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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:

e 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.

e 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).

e 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.

e 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 called “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
conceptual model involves a hypothesized series of meteorological 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 (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 1s 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.
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
seceded 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 tnstructions.
The evaluation of the crossover experiment is made by forming the double ratio:
R1S/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
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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 a priori experiments.

If the intent of a particular experiment is to confirm the results obtained by seeding
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,
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
(i.e., 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” 1s 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 (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 devise 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 has not been employed successfully and conclusively in a confirmatory cloud
seeding experiment, and it explains the continuing uncertainties over the results of cloud
seeding.

All of this is academic, of course, when it comes to operational cloud seeding programs,
since operational seeding is rarely randomized. This makes their unbiased evaluation especially
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
of individuat clouds and weakest for area precipitation. No a priori project, involving the seeding
of warm season convective clouds over a fixed or floating target area has achieved statistical
significance.

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’s. In addition, experiments in Cuba and South Africa are examined.

Taken collectively, the results of relevance to Texas over the years suggest that seeding
with an ice nucleant might be useful for enhancing area rainfall, aithough proof from a single
experiment is still lacking. The best estimate of area increases in rainfall for the experimental
units range between 25% and 45%, depending on area size. Despite these uncertainties,
operational cloud seeding to increase precipitation has been conducted intermittently over the
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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Uncertainties Surrounding the Resuits and Interpretation of Cloud Seeding Experiments

Areas of uncertainty surrounding the results and interpretation of cloud seeding
experiments are addressed in this report. A critique of glaciogenic seeding experiments from the
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
statistical or physical evidence required to establish their scientific validity. Exploratory,
post-hoc analyses of some experiments have suggested possible positive effects of
seeding under restricted meteorological conditions, at extended times after seeding and,
in general, for reasons not contemplated in the guiding conceptual seeding models;
however, these exploratory results have never been confirmed through subsequent
experimentation.”

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 Final 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;

“In our view the BAS (Bernard A. Silverman) assessment of the status of glaciogenic cloud
seeding experimentation is unduly pessimistic. Although we agree that no single dynamic-
mode area seeding has satisfied the statistical assessment criteria applied by BAS, we
contend that the collective weight of the evidence favors the postulate that seeding
enhances rainfall. Virtually every entry in his Table 2, providing a summary of the main
statistical results of the various dynamic-mode seeding experimentation discussed in his
article has a SR (single ratio, S/NS) value > 1 with varying levels of P-value support.
Quantification of the seeding effect requires the proper form of meta-analysis. It should be
cautioned, however, 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.”

The biggest contributor to the uncertainty over cloud seeding experiments is the natural
rainfall 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. There are potentially
two ways to minimize the problem of natural rainfall variability. One is to obtain a huge sample
such that the effect of seeding, assuming that one is present, is readily detected despite the
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background noise from the natural rainfall variability. The notion that “things will even out in the
long run” 1s applicable here. The second way to overcome the natural rainfall variability is to use
covariates to develop equations that predict the natural target rainfall. 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. The apparent effect of seeding depends on the cloud
microstructure with 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.

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 challenging undertaking involving complex cloud and environmental processes that
are not fully understood. Compounding this is the difficulty of conducting the seeding in order to
produce the desired effect. It is easy to understand, therefore, why many seeding experiments have
been inconclusive.

A Cleoser Look at the Thai Experimentation

The Thai cold-cloud experiment is highly relevant to Texas. The design and conduct of the
randomized experiments in Texas and Thailand are very similar and the same scientists
(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 rainfail
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 Thai experiment is the most relevant of any known
experiment to what is being done in Texas. As 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
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 radar collected 5-min volume-scan data to be used for the evaluation of cell
and unit properties.

Evaluation of the demonstration experiment, consisting of 62 experimental units (31 S

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° n? 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 vartability 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

The history of cloud seeding in Texas is recounted to serve as the backdrop for the
proposed studies for the TWDB. Because of the arid and semi-arid climate of two-thirds of the
state, Texas has periodic droughts and a long history of attempts to augment the natural water
supply through weather modification, most recently through cloud seeding. The modern era of
cloud seeding in Texas began with the passage of the Texas Weather Modification Act by the
Texas Legislature in 1967. It 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 that 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. These are recounted in this report.

Identification of Seeding Opportunities in Texas

The results of the Thai experimentation indicate that the effect of seeding depends in part
on the intensity of coalescence in the clouds. If one is to identify seeding opportunities in Texas,
therefore, one must first specify cloud microphysical structure. This was possible in this study
through the analysis of AVHRR satellite imagery to determine the effective radius (r.) of a cloud
population vs. temperature in the manner described by Rosenfeld and Lensky (1998). The first
step involved assignment of a microphysical cloud classification to each of the Texas seeding
targets on each of the days for which analyzed data were available. Targets having clouds on a
given day with intense supercooling and/or no coalescence received a classification of 1 whereas
targets having clouds with warm glaciation temperatures and/or early warm glaciation received a
classification of 5. The results show an increase in cloud classification from northwest to
southeast throughout Texas. This means that the clouds in Texas become more maritime in
character, having increasing coalescence and glaciation, as distance from the Gulf Coast
decreases. This is consistent with the rainfall climatology for the State.

The next step in the recognition of seeding opportunities was the conversion of the
convective rankings to hypothetical seeding effects using the results from the Thai experiment,
which indicate that the largest apparent seeding effect comes in clouds with weak to moderate
coalescence. The apparent seeding effect is negligible in clouds with intense coalescence. These
findings were crucial to the study, because they made it possible to assign a probable seeding
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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

Making the assessment of the potential alteration of rainfall by seeding and the impact of
the alterations 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
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 widely spaced to be of much value
in measuring Texas convective rainfall.

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
gauges 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 rainfalls 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,

The period of comparison affected the results. The area-average gauge vs. radar
comparisons made on a monthly basis agreed to within 20% on 5 of the 11 months compared.
Upon comparison of the gauge and radar rainfalls on a two-month basis to diminish the impact
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

The TWDB contract calls for estimation of the amount of additional rainfail to be
expected in Texas from seeding under various weather regimes as a function of space and time.
This was done on a daily basis for 51 areas. These included the 10 seeding targets, 40 areas of
hydrologic interest and all 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 (S~-NS) and ratios (S/NS) of §
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 1.43 (i.e, +43%). The
apparent effect of seeding in the FACE-1 (Florida) seeding target covering 13,000 km? (5,019
mi”) was 1.23 (i.e., +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 s 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 rainfalls 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 calis 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 (e.g., a month) and target, the radar-estimated rainfalls were sorted in
descending order from the greatest to 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. Much 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 Supply

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
Agquifers. 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
Raver.

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 occastonal 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 Northern Segment), Edwards-Trinity, and Ogallala (Central and Southemn
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 primartly 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 so, 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 supp