entity. Under this plan about 41 seeder
aircraft would be required for the entire target area.

Personnel needs, especially qualified seeding pilots, are addressed. Because any seeding
effect must begin with the pilots, the need for highly experienced pilots is emphasized. Likewise
highly trained meteorologists and technicians also are required. This likely will require the
program to implement its own training program to assure itself of a reservoir of trained
personnel.

The cost estimate for the program is $18.8 million the first season and $7.5 million in
subsequent years. These are only estimates, subject to fluctuations in the aviation market, the
price of avgas, and numerous other variables. The cost categories are radar, cloud base and cloud
top seeder aircraft, seeding agents, and meteorological support services. No costs are included
for data collection (other than the burning of monthly CDs for archival purposes) quality control,
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or analysis. The question of just how to analyze such an expansive program must be addressed
separately. At this point it is estimated that such an analysis program would cost upwards of
$500,000 per year.

Conclusions and Overall Recommendations
~onclusions and Vverall Kecommendations

The assessment of weather modification as a water management strategy for Texas has
been completed successfillly with the achievement of all objectives. It began by laying the
scientific foundations for cloud seeding efforts and ended by providing costs estimates for a
massive cloud seeding effort over the portions of Texas thought to be most suitable for cloud
seeding intervention. Much has been learned along the way. Although one can make the
argument that cloud seeding increases rainfall, it is not yet a proven technelogy when applied on
an area basis. As discussed in this Report, the reasons for this are many and varied. In the case of
the randomized seeding experimentation in Texas, the funding agency stayed with the program
for only 2 of its scheduled 5 full seasons, despite potentially positive results that had been
obtained up to the time of project termination. In retrospect premature termination of this
program was a serious blunder whose effects are still being felt today.

The limited and non-conclusive evidence for seeding-induced increases in rainfall has
provided the basis for this assessment of the potential of cloud seeding as a water management
strategy for Texas. It involved the radar estimation of rainfall over the entire state and 50
subareas of interest (seeding targets, drainage basins and aquifers) for the 1999 and 2000 seasons
(April through September). Hypothetical seeding effects were superimposed on these radar-
estimated rainfalls for the 10 existing Texas seeding targets as a function of the satellite derived
cloud structure, where the relationship between cloud structure and seeding effect was obtained
from cloud seeding research by the first author in Thailand. Although the approach for the 40
hydrologic areas was somewhat different, the end result is about the same in suggesting that
cloud seeding could be beneficial to some areas in Texas, although the associated costs and
resulting benefits are currently uncertain. Estimated increases in seasonal rainfall of about 10%
are suggested for the largest areas (i.e., > 50,000 km®), and hypothetically nearly a doubling of
the rainfall may be possible for the smallest areas (i.e., < 1,000 km?) under consideration.

One of many assumptions in this study is that the seeding nucleant can and will be
delivered by experienced pilots to all of the target clouds at the time and place that it will be
most effective. Even with the use of aircraft, this assumption is probably not valid on some
occasions in the real world in which some program managers “cut corners” to fit their effort into
their budget. Although this is understandable, it is unwise. Thus, the estimates of HSIR are likely
too high in view of current seeding practice, which often falls well short of the ideal. This is an
area in which improvement is needed.

The availability of merged NEXRAD radar reflectivity data from which rainfall was
derived was a major plus for this study. It was the only way monthly and seasonal rainfall
estimates to accuracies of 10% to 20% could have been obtained for the 50 areas of interest. Had
this resource not existed, it would have been very difficult to reach the objectives of this
investigation. More study is needed to determine radar-rainfall accuracies on a daily basis.
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The hydrogeologic component of this investigation made good use of the available data
in assessing the impact of possible seeding-induced increases of precipitation on the water
supply of Texas. Certainly nothing of this magnitude has ever been done before in the context of
cloud seeding experiments. In view of the many acknowledged uncertainties only general
guidelines were possible. It did, however, set the stage for further more focused research on a
few hydrogeologic areas along the lines of those presented for the Edwards Aquifer rather than
the “broad-brush” approach required for this study.

The design and cost estimates for a cloud seeding program over the portions of Texas that
would possibly benefit from such a program make it obvious that cloud seeding is a complex and
expensive business. Startup costs approaching $19 million are envisioned with recurring annual
costs of about $7.5 million. The area in question is over twice the size of the combined current
10 seeding targets (i.e., 128 million acres vs. 56 million acres), and it is highly doubtful whether
a doubling of the effort would be justified in view of the many current uncertainties and
operational deficiencies. Not enough is known presently to warrant such a massive effort. Some
have offered the same view with respect to the current operational seeding programs.

A major recommendation emanating from this study is that the current operational cloud
seeding programs be evaluated for operational efficiency and enhanced rainfall before further
augmenting the operational program. All readily understand the importance of evaluation of the
seeding efforts. The Texas Weather Modification Association has mounted its evaluation effort,
and the first author of this report and his colleague Dr. Daniel Rosenfeld have devised and are
applying their own analysis approach to 2 of the 10 existing operational cloud seeding efforts. In
principle, their approach can be extended to the entire program, provided a careful record of
aircraft flight tracks and seeding actions is available. Although the “jury is still out” on attempts
to make an unbiased evaluation of the operational cloud seeding programs of Texas, the initial
results using the Woodley/Rosenfeld methodology are quite promising.

A second recommendation is that Texas finish what it started with respect to its
randomized cloud seeding effort. Only 38 experimental units were obtained in the truncated
program, and this is not enough by any measure to demonstrate an effect of seeding on an area
basis. Instead, many of the key results that served as input to this study were obtained in a
randomized experiment by the first author and his colleague in Thailand. Even then, the Thai
experiment ended on schedule with highly positive but inconclusive results. Further, some will
question the applicability of results obtained in Thailand to Texas.

Any new experimentation must have a strong physical component in which key
measurements are made to understand how and why cloud seeding affects clouds that produce
increased rainfall and those that do not. Furthermore, the efficacy of hygroscopic seeding (sprays
and flares) should be tested in Texas. Positive results obtained in South Africa, Thailand and
Mexico clearly warrant it.

Focused studies of the potential effect of cloud seeding on specific drainages and aquifers
in Texas are also needed, and the Edwards Aquifer would be a great place to start. The current
study made a nice start in this area, but it represents only a small beginning for what is a highly
complex and intriguing investigation. Hydrologic computer models exist for most surface
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accurately test hypothetical scenarios. The results should be integrated into cost-benefit analyses
to determine which areas will likely receive the greatest benefit from seeding with the limited

In the final analysis our Tecommendation is that political and scientific leadership in
Texas work together to map out an all-inclusive program to investigate further the potential of
cloud seeding for enhancing the water Tesources of the state. The tools and expertise exist; they
Just need to be put to work. When this is done, it is crucial that more effort be expended in
documenting the effect of seeding as a function of area size under various weather conditions,
and in validating the assumptions and in quantifying the impacts of the uncertainties inherent in
the current study. Further, any future effort should be a partnership between scientific and
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1.0 INTRODUCTION

Since first appearing on earth, human beings have struggled to improve their environment
for their welfare and comfort. Most of these have involved small-scale improvements, including
the building, lighting, heating and cooling of homes and workplaces. In recent years such efforts
have been extended to enormous sports facilities, allowing for the comfortable and protected
viewing of sporting events. These efforts will continue as long as there is pleasure and profit to
be gained by such changes.

Concurrent with attempts to improve the immediate living environment have been
dreams and actions directed at beneficial alterations of the weather. Most have focused on the
enhancement of precipitation or the suppression of hail, but they have been directed also at the
suppression of lightning and the reduction of hurricane winds. Early attempts to bring about
increased precipitation involved explosions and/or the production of smoke to simulate a battle
scene, since a body of anecdotal “evidence” had accumulated over the years that heavy rains
often followed large battles. There is no objective evidence, however, that such attempts
increased the precipitation.

The modern era of weather modification began with the discovery of the ice nucleating
properties of dry ice (Schaefer, 1946) and silver iodide (Vonnegut, 1947). The latter was
effective as a seeding agent because of the similarity of its crystallographic structure to that of
ice. The use of these agents in supercooled stratocumulus clouds produced seeding tracks in the
clouds and light precipitation, which was viewed as proof that seeding had affected the clouds.
Following these discoveries there was a proliferation of attempts to increase precipitation
through cloud seeding, ranging from randomized research experiments to operational cloud
seeding programs. These are summarized in Section 3.0 to provide the historical context for the
evaluation of the potential of cloud seeding for Texas. It is important first, however, to
understand the physics of clouds and precipitation and the physical principles behind attempts at
their modification. Some of the information to be presented has been obtained from Grant et al..
(1995), Bruintjes et al.. (2000) and other cited sources.

2.0 AN OVERVIEW OF THE PHYSICS OF CLOUDS AND PRECIPITATION
2.1 Cloud Formation

Clouds form when moist air rises and cools to the point where it can no longer hold the
water in vapor form, since the ability of air to hold water decreases as the temperature decreases.
At this point the air is saturated, where the temperature and dew point are equal and the relative
humidity is 100%. Tiny cloud droplets a few microns in diameter (1 micron is one millionth of a
meter) form and grow by condensation on dust and salt particles called cloud condensation
nuclei (CCN). The end result is a visible cloud, which will grow further, if the mechanism
forcing its growth continues. Under the right conditions the cloud droplets will grow more
through collision and coalescence. If the air is cooled to temperatures well below 0°C, the excess
moisture in the cloud can be deposited by a sublimation process directly on tiny particles called
ice nuclei (IN). The temperature at which these IN nucleate ice is variable, depending on their
size and chemical makeup. The nucleated ice particles can then grow by a number of processes,
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including vapor deposition, riming and aggregation. All processes figure prominently in weather
modification theory.

Many mechanisms can cause moist air to rise, It might be a mountain range that stands in
the way of a moist current, forcing the air to rise to cross the barrier. Such orographic uplift
results in the formation of clouds that shroud the mountaintops and ridges and in the
enhancement of the precipitation relative to nearby valley areas. Fronts provide another means of
lift, as the moist air glides up and over the more dense cooler air. This is why clouds and
precipitation are associated with fronts. Even in the absence of fronts, convergence of air near
the earth’s surface will cause rising motion, because the converging air cannot penetrate
downward into the earth’s surface and, therefore, has no alternative but to rise. Dry lines, which
are common to the Texas southern high plains in the spring and early summer, are hybrid
systems that also produce convergence and rising motion, resulting in clouds and precipitation.
Such lines have density contrasts but they are not fronts in the classic sense in that they represent
a discontinuity in moisture content and not temperature. Simple heating of the earth’s surface
also produces rising motions, clouds and precipitation, especially during the summer months
when the heating is intense and prolonged.

The stability of the air determines in large part the types of clouds and precipitation that
will be produced by the forced rising motions. The atmosphere is said to be stable if a parcel of
air returns to its previous equilibrium state after its forced displacement. Stable air moving across
a mountain barrier in winter is a good example. Clouds and precipitation are produced by the
orographic uplift despite the atmospheric stability. In contrast, air is said to be unstable when
displacement of an air parcel results in even more displacement, sometimes through much of the
troposphere. Large masses of cumulonimbus clouds and thunderstorms are a manifestation of an
unstable atmosphere. Clouds under unstable or conditionally stable conditions produce much of
the precipitation in Texas.

2.2 The Development of Cloud Condensates

The total amount of condensate produced in a rising air parcel is a function of the amount
of water vapor in it initially, which in turn is a function of its initial temperature. How much of
the water vapor is “squeezed out” depends on the depth of the lifting process and its final
temperature --- the greater the depth the greater the produced condensate.

The growth of the droplets produced during cloud ascent determines whether the cloud
will produce precipitation. If growth continues, the droplets may reach precipitation size before
the cloud dies, and precipitation will be produced. If the cloud dies before its condensates can
reach precipitation size, the cloud will not precipitate and the condensates will be lost ultimately
to evaporation. The percentage of condensed water in a cloud that reaches the ground as
precipitation is defined as the cloud’s precipitation efficiency (PE) by Grant et al.. (1995).
Clouds that produce no precipitation have a PE of 0%. The challenge of cloud seeding is to
increase a cloud’s PE. If that is not feasible, it may be possible to increase precipitation by
increasing the total amount of water vapor processed by the cloud, even though the PE is
unchanged. Before getting into cloud seeding concepts and practice, however, it is crucial to
understand natural processes.
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Clouds of the same size often differ in the amount of rain they produce. This observation
is not unique to meteorologists. The observant traveler knows by experience there are regional
differences in the rainfall from clouds. Shallow innocuous clouds in the deep tropics often
produce brief but torrential rain showers, while more ominous-looking clouds of comparable or
greater depth in continental regions may not produce any rain showers. These regional
differences in the rainfall from clouds have been quantified using volume-scan radar data to
relate cloud echo heights to their volumetric rain production in Florida (Gagin et al.. 1985; 1986)
in Israel and South Africa (Rosenfeld and Gagin, 1989), and in Texas (Rosenfeld and Woodley,
1993).

The reasons for the regional differences in the rainfall from clouds are many and varied.
A major factor is cloud microstructure, which leads to early precipitation formation in some
clouds and no precipitation in others. As discussed earlier, cloud droplets nucleate on cloud
condensation nuclei (CCN) and grow by condensation. However, this condensational growth
alone is incapable of producing raindrops in clouds. The concentrations of cloud droplets are
typically hundreds per cubic centimeter and the competition for the water vapor excess among
the droplets is strong. This slows droplet growth, making it impossible for most clouds to
develop drops of precipitation size during their lifetimes. Such clouds are colloidally stable and
their PE is 0%.

One means for a cloud to overcome its colloidal stability involves direct collision and
coalescence among the drops so that successively larger water drops form. This requires the
coexistence of a few' larger drops with many smaller ones such that their collision and
coalescence is favored. The height above cloud base at which droplets finally reach precipitation
size depends mainly on the initial drop size distribution (DSD) at cloud base, which in turn is a
function of the CCN that are ingested and the cloud-base temperature. Therefore, the efficiency
of the conversion of cloud water into precipitation depends strongly on the ingested CCN and on
the resultant DSD and its evolution with height in the cloud. This is backed by model
simulations, which show a strong link between CCN concentrations and the rainfall from clouds.

Some clouds do not produce precipitation by coalescence of liquid drops. If they extend
through the 0°C level, where cloud water can remain in a supercooled state to nearly -38°C
(Rosenfeld and Woodley, 2000), precipitation-size particles can be grown through ice processes.
After initiation by ice nuclei (IN), tiny ice particles can grow to precipitation size as ice crystals
by diffusion of water vapor to the surface of the ice particle or as graupel by collecting the
supercooled cloud liquid water.

Tn many clouds both coalescence and ice processes are operative simultaneously in the
production of precipitation. Such clouds are the most precipitation efficient. Raindrops are
formed early and low in the cloud and, when they are carried above the freezing level, they
freeze earlier than smaller drops and continue their growth as large graupel particles by
collecting supercooled cloud droplets as they fall. Further, it also has been shown that, when
some larger droplets (24 microns diameter) are present in the cloud in the temperature range
from about —3°C to —8°C, ice crystals are multiplied by several orders of magnitude by a
splintering process when the drops freeze. This process, which is typical in maritime clouds, can
contribute to the formation of precipitation in clouds. Finally, aggregation of ice crystals is
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most typical at cloud temperatures less than —10°C, especially in the thick “anvil” cloud that
forms and persists after intense convection.

The net effect of all of these processes is the growth of ice particles to precipitation size,
usually as irregular graupel. This graupel melts when it falls below the freezing level and reaches
the ground as rain, Which processes predominate on a given day will determine how readily the

aerosols on which cloud droplets are formed. A major source of excessive concentrations of
small CCN is air pollution, especially smoke from the burning of vegetation (i.e., biomass
burning) or from heavy industrial areas. Therefore, clouds forming in a smoke-laden atmosphere
usually are composed of numerous small droplets that may cause a reduction in the natural
precipitation as shown by Rosenfeld and Lensky (1998). The irony here is that human beings are
already altering the precipitation, but the alterations have been inadvertent and in the reverse

3.0 PRECIPITATION AUGMEN TATION CONCEPTS

It should be possible to increase precipitation through cloud seeding, if it is possible to
shorten the time necessary for clouds to grow particles of precipitation size or if it is possible to
prolong the lifetime of the cloud or both. The unique properties of water in its various forms and
its behavior in clouds make both a possibility. These properties and behaviors include the
following;

Water, existing in clouds as tiny droplets, does not freeze at the temperature people
normally associate with the freezing of water (i.e., 0°C). This is due to a deficiency of natural ice
nuclei. More are activated at progressively colder temperatures. In the extreme the cloud
droplets may not freeze until they reach ~38°C or colder (Rosenfeld and Woodley, 2000) with
the freezing taking place homogeneously, that is, without the benefit of ice nuclei. An aircraft
flying through such a cloud picks up a coating of ice when it impacts the supercooled drops,
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which then freeze. Clouds that are already glaciated (i.e., frozen) will not ice up a penetrating
aircraft.

The vapor pressure over an ice surface is lower than the vapor pressure over a water
surface. Thus, in clouds with a mixture of ice crystals and water drops, the water vapor will
move to the ice particles at the expense of the water drops. The ice particles grow as the water
drops evaporate.

When water changes phase, heat is either released or taken away from the air parcel
containing the water substance. When moist air condenses to form a cloud of water drops, the
latent heat of condensation (597.3 calories per gram at 0°C) is given off to the cloudy air. When
these drops are carried to colder temperature and then freeze to form ice particles, the latent heat
of fusion (79.7 calories per gram at 0°C) is released to the cloudy air. Both transformations warm
the cloud and increase its buoyancy, which may promote further cloud development. When the
processes are reversed (i.e., melting to water and then evaporation to vapor), the cloudy air is
cooled.

Clouds that develop larger drops earlier in their lifetimes precipitate more readily and
produce more total rainfall than clouds that are not able to grow such drops. Further, clouds with
active coalescence processes that result in early raindrop formation glaciate (i.e., freeze) earlier
than clouds without raindrops.

With these facts as background, it is possible to develop precipitation augmentation
concepts, which can be tested by randomized physical/statistical experimentation. This process
has been underway for many years with varying degrees of success.

3.1 Cloud Seeding to Improve Precipitation Efficiency (PE)

When one understands the physics of natural rainfall involving ice processes as
articulated first by Bergeron (1935) and Findeisen (1938), the challenge of augmenting that
rainfall becomes conceptually simple. If the formation of ice particles in unseeded supercooled
clouds promotes the development of precipitation, why not replicate this natural process by the
seeding with an ice nucleant (e.g., silver iodide) in clouds that are unable to develop ice
naturally? These seeding-induced ice particles would then grow at the expense of the water
drops until large enough to fall from the cloud as precipitation. This is the “classic” seeding
concept behind the earliest of seeding experiments and it is the basis of seeding programs around
the world even today. This seeding approach was called “static seeding” in early years, because
its intent is to improve precipitation efficiency without affecting the dynamics of the cloud
system. If a cloud can be viewed as a sponge containing water, the purpose of “static” seeding is
to squeeze more water from the sponge.

Calling this seeding approach “static seeding™ is a misnomer, because it is not possible to
produce the hypothesized microphysical changes in the clouds without changing their dynamics.
If “static” seeding initiates and augments rainfali from clouds, their downdrafts are going to be
affected. This is a dynamic effect, so “static” seeding affects cloud dynamics. Conversely,
“dynamic seeding,” which is focused primarily on enhancing rainfall by altering the circulations
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that sustain the clouds, can only attain its purpose by first producing changes in the cloud
microphysical structure,

Seeding to improve the PE of cold clouds can be accomplished from the ground using
silver iodide generators and in the air using either generators at cloud base or flares ejected into
the cloud tops near —10°C. It is estimated that between 10 and 100 ice crystals per liter are
needed to best utilize the cloud condensate for the production of precipitation. Because there is a
one-to-one relationship between the number of ice crystals and the number of cloud nuclei in the
absence of ice multiplication processes, this is accomplished with modern seeding generators
and flares.

Depending on the cloud structure and temperature, the seeding will produce ice crystals
and/or graupel in the cloud, which might grow by a number of processes (diffusion of water or
accretion of supercooled liquid water or aggregation of ice crystals) to precipitation size. These
will then reach the ground in solid or liquid form. Silverman (1986) addresses these seeding
concepts in more detail.

In recent years there has been renewed interest in improving the efficiency of warm-
cloud collision-coalescence processes through hygroscopic salt seeding. Two salt seeding
methods are currently in use. One method applies hundreds of kilograms of salt particles (dry
sizes are 10 microns to 30 microns in diameter) above cloud base to produce drizzle-size drops
almost immediately (Silverman and Sukamnjanaset, 2000). The second method uses salt flares to
disperse one micron or smaller size particles into updrafts near cloud base, a method which is
currently receiving renewed interest in cloud seeding efforts (Tzivion et al.., 1994; Mather et al..,
1997; Cooper at al., 1997: Bigg, 1997). The salt material is released from kilogram size flares
carried by aircraft; several flares are burmned per cloud. The salt particles change the size
distribution of the CCN in the updraft, creating a more maritime-type cloud. Coalescence is
enhanced and raindrops form in the seeded volume, eventually spreading throughout the cloud.
This accelerates the warm-rain process and makes it more efficient. In addition, if the updraft
lifts the raindrops into the supercooled region, many of them will freeze and splinter, thereby
enhancing the ice processes. This too makes the cloud more precipitation efficient. This method
of seeding is thought to work best on continental-type clouds in which natural coalescence is
weak or non-existent.

3.2 Cloud Seeding to Promote Cloud Growth

Besides increasing the PE, cloud seeding might also be used to promote the growth of
clouds through the release of latent heat (80 calories per gram of water frozen) accompanying
the rapid seeding-induced freezing of the supercooled cloud condensate and its subsequent
growth as ice particles. This is the approach that has been developed by the senior author of this
report for application in Florida, Texas and Thailand. For maximum effectiveness the seeding
should be done in vigorous convective clouds having large quantities of supercooled condensate.
An example of such a cloud is shown in Figure 1. Model simulations of cloud processes suggest
that the seeding might increase cloud temperature by 0.5°C to 1.0°C and result in modest
increases in cloud size. The warmed cloud air would then have increased buoyancy, resulting in
an invigorated updraft, more cloud growth and potentially additional rainfall. This would occur
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primarily in an atmosphere that is marginally stable such that the seeding-induced release of heat
would promote the subsequent development of the cloud.

I TA N A A B I

Figure 1. Picture of hard vigorous cloud towers at 1818 CDT on June 5, 2001 taken from 17,000
feet from “Cloud 2”, the Cessna 340 seeder of the High Plains operational cloud seeding project.
The clouds shown were typical on this day.

These hypotheses evolved into a conceptual model that focused initially on the
hypothesized dynamic invigoration of the cloud as a consequence of the released latent heats
resulting from seeding-induced glaciation. It was argued that as a consequence of this
invigoration, the cloud would grow taller and broader, last longer and produce more rainfall. The
details of the microphysical processes were not addressed other than to require the seeding to
produce more glaciation. It was even speculated that the seeding might decrease the PE in the
seeded volume but that the great increase in cloud size and duration would more than
compensate for the momentary microphysical inefficiencies. The seeding was viewed as a
trigger that would set in motion natural processes that would account for the increased rainfall.
This conceptual model became known as the dynamic seeding conceptual model, although the
effects of the seeding are not limited to cloud dynamics. In fact, the effects of seeding begin with
microphysical changes (i.e., freezing of the condensate, the formation of ice particles, etc.) that
ultimately affect cloud dynamics.




During the development of this conceptual model, Simpson (1980) argued persuasively
for downdrafts as the mechanism whereby a seeded cell might communicate to the larger scales
by generating new clouds and cloud mergers in the convergent regions between storm outflows
and the ambient flow.

Early in the Texas experimentation it was argued (Rosenfeld and Woodley, 1993) that the
seeding-induced increases in precipitation from cells were larger than could be explained simply
by the increase in cell height, as estimated from echo height vs. rain volume relationships. They
argued that the seeded clouds must actually be more precipitation-efficient, if the cell rainfall
results were to be explained. The finding that seeded clouds of a given echo height produce more
rainfall than non-seeded clouds of the same echo height (Rosenfeld and Woodley, 1993)
supported their contention. Further, the argument for more microphysically efficient seeded
clouds was consistent with Simpson’s arguments regarding downdrafts, because more efficient
clouds should produce additional rainfall and stronger downdrafts. These interactions culminated
in the revised cold-cloud seeding conceptual model (Rosenfeld and Woodley, 1993), which
places more emphasis on cloud microphysical processes and their feedback to cloud dynamics
than the earlier model (Woodley et al., 1982).

This conceptual model involved a hypothesized series of events beginning initially on the
scale of individual treated clouds or cells and cascading ultimately to the scale of clusters of
clouds. This seeding is hypothesized to produce rapid glaciation of the supercooled cloud liquid
water content (SLWC) in the updraft by freezing preferentially the largest drops so they can rime
the rest of the cloud water into graupel. This seeding-induced graupel is postulated to grow much
faster than raindrops of the same mass so that a larger fraction of the cloud water is converted
into precipitation before being lost to other processes. Ice multiplication is not viewed as a
significant factor until most of the cloud water has been converted into precipitation. This faster
conversion of cloud water into ice precipitation enhances the release of latent heat, increases
cloud buoyancy, invigorates the updraft, and acts to spur additional cloud growth and/or support
the growing ice hydrometeors produced by the seeding (Rosenfeld and Woodley, 1993). These
processes result in increased precipitation and stronger downdrafts from the seeded cloud and
increased rainfall in the unit overall through downdraft interactions between groups of seeded
and non-seeded clouds, which enhance their growth and merger (Rosenfeld and Woodley, 1993).
“Secondary seeding,” whereby non-seeded clouds ingest ice nuclei and ice crystals produced by
earlier seedings, is thought also to play a role in the precipitation enhancements.

A summary of this conceptual model, revised further as of June 1999, is provided in

Figure 2 below. Validation of this model using recent observations and modeling is discussed
later in this report.
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Figure 2

Idealized Cold-Cloud Conceptual Seeding Model
(Revised in June 1999)

Optimum Initial Conditions

Vigorous supercooled clouds with some coalescence, growing in close association with other
clouds of similar characteristics.
Strong solar heating.
Little upper cloud.
Strong boundary layer forcing
Middle and upper troposphere stratified to allow for seeding-inducéd vertical cloud growth.
Weak to moderate wind shear at and above the level of seeding (about —8°C)

Seeded Stage I: Initial Response to Seeding
On-top seeding with ejectable Agl flares with the number a function of the cloud cross-
section (typically an average of five 20-g flares).
Rapid glaciation of the supercooled cloud liquid water content (SLWC) in the updraft by
freezing preferentially the largest drops so they can rime the rest of the cloud water into
graupel (A few large raindrops are necessary for optimum rapid freezing.)
The seeding induced graupel grows faster than raindrops of the same mass so that a larger
fraction of the SLWC is converted into precipitation before being lost to other processes

Ice multiplication is not a factor until most of the SLWC has been converted to precipitation

5. Release of latent heat (fusion and sometimes deposition), increased cloud buoyancy,

invigorated updraft

Increased cloud growth and/or support of the growing ice hydrometeors produced by the
seeding

Dynamic entrainment of drier environmental air just below the invigorated rising tower
Evaporation and melting of water and ice falling from the invigorated cloud tower into the
entrained dry air

Accelerated and strengthened downdraft processes as the precipitation mass and

evaporatively cooled air moves down through the cloud

10. Increased precipitation beneath the seeded cloud tower
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Seeded Stage II: Communication of Seeding Effects within the Seeded Cloud

11. Increased convergence at the interface between the augmented downdraft and the ambient
flow, instigating tower ascent fed by the warm most inflow

12. Growth and joining of new cloud towers and expansion of the cloud system, leading to wider
protected updrafts, augmented condensation and water content

13. More efficient processing of the ingested water

14. Secondary seeding of new cloud towers with precipitation embryos from originally seeded
cloud towers

15. Augmented rainfall from the cloud system

Seeded Stage III: Communication of Seeding Effects to Neighboring Clouds

16. Intensification and expansion of downdrafts from seeded neighboring clouds

17. Growth of new clouds in convergent regions produced by interacting downdrafts, forming a
cloud bridge between the parent clouds

18. Merger of the parent clouds resulting (on average) in an order of magnitude more rainfall
than would have been produced by the components of the merger had they remained separate

19. Formation of a large cumulonimbus system

Seeded Stage IV: Communication of Seeding Effects to the Entire Unit

20. Propagation and interaction of downdrafts from the seeded cloud systems with non-seeded
clouds

21. Increased convergence on the mesoscale, further deepening of the moist layer, continued
growth of new clouds which were never seeded

22. Second order mergers (i.e., merger of mergers) producing an additional order of magnitude
increase in rainfall

23. Secondary seeding (i.e., ingestion of ice nuclei and/or ice particles from seeded clouds) of
non-seeded clouds

24. Formation of a thermally direct mesoscale circulation with rising motion within the cloud
system and sinking on its periphery

25. Additional mass and moisture convergence which fuels new cloud development and prolongs
the lives of the older cloud systems

26. Enhanced stratiform (“anvil”) rainfall

27. Increased unit rainfall
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This is a complicated conceptual seeding model, which serves to emphasize the
complexity of atmospheric processes and their potential alteration by seeding. Attempts to
validate some of the links in the conceptual chain are addressed later in the report.

4.0 LAY PERSON’S GUIDE TO IMPORTANT ISSUES OF RELEVANCE TO CLOUD
SEEDING FOR RAIN ENHANCEMENT

4.1 Need for Pre-Experiment Measurements

Seeding experiments begin with a conceptual model of the sequence of meteorological
events to be expected after seeding, leading ultimately to increased precipitation. This is
followed by a systematic program of measurement using aircraft, radar and satellites to
determine whether the clouds in the projected target area have the characteristics assumed by the
conceptual model. If the model requires vigorous supercooled convective clouds before seeding,
but the results of the pre-experiment measurement program indicate that such clouds are usually
glaciated, there would be no point in proceeding with the cloud seeding experiment. In most
regions it is usually not an either-or situation. The clouds might be suitable on some days but
unsuitable on others. The challenge, therefore, is to identify which situation prevails before
seeding begins. Failing that, it is important to determine after-the-fact the conditions prevailing
on each day of seeding. Much more will be said about this later in this report.

4.2 Selection of a Design

The pre-experiment measurements are followed by the selection of a design (eg.,
crossover, target-control and single target) by which the efficacy of the seeding in increasing
precipitation is to be tested. The crossover design involves two targets with a buffer zone
between them. On each day of suitable conditions a treatment decision, which specifies which
target is to be seeded and which is to be left untreated, is drawn from a randomized sequence.
The experiment then proceeds according to the randomized instructions. The evaluation of the
crossover experiment is made by forming the double ratio: R1 S/R2NS//RINS/R2S where R1S
and RINS refers to the rainfall (R) in Target 1 when it was seeded (S) and not seeded (NS),
respectively, and R2S and RZNS refers to the rainfall (R) in Target 2 when it was seeded (S) and
not-seeded (NS), respectively.

The crossover design is the most efficient in that it that it normally allows the
experimenters to reach a decision as to the efficacy of seeding in the shortest possible time. It
only works, however, if the rainfalls in the two targets are highly correlated (i.e., correlation >
0.70). Two such areas are not possible in Texas since the seeding tests are usually conducted on
days with scattered to widely scattered convection. Under such conditions, the correlations of
area rainfall amounts are too small for the crossover design.

A second alternative is the target-control experiment. With this design the treatment
decision is randomized for the target (i.e., S or NS) and the upwind control is never seeded. The
evaluation of the target-control experiment is done by forming the double ratio:
RS/CS//RNS/CNS where RS and RNS refer to the target rainfall on S and NS days, respectively,
and CS and CNS refer to the rainfall in the control area on S and NS days, respectively. The
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control area is never seeded. Thus, the control area serves to detect biases on the S and NS days
and this mean bias in the form of the ratio CS/CNS is used to correct for what is assumed to be a

correlations normally do not exist in convective regimes such as those in Texas. Only when the
precipitation is widespread does this approach have any potential.

The third alternative is the single target design for which the treatment decision is
randomized (i.c., either S or NS). The single target can be fixed to the earth or it can drift with
the wind. The Florida experiments to be discussed later employed a large (1.3 x 10* km?) fixed
tarsget while the Texas and Thai experiments made use of a much smaller floating target (1.964 x
10" km?). This design is the least efficient, because only one target rainfall measurement is made
on each day of experimentation, whereas two are made with the other designs on each day (one
for each target with the crossover design and one for the target and one for the control area with
the target-control design). Despite its limitations, the single target design is the only one that is
possible for convective cloud seeding experiments in Texas.

4.3 Randomization

After the selection of a design the next step is treatment randomization. This is done to
avoid the possibility of human bias in the selection of the treatment decision. Further,
randomization, if employed for many cases, is useful in minimizing the possibility of natural
rainfall bias confounding the interpretation of the experiment. A 50-50 randomization for the S
and NS treatment decisions is typical, but it is not a requirement. The randomization can be
weighted in favor of a particular treatment decision (e.g., 70-30 in favor of the S decision) if
more seeding events are needed. Randomization can also be done within blocks. In the Thai
experiment to be discussed later, the randomization was done within two cloud-temperature
blocks. The first block was employed on days when the cloud-base temperature was < 16°C and
the second block was used when the cloud-base temperature was > 16°C.

Operational cloud seeding efforts are rarely randomized, because the organizations
paying for the seeding activity typically do not want to leave any suitable cloud unseeded, so it
can be used as a control. This is unfortunate because the evaluation of a seeding effort is
extremely difficult without the benefit of randomized controls,

When randomization is employed it is desirable, but not absolutely necessary, to keep the
treatment decision from those conducting and evaluating the experiment. This is called the
“double-blind” approach that is often used in medical trials. The double-blind approach was used
in the Florida experiments, because those sponsoring and supporting the experiments were
willing to purchase placebo flares for use on days without actual seeding. The seeder aircraft
carried both silver iodide (AgD) and placebo flares in racks affixed to the aircraft, and the
randomization determined which rack was to be used. Because the placebo flares sounded just
like the actual seeding flares when they left the aircraft, the individual directing the seeding
(Woodley) did not know whether he was actually seeding. Further, he did not have the treatment
decisions until after he had done the analysis.

49




In the Texas and Thai experiments, however, no provision was made for the use of
placebo flares. Thus, although the selection of an experimental unit was not biased by a fore
knowledge of the upcoming treatment decision, one could argue that the conduct of the
experiment and its subsequent evaluation could have been biased once the treatment decision
was known.

4.4 Types of Experiments

There are several types of experiments. The most powerful and persuasive is one in
which the design, conduct and evaluation of the experiment is specified beforehand (i.e., a
priori, which is Latin for before the fact). Then everything is done according to the a priori
design and the results of the experiment are evaluated, where a P value of 5% normally is
deemed necessary to achieve statistical significance. “P-values” refer to the results of statistical
tests where a P-value is the probability that a particular result could have occurred by chance.
The lower the P-value the higher the significance of the result and the lower the probability it
could have occurred by chance.

If the intent of a particular experiment is to confirm the results obtained by seeding
obtained elsewhere in the world, it should attempt to duplicate all that was done in that
experiment. Further, it should state what is to be done beforehand. When this is done, the
experiment becomes an a priori confirmatory experiment. If completed successfully with P
values < 0.05, it would be a powerful result.

Experiments whose designs and execution change during the course of the experiment
are considered exploratory. Likewise, experiments that achieve P values < 0.05 for analyses of
seeding effects not specified in advance of the experimentation are also considered exploratory.
Most experiments fall into this category. An exploratory experiment deemed successful on the
basis of its P values is still not as powerful and persuasive as the a priori experiment. The only
way to solidify the results from an exploratory experiment is to confirm them with an a priori
experiment, either in the same area or in another part of the world.

4.5 Conduct of the Experiment

The biggest problem in the conduct of an experiment is delivering the nucleant to the
clouds at the times and places it is needed. If individual clouds are to be seeded and evaluated,
the nucleant must be introduced when the cloud is in its active growth phase as shown in Figure
1. If seeding takes place late in the life of the cloud, the hypothesized changes are not likely to
take place, not necessarily because the conceptual model is faulty but because the execution of
the experiment is flawed. Likewise, if groups of clouds are to be seeded over either a fixed or
floating target area, many clouds actually must be seeded in a timely fashion in order to enhance
the rainfall over that area. Despite the best of intentions, this is often not achieved, and it is a
major obstacle to the success of a seeding experiment. Rainfall cannot be enhanced unless the
clouds are seeded at the time and in the manner assumed by the conceptual model that is guiding
the experimentation.
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Even if the nucleant is delivered to the clouds properly, it is always possible that the
seeding devices will fail in the clouds. This was the case during a portion of the Thaj experiment
when it was determined that during the middle portion of the experiment about 45% of the seeding
flares failed to ignite after release from the seeder aircraft. This was likely detrimental to the
experiment, but quantification of this problem has not been possible. Such problems, which may
have occurred also in F ACE-2, add to the uncertainty surrounding cloyd seeding.

4.6 Estimation of Target Rainfalls
A major challenge in ali rain enhancement experiments js the estimation of target
rainfalls. The word “estimation” is used rather than “measurement,” because there is no way to

measure rainfall with absolute accuracy, especially convective rainfal] that by its very nature has
strong cores and gradients.

Radar is the preferred tool for the estimation of rainfall in cloud seeding experiments.
Radars measure a quantity called “reflectivity” (Z) and these reflectivity measurements are
converted to rainfall rates using Z-R equations, which depend on the drop sizes in the clouds. If
the scanned clouds contain drop sizes that are different from those that went into the derivation
of the equation, the radar is going to make errors in estimating the precipitation. Further, if the
clouds of interest do not fill the radar beam, their rainfall also will be underestimated.

Such problems are not likely to engender much confidence in the radar estimation of
rainfall. Fortunately, the interest in cloud seeding experiments is in the ratio of S to NS rainfalls.
Thus, if the radar errors apply equally well to the S and NS clouds, the estimate of seeding effect
should be unaffected by the errors. If on the other hand, the radar under or overestimates the
rainfall from the S clouds relative to the NS clouds, the apparent seeding effect may be spurtous,
due not to the seeding but to radar errors.

The possibility that the radar “sees” S and NS clouds differently was investigated during
the Florida experiments by measuring the droplet sizes in rainfall from S and NS clouds. No
differences in drop sizes were detected (Cunning, 1976). Thus, the radar estimate of seeding
effect should still be valid.

The absolute amount of rainfall to be realized from seeding is still in question, however,
because of evaporative losses in the drier air beneath the clouds. The only way this can be
estimated is through comparison of the radar rainfall estimates with the measurement of rainfall
by rain gauges in clusters or small arrays. Such comparisons will allow for adjustment of the
radar rainfall estimates everywhere within scan of the radar. With such a system the estimates
should be better than those provided by radar or rain gauges alone. This issue is revisited later in
this report.
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4.7 Evaluation of the Experiment

The evaluation phase of an experiment focuses on the results of the seeding. Even if the
conceptual model is valid and even if the seeding was conducted properly, there is still no
guarantee of success. Only if the natural rainfall variability can be overcome will it be possible
to detect a seeding effect. Even the non-meteorologist understands that natural rainfall is highly
variable in space and time and that it can mask an effect of seeding.

In theory, randomization of the treatment decision should take care of the natural rainfall
variability. If the experiment goes on long enough, it is theorized that an equal percentage of the
naturally wet and dry days will be apportioned randomly to seeding and controls (i.e., not
seeded). If so, the mean rainfall differences between the seeded and non-seeded storms should be
a measure of the effect of seeding. If this is not so, the mean rainfall differences might be due to
the disproportionate random allocation of wet or dry days to either the seeded or not seeded
categories.

There are two ways to beat this unwanted outcome. The first is to conduct the
experiments for long periods to insure that the allocation of rain events is not biased. The second
is to come up with a way to make accurate forecasts of rainfall in the target in the absence of
seeding. If this were possible, the evaluation of a seeding experiment would be trivial. One
would predict the target rainfall in the absence of seeding and then measure what actually
occurred, secure in the knowledge that the difference between measured and predicted rainfall is
due to the seeding. Unfortunately, this is not yet possible in the evaluation of seeding
experiments, and it explains the continuing uncertainty over the results of cloud seeding.

An ideal experiment is one in which the treatment decision is not known to the
individuals conducting and evaluating the experiment. This ideal is rarely achieved, however,
because of the complexity and cost involved. Thus, human bias also is a potential problem in the
evaluation of cloud seeding experiments, and care must be exercised to avoid it. Independent
evaluation of experiments by highly competent but disinterested scientists is another way to
minimize the effect of human bias on experiments. Suffice it to say that it is far easier to address
this potential problem than it is to address the bias that results from the natural rainfall
variability.

5.0 ASSESSMENT OF PRECIPITATION ENHANCEMENT EXPERIMENTS
5.1 Worldwide Overview

The number of worldwide seeding projects for precipitation enhancement and hail
suppression since 1950 is in the hundreds. The interest here is in precipitation enhancement
projects. Most of these programs have involved operational cloud seeding. Typically, they were
evaluated using historical target vs. control relationships. Unfortunately, Gabriel and Petrondas
(1983) have shown that reliable conclusions cannot be drawn from comparisons of operational data
with historical records, and have demonstrated the biases encountered in trying to do so. Thus, the
results of these operational projects were not weighted very heavily in assessing the status of cloud
seeding for precipitation enhancement. The focus here is on projects that have employed
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randomization of the treatment decision. A sampling of such projects around the world is provided
in Table 1. Listed from left to right are the project location and its focus, The next three columns
give the results and the P-value support for the result for a priori projects, for a priori confirmatory
projects, and for projects deemed exploratory either because they were not designed as a priori
efforts or because changes in the conduct of the experiments or their evaluation were changed after
project commencement. Most projects fit into this last category.

In some cases the evidence is confusing and contradictory. Some projects apparently
produced statistically significant precipitation increases; others did not. Some even appeared to

consequences, it is crucial that cloud seeding efforts be based on sound physics and that they
have good designs and evaluations.

It is beyond the purview of this research effort to provide a worldwide assessment of
precipitation enhancement projects other than to draw attention to the more important programs,
Such evaluations have been done by distinguished scientific panels in various organizations over
the years. Excerpts from the “official” views of the status of weather modification by the
American Society of Civil Engineers, the Weather Modification Association, the American
Meteorological Society, and the World Meteorological Organization are provided in Appendix
A.  Although the details differ from assessment to assessment, there is a general consensus that
cloud seeding to enhance precipitation works under some conditions and produces no effect or
cven a negative effect under other conditions. The evidence is strongest for the seeding of
individual clouds and weakest for area precipitation. For example, it should be noted that no a
Driori project, involving the seeding of warm season convective clouds over a fixed or floating
target area has achieved statistical significance.

The next two subsections take a closer look at the status of the seeding of orographic and
convective clouds, respectively. Some of the cited seeding efforts are listed in Table 1. Others
are listed for Australia (Smith, 1963), Missouri (Braham, 1996), Arizona (Battan, 1966), Mexico
(Betancourt, 1966) and Montana (Super, 1983) without comment. Because the seeding of
convective clouds using a dynamic approach is to be employed for rain enhancement in Texas,
the results of past experiments making use of this approach receive closer scrutiny than the rest.
This is done in Table 2. The venerable Israeli series of cloud seeding experiments are examined
in considerable detail in the section dealing with the uncertainty surrounding cloud seeding
programs.

5.2 Overview for Orographic Clouds

After the initial experiments in the 1940°s by Schaefer and Vonnegut at the General
Electric Laboratories under the direction of Nobel Laureate Irving Langmuir there were several
weather modification projects that suggested seeding had enhanced the winter snowpack in the
mountains of the West (Elliott, 1986). These and subsequent orographic seeding experiments
typically involved the release from ground generators or from aircraft of silver iodide nuclei
upwind of a mountain barrier into the region of the orographic cloud containing supercooled

53




water. If accomplished successfully, it was expected this would result in the nucleation, growth
and fallout of ice crystals before the cloud moved across the barrier and evaporated.

Table 1 Summary of Important Randomized Cloud Seeding Experiments

Project Location Project Focus Type of _Experiment
A priori a priori, confirm Exploratory
Result, P value Result, P value Result, P value
New South Wales, Precipitation in None None +19%, 0.03
Australia Snowy Mountains
Israel (crossover) Rainfall in both +15%, 0.009 None
targets
Israel 11 (target- Rainfall in north None None +13%, 0.028
control) target
Israel Il Rainfall in both None -2%, 0.64
(crossover) targets
Israel II (target- Rainfall in the N None None +15%N, 0.17
control N and S) and S targets - 17%S, 0.15
Israel 111 Rainfall in both None -4.5%, 0.64
targets
Climax I Rainfall in target None None +52%, 0.03
Climax 1T Rainfall in target None +9%, 0.02
Bridger Snow in target None None +15%, 0.02
Mountains,
Montana
Veracruz, Mexico Rain over three None None +14%, 0.03
targets
Santa Catalina Rain over target None None -30%, 0.16
Mits. Arizona
Missouri Rain over target None None -69%, 0.03
for deep clouds
Missouri Rain over target None None +100%, 0.02
for shallow clouds

A series of Australian randomized Crossover experiments in the 1950°s and early 1960°s
gave promising, but not statistically significant, results after two years. However, after an

1964 to 1970 (Smith et al.., 1971; Smith, 1974). The results were comparatively uniform on each
of the seeded years. The evidence of rainfall increases of 15 to 20%, during the autumn and
winter seasons agreed with the early Australian results, and no detectable increases during the
summer season was also in accord with previous Australian results (Dennis, 1980).

The well known randomized snowfall enhancement seeding projects, Climax I (1960-
1965) and Climax II (1965-1970), were carried out in the Colorado Rockies near the town of
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Climax. Areas near the Continental Divide were seeded by silver iodide generators, which were
operated high on the western slopes of the Rocky Mountains. One of the most important results
of Climax I was the finding that snowfall was increased when the ambient 500 mb temperature
was warmer than -25°C and decreased at colder temperatures (Mielke et al.., 1970). For the
similar follow up project called Climax II, Mielke et al.. (1971) presented results that essentially
confirmed the findings for Climax I. However, reanalyses of the Climax data reported by
Rangno and Hobbs (1987; 1993) cast doubt on the original findings regarding the effectiveness
of the cloud seeding.

The Colorado River Basin Pilot Project (CRBPP) was another randomized follow up
project to the Climax experiments (Cooper and Saunders, 1980: Cooper and Marwitz, 1980).
The results of the CRBPP indicated that the best candidate for seeding is the unstable stage of a
wintertime storm because this portion of the storm has the highest liquid water content along
with portions that have low ice concentrations. Seeding these regions should result in snow
increases.

The Sierra Cooperative Pilot Project (SCPP) took a physical approach to cloud seeding
experiments by emphasizing physical understanding and the documentation of the chain of
events in both natural and artificially-stimulated precipitation processes (Marwitz, 1986). One of
the most important results of the project was that shallow widespread wintertime orographic
cloud systems, containing long-lasting supercooled cloud liquid water, provided the best
potential for precipitation augmentation through cloud seeding operations. These findings were
then applied in a seeding project in the upper elevations of the American River Basin with the
aim of increasing precipitation and the subsequent runoff.

Research to determine the potential for increased winter season precipitation through
cloud seeding has continued in the following projects: 1) the Bridger Range of Montana (Super
and Heimbach, 1988), 2) the Arizona Snowpack Augmentation Program (Super et al.., 1989;
Bruintjes et al.., 1994), 3) the Australian Winter Storms Experiment (Long and Huggins, 1992)
and 4) the Utah-NOAA cooperative weather modification field campaigns (Sassen and Zhao,
1993). All of these projects are consistent in showing that supercooled liquid water exists in at
least a portion of their storms and that the supercooled liquid water is concentrated in the low
layers of the storms in shallow clouds with warm tops. It has also been determined that a large
amount of supercooled liquid water typically passes over the mountain barriers on a seasonal
basis. This implies considerable seeding potential, provided a portion of the excess supercooled
water could be brought to the surface through cloud seeding.

5.3 Overview for Convective Clouds

A number of experiments focused on warm-season convective clouds followed the initial
seeding experiments of the late 1940’s. Some focused on rain augmentation by improving the
efficiency of the precipitation processes. Others focused on manipulating cloud dynamics by
producing rapid glaciation. Still others attempted to document the changes in the clouds
produced by the seeding.
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In the first category, the Rapid Project in western South Dakota from 1966 to 1969 made
use of ground-based and aircraft releases of silver iodide and dry ice in a crossover design to
affect cloud microphysical processes, improve precipitation efficiency, and increase the
precipitation. This was the first randomized project in the United States to give indications of
rainfall increases over a fixed target area by seeding convective clouds on a prespecified class of
days. Further similar work in North Dakota did not provide statistically significant results
(Dennis et al.., 1975). Previous work in Arizona (Battan and Kassander, 1960) and Missouri
(Braham, 1979) failed to produce evidence of rainfail increases, and may have produced net
rainfall decreases. The distinctive feature of the Missouri program called “Whitetop” was the
release of silver iodide in the boundary layer in the morning before convective clouds had
formed. This was apparently not a good seeding strategy.

Experimentation in wintertime convective clouds in Israel since the mid 1960’s has
indicated net increases in precipitation (Gagin and Neuman, 1974; 1981). Israel 1 was a target-
control experiment conducted in the north of Israel, while Israel 2 was designed as both a target-
control and a crossover. Israel 1 was statistically significant as was the target-control portion of
Israel 2, but the crossover was not. Indications of rainfall increases were noted in the north but
no effect or even decreases were indicated in the south target. Israel 3 confirmed the decreases in
the south target and all operational seeding was subsequently terminated in this area. Rosenfeld
and Farbstein (1992) have postulated that incursions of desert dust during seeding in the south
are responsible for the apparent rainfall decreases. Because the desert dust can act as ice nuclei,
it is thought that the rainfall decreases from seeding during dust episodes were due to an excess
of ice nuclei (i.e., overseeding). Recent criticism of the Israeli experiments by Rangno and
Hobbs (1995, 1997) has raised some doubts concerning the analysis and operations.

Experiments on warm-season convective clouds to affect cloud dynamics began with the
well-known seeding with 136 kg of powdered dry ice of an individual supercooled convective
cloud in Australia (Kraus and Squires (1947). The seeded cloud developed into a large
cumulonimbus cloud, producing over 12 mm of rain over a 130-km? area. This was followed by
a series of experiments on individual convective clouds, beginning over the Caribbean in the
1960’s and continuing in Florida, Texas, South Africa, Cuba and Thailand. Most of these
experiments were focused on altering cloud dynamics. Many have indicated increases in cloud
height and/or increases in rainfall over the Caribbean (Simpson et al.., 1967, Florida (Simpson
and Woodley, 1971; Gagin et al.., 1986), Texas (Rosenfeld and Woodley, 1993, Woodley and
Rosenfeld, 1996), Cuba (Koloskov et al.., 1996) and Thailand (Woodley et al., 1999).

In addition, renewed interest in hygroscopic seeding of individual convective clouds,
aimed at improving their precipitation efficiency by enhancing the coalescence process, has
resulted in experiments that have produced positive results. Randomized experiments in South
Africa (Mather et al., 1997) using hygroscopic flares and in Thailand (Silverman and
Sukarnjanaset, 1999) using bulk salts have produced statistically significant increases in radar-
estimated rainfall from the seeded clouds, ranging from 30% to 60%. Numerical simulation of
the growth of the salt particles to precipitation size particles support the field results (Cooper et
al.., 1997). Most impressive has been the replication of the South African results in Mexico
(Bruintjes et al.., 1998). The method, involving the production of hygroscopic salts from burning
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flares affixed to the seeder aircraft circling in updrafts at cloud base, has not yet been tested over
a large area.

If the seeding of warm-season convective clouds is to prove economically feasible, it
must be demonstrated over 3 large area. This is not a new revelation and experiments over the
years have been directed at documenting area effects of seeding. These are addressed in the next
section addressing the results of experimentation of most relevance to Texas.

5.4 Results of Relevance to Texas

The results to be discussed are presented in summary form in Table 2, including all
known randomized Texas seeding experimentation, Project location and the parameter of
interest in the experiment are noted first. These are followed by columns identifying the type of
experiment where column 1 refers to experiments that were conducted according to an “a priori”
design, 2 refers to g priori experiments that were also were attempts to confirm previous findings
and 3 refers to experiments that are viewed as exploratory, because the conduct and/or analysis
of the experiment differed in some way from what was specified in advance. Within these last
three columns are listed the result for the parameter of interest and the corresponding P value,

The randomized cold-cloyd seeding experiments, which began over the Caribbean Sea
(Simpson et al. 1967) and were moved to Florida (Simpson and Woodley, 1971) and then to
Texas (Rosenfeld and Woodley, 1993), continued in Thailand until scheduled program
termination at the end of the 1998 season. The early experiments focused on the response of
vigorous, individual, supercooled clouds to on-top seeding with silver iodide (Agl) free-fall
rockets and flares. On average the seeded clouds grew about 20% taller (Simpson et al.., 1967,
Simpson and Woodley, 1971) as measured by aircraft and produced > 100% more radar-
estimated rainfall than comparable non-seeded clouds (Simpson and Woodley, 1971). All results
are significant at better than the 5% level.

The next step involved area-wide experimentation in Florida The first Florida Area

Cumulus Experiment (FACE-1) was carried out in south Florida from 1970-1976 (Woodley et
al., 1982) It was a single-area, randomized, exploratory experiment to investigate whether
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Table 2 Summary of the Results of Experiments of Relevance to Texas
(All but the Nelspruit, South African experiment made use of Agl.
Dry Ice was used in the South African experiment)

Project Location  Parameter of Interest Type of Experiment
A priori a priori, confirm Exploratory
Result, P value Result, P value Result, P value
Caribbean Cloud Height None None +22%, 0.01
Florida 1968 Cloud Height None +11,400 ft, 0.005 None
Florida 1968 Cloud Rainfall None None +116%, 0.20
Florida 1970 Cloud Height None +6,200 ft, 0.01 None
Florida 1970 Cloud Rainfall None +180%, 0.05 None
Florida, 1971-1976 Floating Target +46%, 0.03 None None
(All Days) Rainfall
Florida, 1971-1976 Target Rainfall +29%, 0.05 None None
(All Days)
Florida, 1971-1976 Floating Target None None +49%, 0.01
(B days only) Rainfall
Florida, 1971-1976 | Target Rainfall None None +23%. 0.08
(B days only)
Florida, 1971-1976 |  Floating Target None None +58%, 0.02 (From
(B days only) (linear analysis of Woodley et al..,
covariance) 1982)
Florida, 1971-1976 Total Target None None +33%, 0.02 (From
(B days only) (linear analysis of Woodley et al.,,
covariance) 1982)
Florida, 1971-1976 Total Target None None +30 10 45%, < 0.05
(B days only) (guided (From Flueck et
exploratory linear al.., 1986)
modeling)
Florida, 1978-1980 Floating Target None +21%, 0.30 None
(All days) Rainfall
Florida, 1978-1980 Total Target None +3%, 0.45 None
(All days) Rainfall
Florida, 1978-1980 | Floating Target None +8%, 0.42 None
(B days only) Rainfall
Florida, 1978-1980 Target Rainfall None +4%, 0.45 None
(B days only)
Florida, 1978-1980 Total Target None None +10 to 15%, > 0.05
(B days only) (guided (From Flueck et
exploratory linear al.,,, 1986)
modeling)
Texas, 1986-1994 Echo Height None None +10%, 0.21
(infermittent)
Texas, 1986-1994 Cell Rainfall None None +163%, 0.01
(intermittent)
Texas, 1986-1994 Target Rainfall None None +45%, 0.16
(intermittent)
Nelspruit, South Rain mass with None None +129% and +66%
Africa, 1984/1985 height of cloud for 0-10 and 10-20
to 1986/1987 turrets on flanks of periods, p <0.03
seasons multicellular -57% for 20-30
storms period, p <0.05
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Nelspruit, South Storm rain flux None None +76%, < 0.05
Africa, 1984/1985 Storm volume +43%, <0.05
to 1986/1987 Storm area +43%, <0.05
seasons
Cuba Experiments Single Cid & None None Suggested Hgt and
1985 Cloud Cluster Rainfall Increases
Heights and Rain for Clouds 6-8 km
Volumes Tall at Treatment
Cuba Experiments, | Cloud Echo Hgts None +4%, 0.77 None
1986-1990 (All Sample)
Cuba Experiments, Cloud Rainfall None +47%, 0.22 None
1986-1990 (All Sample)
Cuba Experiments, | Cloud Echo Hgts None +8%, 0.49 None
1986-1990 (Tops 6.5 to 8 km
at seeding)
Cuba Experiments, Cloud Rainfall None 122%, 0.07 None
1986-1990 (Tops 6.5 to 8 km
at seeding)
Cuba Experiments, Cloud Cluster None +4%, 0.06 None
1936-1990 Echo Heights
Cuba Experiments, Cloud Cluster None +43%, 0.04 None
1986-1990 Rainfall
Cuba Experiments, Cloud Cluster None +17%, 0.01 None
1986-1990 Echo Heights
(Tops 6.5 t0 8 km
at sceding)
Cuba Experiments, Cloud Cluster None +65%, 0.02 None
1986-1990 Rainfall (Tops 6.5
to 8 km at seeding)
Thailand, 1994- Cell Echo Height +5%, 0.21* None None
1998
Thailand, 1994- Cell Rainfall +35%, 0.11* None None
1998
Thailand, 1994- Target Rainfall +91%, 0.08* None None
1998
Thailand, 1991- Cell Echo Height None None +3%, 0.25
1998 (intermittent)
Thailand, 199]1- Cell Rainfall None None +37%, 0.07
1998 (intermittent)
Thailand, 1991- Target Rainfall None None +92%, 0.03
1998 (intermittent)
Thailand, 1991- Target Rainfall None None +43% to +73%,
1998 (intermittent) (multiple 0.14 to 0.06
regression)

There were 104 da
and 15 no seed) are so
days are days on whic
(1982), comprise the d
on which clouds received less than 60 flares be
suitability criteria wer

ata set to which the FACE conce

59

ys of experimentation, 53 seed and 51 no seed. Of these, 29 (14 seed
-called A days and 75 (39 seed and 36 no seed) are so-called B days. B
h the clouds received 60 flares or more and, according to Woodley et al.
ptual model best applies. A days are days
cause the flight scientist decided that the target
e no longer satisfied. A re-randomization analysis of the B days yielded




S/NS ratios of 1.49 with a one-sided P-value of 0.01 and 1.23 with a one-sided P-value of 0.08
for the FT and TT, respectively. For the combined A and B days, the re-randomization analysis
yielded S/NS ratios of 1.46 with a one-sided P-value of 0.03 and 1.29 with a one-sided P-value
of 0.05 for the FT and TT, respectively. A linear model analysis of the data was carried out in an
attempt to take into account some of the natural rainfall variability and this resulted in somewhat
larger point estimates of the seeding effect with somewhat stronger P-value support than did the
re-randomization analyses.

The next step was an attempt to confirm the results of FACE-1. FACE-2 was carried out
during the summers of 1978, 1979 and 1980 (Woodley et al., 1983). Whereas FACE-1 was an
exploratory experiment, FACE-2 was designed and conducted as a confirmatory experiment. It
attempted to confirm the principal seeding effects observed in FACE-1 in accordance with
clarified and sharpened confirmatory specifications provided by Woodley et al. (1982), and to
replicate the main analyses of FACE-1. Three levels of confirmation, ordered from weakest to
strongest, were specified. Failure to confirm at one level precluded moving on to the next
strongest level of confirmation.

FACE-2 failed to confirm the findings of FACE-1 at the first and weakest level of
confirmation. FACE-2 also failed to replicate the main analyses of FACE-1. The FACE-2 re-
randomization analysis of the B days yielded S/NS ratios of 1.08 with a one-sided P-value of
0.42 and 1.04 with a one-sided P-value of 0.45 for the FT and TT, respectively. The re-
randomization analysis of the combined A and B days yielded S/NS ratios of 1.21 with a one-
sided P-value of 0.30 and 1.03 with a one-sided P-value of 0.45 for the FT and TT, respectively.
The linear model analysis of the data by Flueck et al.. (1986) yielded equally disappointing
results with apparent seeding effects on the total target of 10 to 15%. The reason for the
different results in the two Florida experiments is unknown.

One is left with perhaps three alternatives in interpreting the FACE-2 result: 1) cloud
seeding as practiced in Florida does not work or 2) the sample size at experiment termination
was too small and the seeding effect was masked by the natural rainfall variability, or 3) the
seeding flares failed to perform as expected. If one accepts the first interpretation, he must be
able to explain the results of FACE-1 and the results in Texas, Thailand and Cuba (see Table 2)
to be discussed next. If seeding does not work, it ought not to work anywhere under similar
conditions. The second interpretation is always a possibility, although the linear model analysis
should have accounted for some of this variability. The third interpretation is a possibility since
the seeding flares produced by Nuclei Engineering, Inc. were having serious ignition problems
during the program as verified by night tests of the flares. Some were seen to eject from the
aircraft but failed to ignite. Others ignited after ejection but extinguished a few seconds later.
Still others ejected and burned as designed. At one point a night flare test indicated that the
problem had been corrected, but that may not have been the case, since the performance of the
flares was known to vary from batch-to-batch. Regardless, the program proceeded with the
conviction, based on the last night flare test, that the flare problem had been corrected and flare
failure has never been mentioned formally as a possible explanation for the results of FACE-2.
The offering of such an excuse after-the-fact would have been greeted as a “lame” attempt to
explain away the “failure” of FACE-2.
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By the late 1980’s the randomized area experimentation had been moved to Texas where
experiments on clustered clouds within a floating experimental unit covering 1,964 km® were
conducted on an intermittent basis through 1994, The design of the Texas experiments was based
on the findings of Matthews ( 1983) that most of the rainfall in Texas is produced by clustered
rather than isolated convective clouds. One seeder aircraft worked this area which was nearly

The average radar-estimated seed rainfall exceeded the average radar-estimated non-seed rainfall
by 45% by 2.5 h after unit qualification. This result is not statistically significant (P value = 0.16,
Woodiey and Rosenfeld, 1996).

Analyses of the effect of seeding on the treated convective cells were conducted within
the context of both the Florida and Texas area experiments. All treated convective cells within a
particular experimental unit had the same treatment decision, because the randomization was
done on a unit basis. Because of this lack of independence, the cells in a particular unit had to be
viewed as a single data point, obtained by averaging the cell properties, for the purposes of
statistical testing. Each data point was weighted according to the number of cells contributing to
its average in relation to the overall cell sample. Further, the cells in a particular unit were not
independent physically of one another. Thus, a cell seeded an hour after seeding commenced in
the unit probably was affected in some way by the earlier treated cells. This complicates the
interpretation of the cell results.

The initial impetus for these cell analyses was the second Florida Area Cumulus
Experiment (FACE-2), which failed to confirm the results of the first experiment (FACE-1;
Woodley et al.., 1983). The obvious question at this point was whether an effect of treatment was
evident in the cells, which received the actual Agl treatment. Gagin et al.., (1986) did this
analysis, finding radar-estimated seeded height and rainfall increases of 22% and 160%,
respectively, for cells treated early in their lifetimes with > 9 30-g Agl flares with exploratory,
one-tailed P-values of 2% and < 1%, respectively. There was no evidence of effects for the entire
cell sample, suggesting the overail seeding effect was indeed weaker in the FACE-2 experiment.

The finding that an effect of seeding on the cell scale in FACE-2 was noted only when
more than 9 flares were expended tends to support the unverifiable hypothesis discussed above
concerning the flares. If the flares were indeed having ignition problems, only with the
expenditure of a large number of flares could one be confident that at least some of them burned
in the clouds.

Comparable cell analyses were compieted in the context of the Texas area experiments
with the finding for the overall sample that the radar-estimated seeded cell heights were 10%
taller and produced 163% (i.e., SR = S/N§ = 2.63) more rainfall than the non-seeded cells at P-
values of 21% and 1%, respectively. The apparent seeding effects are larger for clouds having
base temperatures > 16°C in which coalescence is active, suggesting clouds with coalescence are
more responsive than the overall sample (Woodley and Rosenfeld , 1996).

These results satisfied the requirement that seeding effects must be evident first on the
cell scale before one can hope to see seeding effects on an area basis. Considering it is the cells,
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which receive the treatment, this has seemed a reasonable requirement. How treated cells might
communicate any effects to groups of cells and to the unit overall is addressed in the conceptual
model.

Simultaneous with the early years of the Texas experimentation was a series of
randomized glaciogenic cloud seeding (dry ice) experiments near Nelspruit, South Africa during
the 1984/1985 to 1986/1987 seasons (Mather et al.., 1996). The experiments involved the on-top
seeding of new cloud turrets growing on the flanks of isolated multicellular storms using dry ice
delivered from a Learjet near the height of the —10°C isotherm. All 94 storms meeting the
selection criteria were tracked by radar operating in computer-controlled volume-scan mode.
Because cloud physics measurements indicated that the effect of seeding would be greatest in
clouds having coalescence and raindrops, the main screening criterion involved the ratio of
cloud-base temperature (Tccy) to the potential buoyancy (PB) at 500 mb. Clouds growing on
days when Tccr/PB > 2.0 constituted the main data partition in which coalescence and positive
seeding effects were expected.

The seeding rate in the South African experiments was 1.3 g of dry ice per meter of flight
path, giving 3.9 x 10° g for a cloud tower having a diameter of 3 km. Since the effectiveness of
dry ice has been estimated to be between 10'? to 10" ice crystals per gram of dry ice (Cooper et
al.., 1982), this hypothetical cloud would have received between of 3.9 x 10" and 3.9 x 10" ice
crystals. Current Agl seeding flares produce about 10" ice nuclei per gram of formulation at —
10°C. The expenditure of five 20-g flares on a cloud pass would produce about 10'® ice nuclei in
the cloud at —10°C. Assuming that each ice nucleus produces an ice crystal, the number of ice
crystals produced during a typical Agl seeding run is comparable to that produced by dry ice
seeding in the randomized South African experiments.

The results are summarized in Table 2. Within the coalescence partition, radar detected a
statistically significant increase in the height of the center of the rain mass in the seeded clouds
relative to the unseeded storms in the 10-min period after storm selection. This increase persisted
into the 10-20-min period. In the 20-30 min period, however, the seeded storms showed a
statistically significant decrease of storm mass with height. Simultaneous with this was the
appearance of the first increases in rainfall at cloud base, which were apparently caused by an
increase in rain rate rather than an increase in storm area. In the 30-40 min period the seeded
clouds had 76% more rain flux, 43% more storm volume and 43% more storm area than the
unseeded clouds. All results, which are likely the result of static and dynamic effects, have P
values < 5%.

The recent Thai results are especially relevant to the Texas effort. These randomized,
cold-cloud, rain enhancement experiments were carried out during 1991-1998 in the Bhumibol
catchment area in northwestern Thailand, These experiments involved exploratory
experimentation in 1991 and 1993, which suggested increases in rainfall due to seeding. This
was followed by a “demonstration” experiment to determine the potential of on-top Agl seeding
for the enhancement of areal (over 1,964 km®) rainfall. Tt was conducted in accordance with a
moving-target design. The treatment units were vigorous supercooled clouds forming within the
experimental unit, having a radius of 25 km and centered at the location of the convective cloud
that qualified the unit for initial treatment. The unit drifted with the wind as the S-band project
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radar collected 5-min volume-scan data to be used for the evaluation of cell and unit properties.

The criteria for unit qualification and termination and the experimental procedures, involving the
ejection of 20-g Agl flares near cloud top, are addressed in the design and summarized herein.

Evaluation of the demonstration experiment until its scheduled termination in 1998,
consisting of 62 experimental units (31 S and 31 NS), gavea S (11,519 x 10° m®) to NS (6,021 x
10° m®) ratio of mean rain volumes over the unit lifetimes of 1.91 at a statistical P value of 0.075.
The ratio of S (5,333 x 10? m®) to NS 3,516 x10° m*) median rainfalls is 1.52. Evaluation of the
units at 300 minutes after their qualification, which has historical precedent, gave a S (7,930 x
10° m’) to NS (5,348 x 10° m®) ratio of mean unit rainfalls of 1.48 at a P value of 0. 123. Thus,
the demonstration experiment fell short of statistical significance at a P value of 0.05, regardless
of the period of evaluation.

Although the Thai “demonstration” experiment did not reach significance in the time
allotted to it, there is much to be gained by exploratory examination of the entire data set (43 S
and 42 NS). Beginning on the scale of the individual treated cells, it was found that the ratio of S
to NS rain volumes is 1.37 at a P-value of 0.066. The other cell parameters have P-values < 0.05

individual cells by increasing their maximum radar reflectivities, inferred maximum rainfali
rates, maximum areas, maximum rain-volume rates, duration, and their clustering and merger
with other cells. These results are similar to comparable exploratory cell analyses in Texas.

The mean rain volumes for the unit durations are 10,398.78 x 10> m® for the S sample and
5,404.19 x 10° m”® for the NS sample, giving a S/NS ratio of 1.92. This result is dominated by six
huge S units, whose rain volumes exceed the largest value in the NS sample. Deletion of the
wettest S (105,504 x 10° m’) and wettest NS (17,709 x 10° m?*) units as a sensitivity test gave a
revised S (8,134 x 10° m’) to NS (5,104 x 10° m’) ratio of rain volumes of 1.59 at a P value of
0.040. Normalization of the entire sample to the overall NS mean unit rainfall to account for year
effects decreased the apparent effect slightly (1.88) but improved the P value slightly to 0.009.

Linear regression analyses to account for the natural rainfall variability in the experiment
suggest a smaller apparent effect of seeding. The ratio of S to NS unit rainfalls after accounting
for as much as 29% of the natural rainfall variability ranges between 1.43 and 1.73 at P values of
0.136 and 0.063, respectively. Although the poor correlations between the individual covariate
candidates and the unit rainfalls (all < 0.45) suggest that the value of these estimates is
problematic, it is still likely that the factor of 1.92 for the seeding effect in Thailand is an
overestimate of the real effect, if such could be known. :

A major uncertainty in the Thai experiments is whether and how the apparent effects of
seeding were propagated in space and time, considering that seeding had ended typically by two
hours after unit qualification. Upon tracking echoes that had treated ancestry, it was determined
that 43% of the S and 53% of the NS rain production in the units came from echoes having such
ancestry. The balance was produced by cells without this direct physical connection. In the case
of the S sample, cells with treated ancestry could be tracked to nearly 480 minutes after unit
qualification, although their rain production by that time was small relative to the unit total. It
was found also that the apparent effects of seeding were propagated beyond the unit boundaries.
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It is hypothesized, in accordance with the predictions of Simpson (1980), that downdrafts,
beginning on the cell scale and propagating through the unit, are the primary mechanism for the
propagation of seeding effects in space and time. Analyses of the treated cells, indicating
increased rainfall and increased cell clustering and merger, are consistent with this expectation.
Secondary seeding, whereby unseeded clouds ingest ice nuclei and ice particles from previously
seeded clouds, also has been hypothesized as a likely contributor to the apparent effect of
seeding. The direct evidence supporting either hypothesis is presently weak and circumstantial.

The results of experimentation in Cuba, which was conducted concurrent with the Thai
cold-cloud experiment, are also quite supportive. These randomized seeding experiments on
tropical convective clouds were conducted in the Camaguey area of Cuba from 1985 to 1990
(Koloskov et al., 1996). The purpose of the experiment was to assess the capability of cold-cloud
seeding with silver iodide pyrotechnics to augment radar-estimated rainfall from individual
convective clouds and convective cell clusters over Cuba.

The Cuba experiment was carried out in two steps. An exploratory experiment was
carried out in 1985 in order to determine the type of convective clouds that responded best to
seeding. A total of 46 convective clouds, 29 seeded and 17 unseeded, were studied. An analysis
of these data indicated that clouds thought to be most suitable for seeding were optically dense
growing clouds whose tops had risen to at least the height of 6 - 8 km (cloud top temperatures
between -10° and -20°C) and have cloud top diameters between 2 and 5 km. Seeded clouds
meeting these criteria appeared to grow taller, live longer and produce more radar-estimated
rainfall than their unseeded counterparts.

A confirmatory phase of the experiment was carried out during 1986-1990 on both
individual convective clouds and convective cell clusters. A total of 46 individual convective
clouds, 24 seeded and 22 unseeded, and a total of 82 convective cell clusters, 42 seeded and 40
unseeded, were obtained. The analysis focused on the effects of seeding on the radar-estimated
properties of both the individual convective clouds and cloud clusters including rain volume,
maximum echo height, maximum radar reflectivity, maximum echo area, total echo area and
duration. A cell short-tracking methodology similar to that of Rosenfeld (1987) was developed to
derive the radar-estimated cloud properties. Using the Mann-Whitney 2-sample test, the analysis
of the individual convective clouds indicated that the S/NS ratio for radar-estimated rain volume
was 1.47 with a P-value of 0.22 and the S/NS ratio for maximum echo height was 1.04 with a P-
value of 0.77.

For the subset of the individual convective clouds with tops between 6.5-8.0 km, the
S/NS ratio for radar-estimated rain volume was 2.22 with a P-value of 0.07 and the S/NS ratio
for maximum echo height was 1.08 with a P-value of 0.49. The analysis of convective cell
clusters indicated that the S/NS ratio for radar-estimated rain volume was 1.43 with a P-value of
0.04 and the S/NS ratio for maximum echo height was 1.04 with a P-value of 0.06. For the subset
of convective cell clusters with tops between 6.5-8.0 km, the S/NS ratio for radar-estimated rain
volume was 1.65 with a P-value of 0.02 and the S/NS ratio for maximum echo height was 1.17
with a P-value of 0.01.
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seeding to increase precipitation has been conducted intennittently over the past 40 years at
various locations around the world. The current program in Texas, which now involves ten
project sites, is only the latest in a long line of such programs

6.0 AREAS OF DISAGREEMENT AND UNCERTAINTY

Their criticism of cold-cloud seeding has been summarized as follows:

“Based on q rigorous examination of the accumulated results of the numerous

If glaciogenic seeding of convective clouds Jor rain enhancement is 10 be pursued
JSurther, well-defined Physical-statistical tests of the static-mode and dynamic-mode

are investing in operational glaciogenic cloud seeding projects Jor precipitation
enhancement should be aware of the inherent risks of applying an unproven cloud
seeding fechnology and provide q means for evaluation in order fo assess the scientific
Integrity and effectiveness of the operational seeding projects (Sitverman, 2001).”
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6.1 Uncertainty over the Israeli Experiments

The Israel-1 cloud seeding experiment (Gagin and Neumann, 1974) was conducted during
the period 1961-1967. It was designed as a randomized crossover experiment with North and
Center target areas separated by a buffer zone. Each day was randomly allocated for seeding in
either the North or Center target area with the non-seeded area acting as control for the seeded
area. Seeding was accomplished by dispersing silver iodide smoke from an airplane at cloud-
base level, parallel to the coastline upwind of the randomly selected target area. The Root-
Double-Ratio (RDR) was designated as the test statistic in evaluating the experiment (Gabriel,
1999b). The evaluation yielded an RDR of 1.15, i.e., a rain enhancement of 15%, with a one-
sided P-value of 0.009 for the combined targets. It was found through exploratory analysis that
the rain increase peaked in the interior part of the targets located 25-50 km downwind of the
seeding line, yielding a suggested rain increase of 22% for the combined targets with a one-sided
P-value of 0.002. Exploratory analyses of the North and Center targets separately were also
conducted (Neumann and Shimbursky, 1972; Gagin and Neumann, 1974). The single area ratio
(SAR) for the North and Center target areas were 1.15 and 1.16, respectively, with associated P-
values of about 0.16 for both target areas.

The Israel-2 cloud seeding experiment (Gagin and Neumann, 1981) was conducted
during the period 1969-1975 as a randomized crossover experiment with North and South target
areas separated by a buffer zone. The Center target in Israel-1 was extended far to the south to
form the South target for Israel-2, nearly doubling its area. As in the Israel-1 experiment, each
day was randomly allocated for seeding in either the North or South target area with the non-
seeded area acting as control for the seeded area.

Gagin and Neumann (1981) stated that the Israel-1 experiment was based on several
working hypotheses and its exploratory results formed the basis of the “confirmatory” Israel-2
experiment. They reported that the primary purpose of Israel-2 was to enhance rainfall through
seeding in the Lake Kinneret catchment area that serves as the principal reservoir of the Israel
National Water Carrier. Therefore, the seeding line for the North target was shifted inland in an
attempt to focus the maximum seeding effect on the catchment area. This created an upwind
control area for the North target al.lowing a target-control evaluation of seeding effects on the
North target al.one. The seeding line for the South target was on the coastline as before. A
network of ground generators was installed in the North and South target areas to supplement the
aircraft seeding.

Using the double ratio (DR) statistic (Gabriel, 1999b), Gagin and Neumann (1981)
indicated that the rainfall in the North target area was increased by 13% with a P-value of 0.023.
The largest seeding effect was found over the catchment area of Lake Kinneret where the
suggested rainfall increase was 18% with a P-value of 0.017.

A third randomized experiment (Israel-3) was launched in 1975 that was designed to
evaluate the seeding effect on the South alone. The South target area of Israel-2 became the
primary target of Israel-3, excluding its southwest corner that was designated as an upwind
control area to facilitate this evaluation. An intermediate analysis was done for 682 experimental
days in the period November 1976 to April 1991 (Nirel and Rosenfeld, 1994). Based on a
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Double Ratio (DR) statistic, a 4.5% decrease in rainfall with a two-sided P-value of 0.42 was
indicated; there was no statistical support for a change in rainfall in the South target area.

within stratifications of the experimental data. Gagin (1986) acknowledged that the Israeli
approach was risky because of the complexity in making sound physical hypotheses on the basis
of circumstantial scientific evidence only; however, he justified its use on the grounds that it
required less human and equipment resources, and had the potential of providing quicker
answers at a reduced cost under favorable conditions.

narrowness of the cloud droplet spectra and the apparent inefficiency of the collision-coalescence
mechanism at the droplet sizes observed. From these observations, Gagin and Neumann (1974)
concluded that ice crystals are essential for the formation of Precipitation in these clouds and

conceptual model. For both warmer and colder cloud-top temperature stratifications the
magnitudes of the seeding effect decreased and their P-values increased. As additional physical
evidence Gagin (1981) stated that known patterns of turbulent diffusion of the seeding material
released at cloud base altitudes was sufficient to explain the finding that maximum seeding effect
was consistently found 30-50 km downwind of the seeding line. He concluded that these studies,
while far from being complete, provide a fair basis for understanding and accepting the statistical
results and thus also indicate which criteria should be used to transfer the static-mode seeding
technique to other geographical areas.

Gabriel and Rosenfeld (1990) reanalyzed Israel-2 as a randomized crossover (North vs
South) experiment, asserting that the experiment was designed and conducted with this in mind.
Indeed, Gagin and Neumann (1974) analyzed the first 2 years of Israel-2 as a randomized
Crossover experiment. Gabriel and Rosenfeld (1990) used the RDR as the test statistic, as was
done for Israel-1, and obtained a 2% decrease in rainfall with a two-sided P-value of 0.64; there
was no apparent effect on the rainfall in the combined targets. Applying the crossover RDR
analysis to the Lake Kinneret catchment area in the North (which was targeted for maximum
effect) and the central area in the South, a 2% decrease in rain with a two-sided P-valye of 0.67
was obtained. In an effort to discover if there was a suggestion of seeding effects on the
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individual targets, especially in light of the results of Israel-1, they conducted a series of
exploratory analyses. In particular, they examined the evidence with regard to 3 possible
alternative hypotheses: (1) NoSo, seeding had no effect on either the North or South target, (2)
N, So, there was a positive effect of seeding in the North and no effect in the South, and (3) N.S_,
there was a positive effect of seeding in the North and a negative effect of seeding in the South.

the evidence, while not conclusive, tended to favor the third hypothesis, N,S.. The single ratio
evaluation of the North and South targets separately indicated a 15% increase in rain with a two-
sided P-value of 0.23 and a 17% decrease in rain with a two-sided P-value of 0.15, respectively.
The single ratio evaluation of the catchment and south central areas separately yielded similar
results.

Rosenfeld and Farbstein (1992) sought to explain the ineffectiveness of seeding in the
South by proposing a desert-dust hypothesis. They postulated that desert dust, advected from the
north African, Sinai and Negev deserts, acting as ice nuclei and/or giant CCN (sulfate-coated
desert dust as shown by Levin et al., 1996), seeded the clouds in the South, thereby negating the
effect of the silver iodide seeding particles. Studies by Levi and Rosenfeld (1996) and Rosenfeld
and Nirel (1996) provide some support for the desert-dust hypothesis. On the other hand, Levin
et al. (1997) suggested that seeding was less effective in the South because the effective
concentration of silver iodide particles at activation temperatures was much lower than it was in
the North. Using a 3-dimensional meso-scale model, they simulated the seeding operation in the

Rangno and Hobbs (1995) challenged both the statistical results of the Israel-1 and Israel-
2 experiments, and the appropriateness of the static-mode seeding concept upon which these

Levin (1992), Rangno and Hobbs (1995, 1997) showed that convective clouds in Israel produce
large cloud droplets, precipitation-sized drops, high concentrations of ice crystals, and
precipitation at relatively warm cloud-top temperatures, all of which are not consistent with the
physical criteria for applying the static-mode seeding concept. Without any concomitant cloud
physics measurements taken during the Israeli experiments, it is not possible to determine what
fraction of the clouds that were treated was actually conducive for rainfall enhancement by the

static-mode seeding concept.
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6.2 Uncertainty over the Climax Experiments

As mentioned in section 5.1, the Climax experiments were accepted widely as successful
orographic cloud seeding experiments. Climax I (1960-1965) and Climax II (1965-1970), were
carried out in the Colorado Rockies near the town of Climax. Areas near the Continental Divide
were seeded by silver iodide generators, which were operated high on the western slopes of the
Rocky Mountains. One of the most important results of Climax I was the finding that snowfall
was increased when the ambient 500 mb temperature was warmer than —25°C and decreased at
colder temperatures (Mielke et al 1970). For the similar follow up project called Climax II,
Mielke et al.. (1971) presented results that essentially confirmed the findings for Climax I.
However, reanalyses of the Climax data reported by Rangno and Hobbs (1987; 1993) cast doubt
on the original findings regarding the effectiveness of the cloud seeding

Rangno and Hobbs (1993) made the following points: 1) Cloud seeding had no effect on
precipitation in Climax I after the control stations had been chosen halfway through the
experiment. 2) Faulty execution of the randomization scheme resulted in a misleading
precipitation climatology and a misleading relationship between cloud-top and 500-mb
temperatures for the control days. 3) The method of assigning upper-level winds and
temperatures to experimental days emphasized widespread, synoptic-scale weather systems with
cloud tops far above 500 mb rather than the orographic “blanket" clouds that were sought. 4)
Particle trajectory calculations show that it is unlikely that the silver iodide released from the
ground could have affected precipitation at Climax in southwest flow, the category for which the
greatest seeding effect was reported. These matters have not been resolved.

6.3 Uncertainty over warm-season cloud seeding experiments

Silverman (2001) is critical also of dynamic-model seeding experiments. The concluding
section of his assessment states the following:

“According to the proof-of-concept criteria, numerous investigations of the dynamic-
mode seeding concept over the past 35 years have failed to provide either the statistical or
physical evidence required to establish its credibility. None of the experiments resulted in
a statistically significant increase in rainfall in accordance with its a priori design. The
first version of the dynamic cold-cloud conceptual model postulated a seeding-induced
increase in maximum cloud-top or echo-top height and, indeed, it appeared to occur in
the Caribbean and South Florida experiments. The results of the Texas experiment
prompted a significant revision to the dynamic cold-cloud seeding conceptual model
whereby a seeding-induced increase in the invigoration of the updraft, but not necessarily
an increase in the maximum cloud-top or echo-top height, was postulated; however, the
postulated invigoration of the updraft has never been verified. Each of the dynamic-mode
seeding experiments was based on a stated seeding conceptual model with explicit
hypotheses, the testing of which resulted in evaluations based on the a priori design that
failed to reach statistical significance and numerous exploratory analyses that purported
to show positive seeding effects. In the opinion of this reviewer, the reports of the results
of these experiments placed greater (exaggerated) emphasis and meaning on the
suggestive-but-iffy rainfall results of the exploratory analyses, which have never been
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confirmed or replicated in subsequent experiments, than on the disappointing-but-valid
evaluations in accordance with their a priori designs.”

Woodley and Rosenfeld (2001) commented on the Silverman (BAS) assessment, but it
had not been published as of November 2001. Excerpts from the concluding section of their
Commentary are provided below:

“In our view the BAS assessment of the status of glaciogenic cloud seeding
experimentation is unduly pessimistic. Although we agree that dynamic-mode seeding
has not yet been proven scientifically, we contend that the collective weight of the
evidence gives scientific credibility to dynamic-mode seeding, based on the criteria set
forth at the outset. Virtually every entry in his Table 2, providing a summary of the main

article has a SR (ratio of Seed to Non-Seed measurement) value > 1 with varying levels
of P-value support. The probability of this happening by chance is minuscule.
Quantification of the apparent seeding effect, requiring the proper form of meta-analysis,
is much more difficult. It should be cautioned that the results of such an analysis would
pertain to dynamic cloud seeding as a whole and would not necessarily provide statistical
evidence for the efficacy of cloud seeding in any particular experiment.

“Likewise, we think BAS is overly critical of the physical evidence accumulated to date
in support of dynamic-mode seeding experiments. Although direct physical
measurements were not made in the experimental units, a major effort has been made
over the years to make measurements of relevance to the “dynamic” seeding experiments.
Several of the studies involved the randomized seeding of the physical experimental
units. Collectively, these measurements support the conceptual model as articulated by

All versions of the conceptual models guiding on-top glaciogenic seeding experiments
also have called for increased vertical growth of the seeded clouds. Statistically significant
increases in cloud growth averaging about 20% have been documented for clouds over the
Caribbean and Florida (Simpson et al., 1967; Simpson and Woodley, 1971). Clouds seeded in
Texas (Woodley and Rosenfeld, 1996) and Thailand, however, have shown much less vertical
growth with weak P-value support (see Table 2). These apparently contradictory results have
been criticized also by Silverman (2001). Fortunately, there appears to be a plausible physical
explanation for the contradictory results.

During the Caribbean and Florida single cloud experimentation the visible cloud tops
were measured by flying a B-57 jet aircraft just above the cloud top, even if the cloud were a tall
cumulonimbus. In the Texas and Thaj experimentation, however, the estimates of cloud top were
made using 5-cm and 10-cm radar, respectively, at a reflectivity threshold of 12 dBZ. Thus, the
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This would not a problem for the estimate of the effect of seeding on cloud growth,
however, as long as the radar “sees” seeded and non-seeded clouds the same way. However, this
is not likely the case. Seeding changes the microphysical structure of the clouds, causing
glaciation at higher temperatures (Sudikoses et al.., 1998). As such, they resemble natural more
maritime clouds (Rosenfeld and Lensky, 1998), which are characterized by early glaciation and
fallout of precipitation-sized particles. The reflectivity of these clouds falls off faster with height
above the 0°C-isotherm level than more continental clouds (Zipser and Lutz, 1994). Thus, if
seeded clouds are made to resemble glaciated natural maritime clouds, it follows the radar is
going to underestimate their tops at 12 dBZ more than non-seeded clouds, which do not glaciate
until colder temperatures. The seeded clouds may be taller physically than the non-seeded clouds
but that cannot be known through the radar measurements. The measurement of cloud tops using
aircraft and/or infrared satellite imagery is necessary to resolve this important uncertainty.

6.4 Stringent Criteria for Assessing the Success of Cloud Seeding Experiments

In order to understand the major points of the criticisms, it is necessary to take a closer
look at the 1998 AMS Policy Statement on Planned and Inadvertent Weather Modification
(AMS, 1998). The relevant portion of that document is quoted (in Italics) here:

“Because the expected effect of cloud seeding is within natural meteorological
variability, statistical as well as physical evidence is required to establish the success of
any cloud seeding activity. Statistical evidence is most efficiently obtained through a
randomized, statistical experiment based on the seeding conceptual model that is
conducted and evaluated in accordance with its a priori design, and results in the
refection of the null hypothesis (hypotheses) at an appropriate level of significance and
power of detection. The physical plausibility that the effects of seeding suggested by the
results of the statistical experiment could have been caused by the seeding intervention
i.e., the physical evidence is consistent with the statistical evidence, must then be
established through measurements of key links in the chain of physical events associated
with the seeding conceptual model. Physical evidence is essential in confirming the
validity of the seeding conceptual model, which provides the basis Jor transferring the
cloud seeding methodology to other geographical areas.”

To assess whether any glaciogenic seeding experiments have satisfied this policy
statement, stringent “proof-of-concept” criteria have been developed, which emphasize the
results of randomized statistical experiments conducted and evaluated in accordance with their a
priori design as the most credible evidence of seeding effects (Gabriel, 1999a). In his application
of these “proof-of-concept criteria” Silverman (2001) notes that “when the a priori design specifies
or implies more than one hypothesis for testing, the statistical level of significance (usually 5%)
will be shared equally among the number of hypotheses indicated whether the reported results do
so or not.” He emphasizes further that failure to reject any null hypothesis does not connote that
seeding is ineffective; rather, it simply means that the evidence was insufficient to establish that
seeding worked as hypothesized. Conversely, he states that a statistically insignificant result with a
test statistic (e.g., S/NS, seed/no-seed ratio) greater than unity is not and should not be interpreted
as a positive effect of seeding any more than a S/NS ratio less than unity is not and should not be
interpreted as a negative effect of seeding.
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effects, effects which can only be confirmed through new, a priori experiments specifically
designed to establish their validity. How small a P-valye has to be before an exploratory result is

considered strong enough to be taken seriously (as “encouraging” or “promising”) is not generally

7.0 REASONS FOR THE UNCERTAINTY SURROUNDING CLOUD SEEDING
EXPERIMENTS

variability, which can confound the interpretation of the results, It can hide an effect of seeding in
the natural rainfall noise or it can conspire to suggest an effect of seeding when in fact none is
present. This is especially a problem for projects with small samples. The huge Thai seeded
“blockbuster” day discussed in this report is a case in point. If this unit had not been seeded, our
conclusions regarding the effect of seeding in Thailand might be different. On the other hand, one
has to admit the possibility that seeding may have been partially responsible for the blockbuster
nature of this event.

In the utopian world there are two ways to overcome natural rainfall variability. One is to
obtain a huge sample such that the effect of seeding, assuming that one is present, is readily

section). If this were possible, departures from the predicted rainfall then could be attributed to the
seeding intervention.

Another reason for the uncertainty surrounding cloud seeding experiments has been the
lumping together of all seeding events in which the effects of seeding were mixed such that there
appears to be no effect of seeding. As will be seen in the next section in a closer look at the results
of the Thai experiment, the apparent effect of seeding depends on the cloud microstructure with
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large apparent effects in one category and no apparent effect in another. It is crucial, therefore, to
know how seeding affects the clouds so that the data can be partitioned into analysis categories and
seeding effects can be sought within each category. If no effect is evident in the category thought
most suitable for seeding, there will be legitimate reason for concern. Under such circumstances,
all seeding should stop until the matter is resolved.

Sample size is an obvious contributor to the uncertainty surrounding cloud seeding
experiments. Even if the seeding is working as intended, its effect will not be detected unless the
experiment runs long enough to make the detection possible. There are statistical procedures to
estimate the size of the needed sample, but the estimate is only as good as the estimate of the
probable effect of seeding and the quantification of the natural rainfall variability. If the variability
is large and the expected effect is small, the needed sample to establish the effect of seeding could
be in the hundreds. Neither the Texas nor the Thai experiments, discussed earlier in this report, ran
long enough to establish an effect of seeding. The exploratory Thai analyses suggest that another
40 units might have been adequate to establish an effect of seeding on an a priori basis. In the case
of Texas, an additional 135 cases might have been necessary, if the 45% apparent seeding effect at
project termination is the real effect. In both cases, the programs were terminated, not because the
seeding was not working, but because of funding considerations. It is unfair, therefore, to
characterize them as scientific failures when the problem lay not necessarily with the science but
with project planning and administration.

Scientists have also added to the uncertainty by applying new criteria and new insights to
old experiments, thereby forcing them to measure up to the modern age. The notion that statistical
P-values should be shared among the various hypotheses being tested has caused old results to be
re-evaluated downward, thereby diminishing their credibility among some modern scientists.
Additionally, they discount physical measurements of relevance to the seeding experiment that
have been made separately from the actual seeding experiment. They would require that the
measurements be made during the actual randomized experimentation. The logic in this is obvious
in that the observations are relevant immediately to the seeding experiment, but practical
considerations, especially the availability of funds, often do not permit the needed observations to
be made concurrent with the randomized experimentation.

The last and most obvious contributor to the uncertainty surrounding cloud seeding is that
there are situations in which it does not produce the intended effect. Cloud seeding is an
exceptionally complicated undertaking involving complex cloud and environmental processes that
are poorly understood. Upon adding to this the difficulty of conducting the seeding as required to
produce the effect, it is easy to understand why many seeding experiments are viewed as failures
or at best inconclusive.

8.0 A CLOSER LOOK AT THE THAI EXPERIMENT AND ITS IMPLICATIONS FOR
TEXAS

8.1 Overview

The Thai cold-cloud experiment is highly relevant to Texas for several reasons. First, the
design and conduct of the randomized experiments in Texas and Thailand are very similar. In
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fact, the design of the Thai experiment was copied from Texas. Second, the scientists who
directed and evaluated both programs are Woodley and Rosenfeld. Third, after accounting for
some of the natural rainfall variability in Thailand, the results for Thailand and Texas are similar.
Fourth, the conduct of the seeding operations in both Texas and Thailand is similar to what is
being done now in some of the operational cloud seeding programs of Texas. Although it is not a
perfect match, the Thai experiment is the most relevant of any known experiment to what is
being done in Texas.

Because of its relevance to Texas, it is important to take a closer look at the results of the
Thai experiment, which are summarized in Table 3 for the experimental units. Moving from left to
right in the table are the analysis type, the sample sizes, the mean S and NS unit rain volumes, the
ratio of the former to the latter and the P-value significance of the result. The smaller the P value,
the more significant is the result. It is emphasized that P-values for exploratory analyses do not
have the same weight as P-values for @ priori analyses. The former should be interpreted as
providing the relative strength of the various analyses.

Table 3. Summary of the Thai RVOL (rain volume) Results for the Unit Lifetimes

(RVOL in units of 10°’m°)
Analysis Ns, Nns RVOL(S) | RVOL(NS) S/NS P Value Conf. Int.
All Units 43, 42 10,399 5,404 1.92 0.033
Median 43,42 5,337 3,421 1.56
Results
Unit 43,42 296.2 min | 242.2 min 122 0.014
Durations
All Units 42,41 8,134 5,104 1.59 0.040
w/o wettest
S and NS
All Units
SCR Index
0% 11,9 4,857 2,119 2.29 (1.70) 0.052
0to 9% 11, 10 5,206 2,239 2.32(1.72) 0.029
10to 49% 8,8 24,688 6,675 3.70 (2.74) 0.116
50 to 89% 13,15 7.806 4,925 1.59 (1.18) 0.171
90 to 100% 11,9 8,793 7,904 1.11 (0.82) 0.383
100% 3,5 9,054 7,708 1.17 (0.87) 0.379
All Units 43, 42 10,157 5,404 1.88 0.009
with
Nrmztn
All Units 43,42 10,399 0bs | 5,404 obs | 1.92 All 0.033
w/o & w/ 9,067 pred | 6,767 pred | 1.34 Bias
Multiple 1.43 Net 0.136
Regression

Ns and Nns = Seed and No Seed sample sizes.
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Beginning with the first row, the mean rain volumes for the unit lifetimes are 10,399 x 10°
m’ for the S sample and 5,404 x 10’ m® for the NS sample, giving a S/NS ratio of 1.92. This result
has a rerandomization P-value of 0.033 (Table 3). This apparent effect is larger than was expected
at the outset of the experiment, suggesting that the S days may have been more favored by the
natural rainfall variability than the NS days. The ratio of S (5,337 x 10° m’) to NS (3,421 x 10°
m®) median rainfalls is 1.56. The ratio of the § (296.2 minutes) to NS (242.2 minutes) unit
lifetimes (time from unit qualification to the time echo disappears from the unit) is 1.22 at a P
value 0f 0.014, suggesting that seeding prolongs the unit lifetimes.

The S exploratory sample consists of six huge units, whose rain volumes exceed the
largest value in the NS sample. Two of the six exceed the S mean rainfall by two standard
deviations and dominate the outcome of the experiment. As mentioned eaerlier, deletion of the
wettest S (105,504 x 10° m’) and wettest NS gl 7,709 x 10° m’) units as a sensitivity test gives a
revised S (8,134 x 10° m’) to NS (5,104 x 10° m®) ratio of rain volumes of 1.59 at a P value of

- 0.040. Thus, with the deletion of the wettest unit from each sample the apparent seeding effect,

although considerably smaller, still has a P value < 0.05.

The unit findings were partitioned by the supercooled rainwater (SCR) index and the
results are presented also in Table 3. The SCR index was selected to see whether the apparent
effect of seeding was affected by the intensity of in-cloud coalescence. Before discussing these
results, some background information is in order.

The cold-cloud conceptual seeding model indicates that the optimal cloud structure for
seeding intervention is a strong updraft containing low concentrations of raindrops generated
from below by coalescence interspersed within high quantities of cloud water Supercooled
clouds without raindrops are not viewed as optimal because glaciation and the growth of graupel
to precipitation size proceeds more slowly in such clouds, even with seeding intervention
(Rosenfeld and Woodley, 1993). Conversely, clouds low in cloud water and laden with raindrops
are not optimal either because such clouds usually glaciate at -10°C or even warmer through
natural droplet freezing and ice multiplication, resulting in the early formation of precipitation.

Rosenfeld and Woodley (2001) have investigated the importance of coalescence in the
production of rainfall from Thai convective rain cells. The radar estimates of the properties of
non-seeded cells were partitioned using in-situ observations of detectable raindrops on the
windshield of the project AeroCommander seeder aircraft as it penetrated the updrafts of
growing convective towers, 200 - 600 m below their tops at about the —8°C level (about 6.5 km
MSL). Cells observed to contain detectable raindrops during these aircraft penetrations were
found to have smaller first-echo depths than cells without observed raindrops when growing
through the aircraft penetration level. This faster formation of raindrops is attributed to a rapid
onset of coalescence in the convective cells.

It was noted that convective cells exhibiting a rapid onset of coalescence produced over a
factor of two more rainfall than cells in which the onset of coalescence was slower (no detectable
raindrops when growing through the aircraft penetration level). These findings highlight the
important role that coalescence plays in the production of rain from clouds.
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These results were extended to the evaluation of the seeding experiments. On each day of
unit qualification the percentage of cloud passes on which raindrops were observed to impact the
aircraft windshield was calculated. A scale of coalescence intensity was developed from the
measurements, ranging from 0% of the passes with detectable raindrops (weak coalescence) up

_to 100% of the cloud passes having detectable raindrops (strong coalescence). Six classes were
defined in all (0%, 0% to 9%, 10% to 49%, 50% to 89%, 90% to 100% and 100%). Note that the
second and fifth categories overlap with the first and sixth categories, respectively.

Despite the small sample and enormous variability within each partition, the partitioned
unit results are very interesting. (The S/NS values in parentheses were obtained after adjusting
the results for the natural rainfall biases as discussed later in this report. The largest and most
significant apparent effect of seeding is seen on days when the SCR index was < 50%, that is, on
days when less than 50% of the cloud passes had detectable raindrops. On days when raindrops
were much more prevalent the apparent effect is much smaller without P-value support. Again,
the results suggest there is not much point in seeding clouds when they are laden with raindrops.

Because the effect of seeding is strongly dependent on cloud structure, the importance of
using AVHRR satellite imagery and the method of Rosenfeld and Lensky (1998) to specify the
cloud structure is readily obvious. This was done for Texas during the summers of 1999 and
2000 as a precursor to the estimation of the potential effects of seeding over the State.

Because the sample is dominated by six large units, especially those qualified in 1998,
some means should be used to adjust for year effects. One approach is normalization of the unit
RVOL values for each year. This involves calculating the ratio of the mean yearly NS rainfall to
the mean N8 rainfall for all years. This ratio is then applied to all the unit rainfalls for that year.
Then, the overall seeding effect is the ratio of normalized S to NS rainfalls.

This scheme accounts for year-to-year differences in rainfall, which might have natural or
artificial causes (e.g, radar mis-calibration that survived the clutter re-calibration).
Normalization also compensates for a disproportionate draw of a particular treatment decision in
a given year that might be overly dry or wet. In so doing, it changes the unit values within each
year but preserves the seed vs. no seed relationships and makes it possible for all years to
compete on an equal footing. Put colloquially, normalization “levels the playing field.”

The normalization analysis, using mean NS rainfalls for the unit lifetimes as the reference
(i.e. mean NS unit RVOL = 5,404 x 10°> m®) shows 1993, 1995 and 1997 as drier than the overall
NS sample mean and 1994, 1996 and 1998 as wetter than the overall NS sample. The
normalization factors by year since 1993 are 2.790, 0.675, 1.378, 0.692, 1.554 and 0.774. Only
one unit was obtained in 1991 and a normalization factor of 1.0 was used for that unit.

Applying these yearly normalization factors produced mean normalized rain volumes for
the unit lifetimes of 10,157 x 10° m® for the § sample and 5,403 x 10’ m® for the NS sample,
giving a ratio of 1.88 at a P value of 0.009.

The radar-estimated rain increment for the duration of the experimental units, regardless
of whether one uses normalized or non-normalized data is nearly 5,000 kilotons (i.e., 5 x 10° m’)
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Plots of mean unit rain volume rate (RVR) and mean cumulative rain volume (RVOL)
relative to the time of unit qualification are provided in Figures 3 and 4, respectively. The plots

.

give the S and NS values from two hours prior to unit qualification to 8 hours subsequently. The

Beginning with the RVR plots (Figure 3), note the S RVR exceeds the NS RVR before
treatment with a maximum at —30 minutes. This disparity had diminished greatly by the time of
unit qualification. After qualification the NS RVR plot exceeds the S RVR plot early in the
treatment period (Figure 3). From 80 minutes after unit qualification onward, however, the S plot
exceeds the NS plot out to 480 minutes, reaching a secondary peak at 400 minutes,

Integration of the RVR values with time gave the cumulative RVOL plots shown in Fig.
4. Note there is a pre-qualification bias favoring the S cases. The mean difference in cumulative
S and NS rain volumes is only 194 x 10° m?® by 120 minutes before unit qualification, This
average difference is less than the rain volume from a typical NS cell, which averages 243 x 10°

m’. In the period 0 to 80 minutes the mean cumulattive RVOL plots are virtually coincident.

After that the lines diverge out to 480 min, By the end of the period of evaluation, the S to NS
ratio had increased to a factor of 1.92.

bias. It is definitely not as simple as forming the double ratio between the post- and pre-
qualification single ratjos. This would only be valid if the pre- and post-qualification rain
volumes are highly correlated. This is not the case. The correlation is only 0.18 for the 30 min
immediately prior to unit qualification and 0.23 for the cumulative rain volume in the 120 min
before qualification.
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Figure. 3. Plots of S and NS mean RVR values vs. time interval after unit qualification for the
cold cloud experimental units obtained in Thailand in the period 1991-1998.
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Figure 4. Plots of mean integrated S and NS RVOL values vs. time interval after unit
qualification for the cold cloud experimental units obtained in Thailand in the period 1991-1998.

78




8.3 Attempts to account for the natural rainfall variability

evaluation of cloud seeding experiments becomes a trivial exercise. One need only conduct the
experiments and compare the results to the predicted rainfall. The disparity between what is
observed and what was predicted is the seeding effect. Unfortunately, no experiment to date has
been able to cope with the natural rainfall variability so simply.

Woodley and Rosenfeld (2001) addressed this problem through multiple linear regression

using covariate variables as input. The best two proved to be the precipitable water (PW) through

regressions.) Their correlations with the lifetime unit rainfalls are only 0.363 and 0458,
respectively. Their multiple correlation with the lifetime unit rainfalls is 0.543, which means that
these two covariate variables account for only 29% of the rainfall variability.

favored the S sample by 34%. Thus, the apparent effect of seeding is the double ratio between
the observed apparent seeding effect (1.92) and the natural rainfall bias (1.34). The result is an
apparent seeding effect of 1.43 or +43%. This is a conservative estimate of the effect of seeding
on the unit scale in Thailand. This is the value that will be used in the studies to make a
conservative estimate of the potential impact of cloud seeding in Texas.
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It is interesting that the best estimate of seeding effect in Texas that was obtained before
termination of the randomized seeding experimentation was 1.45. Thus, the revised,
conservative, estimate of seeding effect in Thailand and that in Texas are in good agreement. In
addition, the apparent effect of seeding in FACE-1 (Woodley et al.., 1982) for the large floating
target was +46% and in Cuba the apparent effect of seeding on the scale of cloud clusters was
+43%. Although this general agreement among the estimates of seeding effect does not assure
that any of them are correct, it does support the base estimate of seeding effect for areas of about
2,000 km? to be used in the study for the TWDB. As will be seen, however, as area size increases
the hypothetical increases due to seeding will decrease.

Finally, the estimates of seeding effect as a function of the SCR presented in Table 3
were revised downward by 34% (i.e., division by 1.34), based on the overall regression analysis.
These estimates are provided in parentheses by SCR category. These are the conservative values
that will be used for the TWDB studies.

8.4 Summary

Careful consideration of the results presented in Task 1 has taught us the following with
respect to the seeding of warm season convective clouds:

e The evidence for seeding-induced rainfall increases from individual convective clouds is
fairly strong.

¢ Proof of seeding-induced area rainfall increases does not yet exist.

Although the evidence for seeding-induced rainfall increases over fixed and floating target
areas is weaker, it has been judged strong enough by users of the technology to warrant
operational cloud seeding during drought conditions.

o The effects of seeding are variable in space and time, due in part to changes in the cloud
microstructure.

e Most experiments probably have produced inconclusive results, because clouds with varying
microstructure and, therefore, varying responses to seeding were seeded and grouped
together during the analysis phase.

e Future experiments should consider cloud microstructure during the seeding operations and
especially during the analyses.

¢ The assessment of seeding opportunities in Texas must take cloud conditions into account.

These results and insights provide the basis for Tasks 2 and 3.
9.0 THE TEXAS OPERATIONAL CLOUD SEEDING PROGRAMS

9.1 Introduction

The overriding goal of this research effort for the Texas Water Development Board is the
systematic assessment of cloud seeding as a water management tool for Texas. This has not been
done before. Considering that ten operational cloud seeding programs were in operation as of

July 2001, it would seem in one sense that someone has the “cart before the horse.” Although the
managers of these projects are aware of the uncertainties surrounding cloud seeding, they
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decided to proceed because they believed that the potential benefits would exceed the project
costs. For this reason, it is important to take a closer look at the history of operational cloud
seeding in Texas. The information to be presented next was excerpted from the paper by Bomar
et al., (1999). Dr. Woodley was its second author.

9.2 Background

Texas suffers from periodic droughts. This will always be the case in view of the semi-
arid nature of the climate of much of the state. The most recent period of severe rain deficiency
began in 1995 and continued through 1999 into 2000. Coping with such dry periods in the future
will become increasingly difficult in Texas because of its growing population, which is predicted
to nearly double, to 35 million, by the year 2030 AD.

This growing need for adequate fresh-water supplies in arid and drought-stricken parts of
Texas has focused renewed attention on alternative ways of conserving existing water resources
and of procuring additional water by tapping into the abundant supply of moisture available in
the Earth's atmosphere. Passage of the Texas Weather Modification Act by the Texas Legislature
in 1967 was a tacit acknowledgment that the use of cloud-seeding technology had earned a
measure of acceptance within the water-management community in Texas. At the same time, the
law recognized many uncertainties remained with respect to the effectiveness of various forms of
cloud seeding. Hence, the need to regulate the level of human intervention in cloud processes to
protect the interests of the public, and to promote the development of a viable and demonstrable
technology of cloud seeding, was addressed by that legislative act.

To attain the objective mandated by the Texas Legislature to develop and refine cloud-
seeding technologies, the State of Texas took a first step by linking up with the U. S. Bureau of
Reclamation in 1973 to devise and demonstrate a viable cloud-seeding technology. Since then,
an on-going, though often intermittent, research effort has ensued to corroborate and quantify the
effects of timely seeding of convective clouds. Despite limited funding over the years,
substantial progress has been made in pursuit of this goal.

Texas also has a long history of operational weather modification. From the time prior to
World War I, when C. W. Post attempted to ‘shake’ rainwater out of towering cumuli along and
just below the Caprock region of West Texas (191 1-1914), various weather-modification
methodologies have been used in the Lone Star State to prompt warm-season cumulus clouds to
live longer and shed much-needed rainfall, Rain-enhancement projects sprung up intermittently
in parts of semi-arid West Texas in the decades between the two world wars and during the epic
drought of the 1950s, usually as a measure of last resort to ameliorate the impact of a prolonged
dry spell. Even after legislation was adopted in 1967 to regulate the use of cloud-seeding
technology within the state, rain-enhancement programs adopted by various water interests were
for the most part locally controlled and funded, with minimal interface from the State.

The lack of state involvement in the more than a dozen independently financed and
managed weather modification projects prior to 1970 meant that the bulk of these efforts
received a minimum of rigorous analysis. In fact, most of the projects were poorly documented,
if at all. The impact of cloud seeding was seldom quantified, and perceptions of the efficacy of
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9.3 Role of Water Districts

What would eventually serve as a foundation for funding, designing, and implementing
cloud-seeding operations on a large-scale basis in Texas began to evolve during the historic
1950s drought. Independent water districts began sprouting in rain-short areas of West and
Southwest Texas after a precedent was established in the mid-1950s. by the High Plains
Underground Water Conservation District.  This district, encompassing all or parts of 15
counties in northwestern Texas and covering some 69 million acres above the Caprock,

Permian Basis in far West Texas. Given ad valorem taxing authority, the District was furnished
the financial wherewithal to set up a staff to quantify its ground-water resources and regulate the
use of that ground water to ensure that water supplies from the aquifer would be adequate to
meet the fresh-water needs of a growing populace.

Subsequent state legislation encouraged the formation of other, similarly-constructed
water districts in semi-arid parts of Texas, though the 42 districts formed after 1985 (and
encompassing all, or parts, of 80 Texas counties) were considerably less expansive than the
original High Plains district based in Lubbock. In every instance, however, the fundamental
motivation for establishing these districts (many of which are single-county districts) was to have
a legal mechanism in place to control the draw-down from, and abet the recharge to, the aquifers
that underlay the districts. Perhaps serendipitously, the arrangement of these districts afforded
the locals a fiscal mechanism by which programs like cloud seeding for rainwater-augmentation
could be equitably paid for within their respective areas of jurisdiction.

The first water district to use some of its funds to apply an innovative water-development
strategy, such as precipitation enhancement through cloud seeding, was the Colorado River
Municipal Water District, based in Big Spring.  The formation of two reservoirs on the upper
Colorado River of Texas, owned and maintained by the CRMWD, and subsequent sale of water
from those lakes, created the need for additional runoff. One of Texas’ preeminent pioneers in
developing new and innovative water-management strategies, Owen H. Ivie, as general manager
of the CRMWD, launched a cloud-seeding program in 1971.

For several years, the CRMWD seeded clouds over an area of 3500 square miles (2.24
million acres) of West Texas using a weather-modification contractor. Eventually, the CRMWD
committed to a long-term rain-enhancement program by securing its own aircraft, weather radar,
and qualified staff to run its cloud-seeding operation during the growing season. By renewing its
Texas weather-modification license and permit from the State water agency, the CRMWD
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its program in 1990 and has continued ever since, becoming one of the longest-running rain-
enhancement projects in the world.

The CRMWD systematically documented its cloud-seeding operations, including an
annual assessment of the impact of the seeding operations on runoff over the watersheds of its
two reservoirs, although the analysis would not meet the standards articulated in Section 6.4 and
in Appendix A. It set up and maintained its own dense network of fence-post rain gages. Data
from these gages were analyzed at the end of each year’s 7-month-long program; moreover, the
staff collected and analyzed crop-yield data (primarily cotton production) each year within its
14-county operational area and smaller “target” area (Jones, 1985). Repeated studies of these
data revealed apparent sizable rainfall increases within, and downwind, of the target area. For all
years during which seeding was conducted, rainfall was observed to have increased between 20
and 35 percent within the target area during the growing season, with lesser increases noted in
areas adjacent to the watersheds of the two reservoirs,

The apparent success of the CRMWD weather-modification program encouraged other
water interests to emulate the approach taken by the Big Spring organization. The City of San
Angelo sponsored a S-year cloud-seeding project during 1985-1989 to generate more runoff over
the watershed of its reservoir system west and south of the city. For the first time in Texas,
however, glaciogenic seeding material was disseminated using pressurized aircraft operating at
or above cloud top. Silver iodide flares were ejected from the bottom of the aircraft fuselage
during seeding missions. An historical target-control regression analysis of rainfall within and
beyond the project’s target area indicated seasonal rainfall during the S-year period exceeded the
long-term average by as much as 27 to 42 percent (Woodley and Solak, 1990). It must be
emphasized, however, that the cloud seeding in the San Angelo target was not randomized,
making it susceptible to bias in its conduct and evaluation. Further, the validity of historical
target-control regressions has been called into question by Gabriel (1999a).

9.4 Origins of a Statewide Program

Despite the apparent successes of the two multi-year projects based in Big Spring and
San Angelo, it was not until 1995 that interest in using cloud-seeding technology grew enough to
foster serious consideration of implementing a far-reaching, regionwide cloud-seeding effort.
The impetus for a statewide weather-modification program was born in the region west of San
Angelo, where cloud seeding had been conducted extensively in the latter half of the 1980s.
During that S-year program, numerous ranchers living west of the city in several counties whose
rivers and streams supplied water to the City’s reservoir system had observed what they
considered to be a positive response in many of the towering cumuli seeded by the City’s
contractor. These counties already had in place single-county water districts, which afforded a
convenient mechanism for raising funds to support the reinstatement of a regionwide cloud-
seeding program.

Water-district officials from these counties began holding public meetings in and near
their respective county seats and invited staff from the State’s water agency to attend and give
formal presentations on the state of weather-modification technology for rainfall-augmentation.
Landowners and water-district officials in Irion and Crockett Counties of West Texas learned
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Big Spring, Texas area. The experiments, known as the Texas Exercise in Augmenting Rainfail
through Cloud-seeding (TEXARC) Project, were designed to document the microphysical
processes in growing convective clouds that were being seeded with either glaciogenic or
hygroscopic materials.

elsewhere in West, and in South, Texas in the years to follow. With a “target” area of 7.2
million acres, a contractor was identified and both cloud-base and cloud-top seeding activities
8ot underway in May 1996

9.5 Local Supervision of Seeding Operations

An executive Board consisting of representation from the eight participating counties was
established to facilitate decision—making as the project ensued. Despite the fact that some
counties making up the WTWMA target area were considerably larger than others, each county

program was paid out of revenue raised, through ad vajorem taxes, by each county. A county

undoubtedly contributed to the fascination shown by both media groups and by political interests
statewide. In the early weeks (June 1996) of the newly formed cloud-seeding operation based in
San Angelo, reporters from several major television news organizations (ABC, CBS, CNN, and
NBC) visited the project site to interview project organizers and personnel.  Several major
newspapers (including the Dallas Morming News) did feature articles on the project as well.

Perhaps the most appealing aspect of the way the West Texas group organized

themselves consisted of the control afforded the program at the local level. The executive Board
made all decisions relative to the conduct of the program. Representation from each participating
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rainfall during the time of harvest in the autumn; input from that county through its
representative on the Board woyld ensure that the county (or some large sector of that county)
would be excluded from any advertent weather-modification activity during the period specified.

Moreover, the WTWMA maintained a rain-gage network to assess soil-moisture
conditions during the course of the cloud-seeding operation. These rainfal] data were used to
prioritize those areas within the target region most, and least, in need of rainfall. In many
instances, it was possible to Specify an area as small as a fraction of a county where rainwater
was, or was not, needed. This policy afforded the participating counties, and ranchers withip
them, an added sense of control of the program.

9.6 The Proliferation of Rain-Enhancement Pro jects

Using the WTWMA organizational model, a second rain-enhancement program was
formed in South Central Texas, south of San Antonio and some 250 miles removed from the
WTWMA site. A water district (known as the Evergreen Underground Water Conservation
District) based in Jourdanton, Texas served as the nucleus for this 7-county, 4.4 million-acre
project. The alliance of counties, called the South Texas Weather Modification Association
(STWMA), established 3 governing Board, developed specifications for a warm-season rain-
augmentation program, went out for bid, then secured a contracting firm to perform the actual
seeding operations.

A third rain-enhancement project, covering some 6.87 million acres in the Texas High
Plains, materialized in 1997 This project, based in Lubbock, was unlike its two predecessors in

all or parts of 15 counties in the High Plains of Texas. That district, the HPUWCD, already had
in place a governing board as well ag a network of county committeemen. Those two
mechanisms were used to provide the kinds of locally based input needed to structure, then
supervise, the cloud-seeding Program to the needs of constituents.

Still more projects, encompassing an additional 12 million acres in southwest and south
Texas, were drawn up for implementation in 1998.  One of them got underway just weeks
before the residue from a tropical storm (Charlie) dumped flash floods in Val Verde County, the
heart of the Texas Border Weather Modification Association (TBWMA) target area. (Cloud-
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producing rains inundated much of the city of Del Rio in August 1998.) The project, governed
similarly by a multi-county Board, resumed cloud seeding soon after the floodwaters receded.

Two additional projects were in operation by the 2000 season, bringing the total to nine
projects. The new projects were in the northern Texas Panhandle. One was centered in Dumas
and the other in Pampa. The tenth seeding project, centered in Abilene, Texas, began during the
2001 season.

9.7 State Support of Weather Modification

A pivotal development in the statewide weather-modification program can be traced to
action by the 75th Texas Legislature, which in 1997, appropriated for the first time ever a
substantial amount of funds to help the various cloud-seeding projects pay for their operations.
The State support was given to those water districts sponsoring cloud seeding on a 50-50 cost
share, or match, basis. The amount of State funding to each project was determined strictly on a
per acreage basis. This arrangement meant that, for every $0.0425 per acre raised at the local
level, an equivalent amount was contributed by the State water agency (TNRCC).  Funds
totaling $4.197 million were also made available for operations during the warm seasons of 1998
and 1999, ’

To unify the various rain-enhancement projects within Texas, an ‘umbrella’ organization
was formed in 1997 known as the Texas Weather Modification Association. A voting
representative from each of the state’s five operational cloud-seeding programs served on the
Association’s executive Board. The TWMA worked to resolve problems encountered with the
use of various types of flares at the five project sites. Moreover, the association advises the
TNRCC staff in the allotment of state revenue to help pay for the weather-modification
programs. The group also sponsored training sessions for project personnel, including
specialized training from a scientific consultant for those meteorologists running the programs.

The end result of the collaborative efforts of state and local officials to orchestrate a well-
designed, coordinated weather-modification effort for the state of Texas has fostered a virtually
ideal environment for continued research into, and development of, an appropriate cloud-seeding
technology for the region. This was evidenced by the successful completion of the 1998
TEXARC Project in the vicinity of San Angelo, Texas. It is also apparent in continued
monetary support from the State water agency, with the bright prospect that State funding can,
and will, be maintained through at least the summer of 2001 for both operational cloud seeding
activities and relevant research and assessment work in support of those activities.

10.0 TASK 2 METHODOLOGY AND RESULTS

The earlier presentation in Table 3 of seeding effects in the Thai experimentation
indicated that the effect of seeding depended in part on the intensity of coalescence in the clouds.
It is obvious, therefore, that if one is to identify seeding opportunities in Texas one must first
specify cloud microstructure. This is possible now through the analysis of AVHRR satellite
imagery to determine the effective radius (1e) vs. temperature of a cloud population in the
manner described by Rosenfeld and Lensky (1998). An example of this process is illustrated in
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Figure 5 for June 1, 2000. Superimposed on the image are portions of the targets for the West
Texas (right corner), CRMWD (right center) and High Plains (upper right) operational seeding
Programs. The three insets on the left are the plots of the effective radius (r.) vs. temperature for
the three boxes shown in red. Plot 1 s applicable to the High Plains, Panhandle and CRMWD
targets. Upon €xamining the plot, it was determined from the objective method algorithm that
glaciation occurred on average in the range -15°C to -20°C. Further, the cloud particles reached
an effective radius of 15 microns in the range +5°C to -5°C, where 15 microns is the

indicate that the clouds on this day were glaciating at temperatures of ~15°C to -20°C and
producing raindrops in the range of +5°C to —5°C, where the clouds reached an effective radius
of 15 microns. Now 80 to Table 4 and determine where a glaciation temperature range of —15°C
t0 ~20°C intersects the coalescence temperature range of +5°C to -5°C. Note that the intersection
is uniquely at a cloud classification of 3.0 [ will be seen later that the best estimate of seeding
effect for clouds having this classification is a factor of 2.74.
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Figure 5. Processed AVHRR image at 2243 GMT on June 1, 2000. According to the usual color
classification, the yellow cumuliform cloud elements indicate they are composed of supercooled
droplets while the red areas are the “anvils” of the cumulonimbus tops. The insets show the T vs.
t. plots for the three red-bordered polygons in the image. The colored vertical bars refer to the
inferred microphysical zones, where yellow is the diffusional growth zone, green is the zone of
coalescence, magenta is the mixed phase zone and red is the glaciated zone. The 10 percentile
lines for the pixels having r. for a given T are plotted. The plot in white is the pixel sample size

versus temperature.
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Table 4
Cloud Classification Matrix of Rankings

Temperature (°C) when req first equals 15 microns

Glaciation
Temperature T >15 15>T>5 5>T>-5 S5>T>-15 T<-15
O
T> -10 5.0 45 4.0 3.5 3.0
-10>T>-15 45 4.0 35 3.0 2.5
-15>T>-20 4.0 35 3.0 2.5 2.0
-20>T>-25 3.5 30 25 20 1.5
T<-25 3.0 2.5 2.0 1.5 1.0

A comparison of the monthly and seasonal satellite cloud classifications for the seeding
targets in 1999 and 2000 is provided in Table 5. The Panhandle and North Plains targets were not
defined at the time of analysis of the 1999 data and no information is available for these targets
in 1999. The data are very limited in some months, due either to a lack of clouds and/or data. In
looking at the “overall” column (the second column from the right) both years show an increase
in cloud classification from northwest to southeast through Texas. This means that the clouds in
Texas become more maritime in character, having increasing coalescence and warm glaciation
temperatures as distance from the Gulf Coast decreases. This is an expected result. The rightmost
column of Table 5 is the overall seasonal seeding effect by year, obtained by converting the
overall cloud classification to seeding effect as described below.

Table 5. Mean Convective Rankings for the Texas Operational Seeding Targets
By Month and Overall for April through September in 1999 and 2000
(The first number in the set is sample size in days and the second number is the mean
cloud classification.)

Target April May June July August Sept. Overali Overall
CldCls | Seed Eff
NPOO 7,13 6,13 16, 1.9 5,22 2,20 4,14 40, 1.8 1.7
PGOO 8,14 6,13 16,22 521 2,20 4,14 41,18 1.7
HP99 5 1.4 9,19 [ 16,16 7,23 16,19 12,21 65,19 1.7
HP0O 8,14 | 10,15 | 19,22 7,2.8 2,28 4 14 50,20 1.7
CR99 6,12 | 12,18 | 15,1.8 11,29 12, 1.8 12,2.4 68,20 1.7
CROO 5,12 | 515 | 14,26 | 9,23 | 2,23 | 4,16 | 39,21 18
WT99 4,16 | 10,21 | 15,22 9,24 14, 1.9 13,25 61,23 2.0
WT00 7,11 7,13 13,26 9,24 1,2.0 5,17 42,20 1.7
TB99 4,13 7,19 | 10,28 5,2.8 7,2.0 9,3.0 42,24 2.1
TB0O 7, 1.4 514 9,36 4,21 2,25 4,1.4 31,22 1.9
EA99 1,25 4,25 8 2.7 10,28 7,2.1 12,2.8 42,26 2.3
EA00 3,23 2,25 10, 3.3 5,24 4,3.0 4,24 28,28 2.5
SWT99 2,25 4,28 8,32 12,3.6 6,26 9,34 41,32 2.4
SWTO00 1, 1.0 1,15 9,34 2,2.8 4,30 3,25 20,29 2.6
ST99 1,25 5,29 8,32 13,3.3 5,24 10,3 4 42,3.1 2.6
ST0O 1,10 | 3,23 | 10,33 | 4.3.1 3,30 | 3,30 | 2430 27
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The next step in the recognition of seeding opportunities was the conversion of the
convective rankings to hypothetical seeding effects using the information in Table 6. The first
column is the Daily Coalescence Rating and the second is the corresponding Supercooled
Rainwater Index that was discussed earlier. Column 3 gives the hypothetical Seeding Factor
corresponding to the Supercooled Rainwater Index. The values are the scaled-back estimates
provided in parentheses in Table 3 for the Thai cold-cloud experiment. These were obtained by
dividing the raw values in Table 3 by 1.34 to account for the natural bias favoring the seed cases.
Again, note that the Thai experimentation suggests that the largest apparent seeding effect comes
in ciouds with weak to moderate coalescence, and the effect falls off rapidly thereafter. The last
column provides the relationship between the Satellite-Derived Cloud Index and the other table
entries. This is crucial to the study, because it makes it possible to assign a probable seeding
effect for each target as a function of the satellite-measured cloud structure on each day for
which measurements are available.

Table 6

Apparent Effect of Seeding (Seeding Factor) vs. the Supercooled Rainwater
Index and the Satellite Cloud Index
(Based on an overall seeding factor in Thailnad of 1.43, which was
obtained from multiple linear regression)

Daily Coalescence Supercooled Seeding Factor Satellite-Derived
Rating Rainwater Index (S/NS) Cloud Index

No Coalescence 0% 1.70 1
1.71 1.5

Light Coalescence 0to 9% 1.72 2
2.23 25

Moderate 10 to 49% 2.74 3
Coalescence 1.96 3.5

Enhanced 50to 89% 1.18 4
Coalescence 1.01 4.5

Strong Coalescence > 90% 0.85 5

By using the information in Table 6 the cloud classification values in Appendix B were
converted to the hypothetical seeding effects by day and by target that will be used in Task 3.
Upon examining the values in Appendix B it is obvious that there were many days for which it
was impossible to make direct inferences of cloud microstructure due to a lack of useable
AVHRR imagery or to a lack of clouds. It was necessary, therefore, to resort to extrapolation
from days with observations in order to fill the gaps. Although this is not an optimal situation, it
is still better than having no satellite inferences of cloud structure at all.

Those interested in the average hypothetical seeding effect by target and by season for
only those days on which it was possible to make direct inferences of cloud microstructure are
referred to the last column of Table 5. Although there is some variability between 1999 and
2000, there is an obvious trend, suggesting that the effect of cold-cloud seeding should increase

90




as one moves southeast through Texas. This is somewhat of a surprise since the hypothetical
effect of seeding falls off rapidly under conditions of intense coalescence, which is
climatologically more prevalent in the east and southeast portions of Texas. The only way this
apparent contradiction can be explained is that the 1999 and 2000 seasons were drier than usual,
having fewer days with intense coalescence.

11.0 RADAR ESTIMATION OF RAINFALL IN TEXAS

The potential alteration of rainfall by seeding, and the impact of the alterations on the
water supplies of Texas is the focus of this study for the TWDB. Making this assessment
requires the statewide measurement of convective rainfall, which is a major challenge. The point
measurement of convective rainfall with rain gauges is an accepted standard, even though gauges
are subject to errors due to wind and disturbance of the airflow by nearby obstacles. Even so, it
would take hundreds of recording rain gauges to measure the rainfall accurately throughout
Texas. The official climatological rain gauge network of Texas consists of 182 recording rain
gauges, which is inadequate for the measurement of rainfall from convective clouds and cloud
systems. Supplemental recording gauges are available in the state but they are too few and too
intermittent to be of much value in measuring Texas convective rainfall.

Radar is an attractive alternative for the estimation of convective rainfall, because it
provides the equivalent of a very dense gauge network. Radar estimation of rainfall is, however,
a complex undertaking involving determination of the radar parameters, calibration of the
system, anomalous propagation of the radar beam, concerns about beam filling and attenuation,
and the development of equations relating radar reflectivity to rainfall rate, where radar
reflectivity is proportional to the sixth power of the droplet diameters in the radar beam.

Some scientists have spent virtually their entire careers perfecting radar rainfall estimates,
but even then the results are not always to their liking. That is why it is good practice to compare
the radar rainfall estimates with those of rain gauges in small but dense arrays. Such reality
checks are crucial to the credibility of the estimates.

The initial intention was to use the C-band project radars for rain estimation in this
research effort, but this proved to be unfeasible. None of the projects operate their radars round-
the-clock, meaning that some rainfalls are not measured, thereby making it impossible to reach
the goals of this study. Further, the project radars also were found to suffer from other problems,
including attenuation of the energy beam in heavy rain and ground clutter, which was sometimes
interspersed with rain events, especially during their later stages. Because this “false rainfall”
could not be removed, it was a source of potential error in estimating the rainfall to be compared
with the rain gauges.

At this point it was obvious that a change in plan had to be made. If rainfall were to be
estimated around-the-clock in Texas and spot-checked by comparison with rain gauges, it would
have to be done with a different radar system. An obvious possibility was the use of NEXRAD
radar systems that are distributed about the state. These are S-band radars, which do not
attenuate appreciably in heavy rain, and they are operated continuously unless they are down for
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maintenance. In addition, the NEXRAD radars have a clutter-removal algorithm that eliminates
most of the false rainfall produced during periods of anomalous propagation.

Investigation of the availability of NEXRAD data revealed a source at NASA’s Global
Hydrology Resource Center (GHRC), which receives merged 15-min reflectivity data from WSI,
Inc. for all of the NEXRAD sites in the United States. (WS, Inc. obtains the data from the
National Weather Service.) These data were secured subsequently for the period of interest. The
plan was to generate radar rainfalls for all of Texas and for various sub-areas within the state,
including the nine seeding targets and various hydrological areas. These products would then be
available for completion of Task 3 and as input to Task 4.

Tt should be noted here that until recently WSI, Inc. prepared and distributed its own
national radar-estimated rain map from the national network of NEXRAD radars. Upon our
examination of this product for our period of interest, it was found to be seriously in error for
reasons that are not clear at this writing. Enormous rainfalls, exceeding 30 inches per month,
were noted consistently in many areas even though no such rainfalls were measured by rain
gauges. The errors appeared to be factors of 4 to 5 too high relative to gauge measurements and
are likely due to a systematic error in the rainfall calculations. Apparently no one had brought
these errors to their attention, so they could take corrective action. Woodley called the GHRC,
which distributes the WST, Inc. rainfall product and told them of the problem and they expressed
gratitude for having received this information. It is now of mainly academic interest, however,
since WSI, Inc. no longer produces the integrated rainfalls.

For this and other reasons, the rainfalls needed for this study were derived from the 15-
min reflectivity data. Although a major undertaking no serious problems were encountered along
the way. The initial work on Task 3 involved a test run of the data. This was followed by gauge
vs. radar comparisons in the gauged portion of the High Plains target. Daily rainfails were
summed to provide monthly and seasonal (April through September) rainfall estimates. The next
step was an attempt to determine the probable accuracy of the radar rainfall estimates relative to
rain gauge measurements. The results of this study, which are highly encouraging, are provided
in Appendix C, which contains a reprint of a paper by Woodley et al.. (2001), which was
published in the Journal of Weather Modification.

12.0 TASK 3 METHODOLOGY AND RESULTS
12.1 The Texas Seeding Targets

Task 3 of the TWDB contract calls for estimation of the amount of additional rainfall to
be expected in Texas from seeding under various weather regimes as a function of space and
time. Rainfall was examined on a daily basis over the areas shown in Figures 6 through 9. The
period of “daily” rain estimation was tied deliberately to the convective cycle, beginning at
0700 CDT on the day of interest to 0659 CDT the next day. The key to the numbered areas is
provided in Table 7. Figure 6 contains the 10 Texas seeding targets (areas 4 to 12 + area 50). The
Texas aquifers of interest are shown in Figures 7 and 8 (ie., areas 1 to 3 +13 to 23 and areas 24
to 37) and the Texas drainage basins of interest are illustrated in Figure 9 (i.e., areas 38 to 49).
All of Texas is the 51" area.
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Table 7. Area Key for the Radar Rainfall Analyses

Area Area Size Description of Area

# (km®

1 319 Hondo Creek

2 505 Guadalupe Creek

3 845 San Antonio

4 33,788 Panhandle Target

5 19,556 North Plains Target

6 44,755 High Plains Target

7 11,714 CRMWD Target

8 23,977 West Texas Target

9 14,675 Texas Border Target

10 22,658 Edwards Aquifer Target

11 18,824 Southwest Texas Target

12 17,704 South Texas Target

13 1,745 Alluvium and Bolson Aquifers: Hueco-Mesilla Bolson Segment
14 2,391 Carrizo-Wilcox Aquifer: Rio Grande to Nueces River Segment
15 608 Carrizo-Wilcox Aquifer: Nueces to Guadalupe River Segment
16 1,024 Carrizo-Wilcox Aquifer: Guadalupe River to Colorado River
17 2,830 Carrizo-Wilcox Aquifer: Colorado River to Brazos River

18 3,919 Carrizo-Wilcox Aquifer: Brazos River to Trinity River

19 8,385 Carrizo-Wilcox Aquifer: Trinity River to Sulfur River
20 4,081 Carrizo-Wilcox Aquifer: Eastern Segment
21 6,191 Edwards (Balcones Fault Zone) Aquifer: San Antonio Segment
22 498 Edwards (Balcones Fault Zone) Aquifer: Barton Spring Segment
23 1,120 Edwards (Balcones Fault Zone) Aquifer: Northern Segment
24 10,371 Edwards-Trinity Aquifer: Central Segment
25 5,496 Edwards-Trinity Aquifer: Stockton Plateau Segment
26 2,363 Edwards-Trinity Aquifer: Trans-Pecos Segment
27 15,959 Gulf Coast Aquifer: Rio Grande to Nueces River Segment
28 20,707 Gulf Coast Aquifer: Nueces River to Brazos River Segment
29 16,547 Gulf Coast Aquifer: Brazos River to Sabine River Segment
30 14,032 Ogallala Aquifer: Northwest Segment

31 14,149 Ogallala Aquifer: Northeast Segment

32 15,289 Ogallala Aquifer: Central Segment

33 22,861 Ogallala Aquifer: Southern Segment

34 2,693 Trinity Aquifer: Lower Glen Rose Segment

35 1,762 Trnity Aquifer: South Central Segment

36 4,503 Trinity Aquifer North Central Segment

37 2,583 Trinity Aquifer: Northern Segment

38 11,985 Brazos River Drainage Basin: Lower Basin

39 18,835 Brazos River Drainage Basin: Middle Basin
40 14,925 Brazos River Drainage Basin: Upper Basin

41 4,259 Colorado River Drainage Basin: Lower Basin
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42 20,961 Colorado River Drainage Basin: Middle Basin
43 46,551 Colorado River Drainage Basin: Upper Basin
44 8,509 Guadalupe River Drainage Basin: Lower Basin
45 4,297 Guadalupe River Drainage Basin: Upper Basin
46 19,319 Nueces River Drainage Basin: Lower Basin

47 3,102 Nueces River Drainage Basin: Upper Basin

48 11,686 Trinity River Drainage Basin: Lower Basin

49 17,773 Trinity River Drainage Basin: Upper Basin

50 20,590 Abilene Target

51 1,394,926 All Texas

Initial estimates of the hypothetical effect of seeding on each day for each seeding target
were obtained by taking the product of the daily radar-estimated rainfall and the appropriate
seeding factor. The former was obtained by integrating the 15-min NEXRAD base-scan
reflectivity data. The latter was obtained by converting the satellite cloud classifications listed in
Appendix B for each day to a seeding factor in the manner described above. As mentioned
earlier, it was necessary to extrapolate the cloud classification values and seeding effects to days
without direct measurements.

Once the daily estimates of seeded and non-