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ABSTRACT 

Original analyses of data collected during three rainfall enhancement 
experiments are combined with other Individual studies to assess the 
state of knowledge about rainfall enhancement In West Texas. The small, 
multiple-cell convective system is chosen for study because treating it 
offers the potential for significantly increasing growing-season rainfall 
in the region. 

Geostationary Operational Environmental Satellite Images are used to 
develop a climatology of the frequency, location and timing of the small, 
multiple-cell convective system formations within 150 km of Big Spring, 
TX. Enough treatment opportunities exist during each month In the May-
through-August period to warrant experimentation. No area of 
preferential development appears to exist within the study region. 

The small, multiple-cell convective system is initiated in a moist, 
conditionally-unstable atmosphere by weak forcing mechanisms. 
Precipitation appears to be first produced by either the cold or the warm 
rain process depending upon the strength of the vertical motions within 
the clouds. The cold rain process dominates later stages of the cloud 
system's lifetime. However, microphyslcal characteristics of the clouds 
are highly variable and lead to the conclusion that data In addition to 
those which already exist are needed before the precipitation process in 
the clouds is sufficiently understood to be altered in a verifiable manner. 

The relationship between rainfall rate (R) and radar reflectivity 
factor (Z) In the small, multiple-cell convective system is examined 
considering the effects of evaporation and horizontal transport of 
rainfall. The equation Z-260R''^2 is derived and is found to produce the 
best radar estimates of overall mean rainfall volume. However, 
Z=155R̂ -̂ ® best estimates rainfall volume for the small, multiple-cell 
convective system. 

A field experiment is designed for sampling of the small, multiple-
cell convective system with Doppler radars and instrumented aircraft, 
This experiment Is guided by a conceptual model developed from the 



results of the analyses discussed above. The cloud sampling experiment 
is the first stage in a multi-phase program expected to produce 
statistically significant findings about the effectiveness of seeding 
summertime convective clouds. The annual cost of the three-year cloud 
sampling experiment is estimated to be $3,283,900, but could be reduced 
to $1,695,200 through the elimination of certain equipment and personnel. 

vi 
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CHAPTER I 

INTRODUCTION 

1.1 Problem statement 

Water resources are an Important Issue In semiarid West Texas 
because people realize that the future of the region is linked to the avail
ability of water. The fortunes of its residents depend on the state of 
groundwater reserves and on both the amount and timing of natural rain
fall since the region's economy Is largely dependent on agricultural pro
duction. Farmers and municipalities have used groundwater in the 
Ogallala aquifer as a supplement to rainfall in dry years. However, re
charging of the aquifer has not replenished usage. 

Groundwater reserves are decreasing as a result of this Imbalance 
and the residents of the area are becoming more dependent on an average 
annual rainfall of only 457 mm. Farmers face a future where irrigation 
may be severely reduced and dryland methods again dominate the area's 
agriculture. Municipalities In the region have enacted and are enforcing 
conservation plans to extend water supplies. Further, the quality of 
water in the reservoirs becomes poor in dry years and costly treatments 
must be applied to make the water drinkable. The salty taste of the 
natural water Is then replaced with a chlorine taste. 

Clearly, some method of providing adequate water supplies to the 
people of West Texas is needed. Methods which have been suggested 
include conservation and water importation. However, conservation 
cannot Increase water supplies and Importation appears unlikely for two 
reasons: ( I ) no source outside of the region is willing to relinquish part 
of its water supplies and (2) intrastate transport is not economically 
feasible. 

Rainfall enhancement through weather modification is often over
looked as a means of water supply supplementation because it has never 
been verified conclusively. But just as important, it has never been 
refuted conclusively either. Rainfall enhancement would provide a 



2 
long-term source of water If conducted effectively. Even small Increases 
In rainfall could be very beneficial If delivered at the correct time. 

The effectiveness of rainfall augmentation should be investigated 
since no possible source of fresh water can be discounted. While 
weather-modification activities have taken place In West Texas before, 
each project has had flaws that have affected Its outcome. The San 
Angelo Cumulus Project (Smith feLai., 1974) was designed Initially to 
Investigate both seeding for dynamic effects and seeding for microphysl
cal effects. The pursuit of seeding for dynamic effects was abandoned 
after Its first season of operation In 1971 because of small sample sizes. 
The Colorado River Municipal Water District Rain Augmentation Program 
(Girdzus, 1979) Is an ongoing operational weather- modification program 
which does not provide a statistical design for evaluation. Operations 
during the Texas High Plains Cooperative Program (Texas HI PLEX) (RIgglo 
et al.. 1983) concentrated on Individual convective cells which have been 
shown to produce natural rainfall Infrequently (Pani and Haragan, 1985) 
and appear to have little chance of substantially Increasing the total 
rainfall for the area of operation. 

Analyses performed using data acquired during Texas HI PLEX opera
tions demonstrated, however, that an experiment to enhance summer 
precipitation in West Texas Is feasible if efforts were directed at 
enhancing the dynamics of larger, better organized convective clouds 
called small, multiple-cell convective systems (Jurica £tal., 1983). The 
primary reason for this recommendation was the observation that, while 
warm-rain processes frequently Initiated the growth of droplets to 
preclpltatlon-slzed particles In the clouds studied In Texas Hi PLEX, Ice 
concentrations are inevitably high enough to activate the Bergeron pro
cess. Therefore, seeding to enhance the microphyslcal efficiency of the 
clouds would not be worthwhile since the low precipitation efficiency Is 
typically the result of low Ice concentrations. A seeding strategy 
attempting to release additional latent heat by freezing supercooled 
water could increase the dynamical growth of the clouds by Increasing 
their buoyancy. The Texas HI PLEX researchers reasoned that larger 
convective systems would be more likely to yield a detectable positive 



3 
seeding effect with this method since larger systems are expected to 
contain higher liquid water contents and stronger dynamics than Isolated 
cumulus congestus clouds. 

The analyses presented In Chapter 2 of this study and the synthesis of 
Information from other Investigations provide a substantial basis for 
understanding the processes occurring within small convective systems. 
However, important questions about the internal structure of these sys
tems remain to be answered since the data needed to address them do not 
exist. Previous weather-modification experiments have been conducted 
under similar conditions and have failed to produce statistically signifi
cant findings it^ Project Scud and the Florida Area Cumulus Experi
ment). 

The problem addressed In this Investigation Is twofold: ( I ) to com
bine past Investigations with analyses of existing data to determine what 
is known about small, multiple-cell convective systems and (2) to use the 
knowledge thus obtained to design an experiment which obtains the data 
and performs the analyses necessary to more fully understand these 
systems. The first portion of the problem Is addressed below In Chapter 
2. A temporal and spatial climatology of the system is reported in 
section 2.1. The climatology Is included to determine how frequently and 
where small, multiple-cell convective systems occur within a large 
portion of West Texas. Section 2.2 presents analyses of six cases where 
data were collected In or near such systems. The analyses are presented 
along with a review of the literature to assess what is known about the 
formation and the Hfecycle of small, multiple-cell convective systems. 

An equation allowing rainfall estimates to be made from radar 
reflectivity factors Is developed In Chapter 3. Dense raingage networks 
often are used to estimate rainfall volume but have the disadvantage of 
being costly to operate If they are distributed over a large area. If the 
raingage networks are made smaller, the number of storms for which 
rainfall data can be gathered will be reduced. Weather radars offer the 
advantage of densely sampling large areas and provide reflectivity 
Information that may be used In several applications. Including the 
estimation of rainfall from small, multiple-cell convective systems. 
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The second part of the problem Is first addressed in Chapter 4 with 
the development of a conceptual model for the processes that take place 
during the lifetime of a system. An emphasis is placed on the results of 
the ahalyses discussed In Chapter 2 and on classical understandings of 
convection. The weak points of the model are then Identified. 

The design and protocol for the experiment are contained in Chapter 5 
and consist of an overview of the purpose of the experiment as well as 
specific Instructions for its execution. An estimate of the budget re
quired to conduct the experiment and the potential benefits from rainfall 
enhancement in West Texas are reported in Chapter 6. Finally, a summary 
of the findings from this Investigation is presented in Chapter 7. 

1.2 Scientific merit 
The significance of the research described below Is derived from a 

number of factors. First, several individual studies have analyzed limited 
numbers of cases when cloud development included small, multiple-cell 
convective systems. The results of these studies are important by them
selves but become more valuable when combined since each Investigated 
different aspects in the development of the systems. A need exists to 
assimilate this information into a cohesive structure and determine con
sistencies and contradictions. Second, previously unanalyzed microphys
lcal data gathered in small, multiple-cell convective systems exist from 
a project conducted in West Texas. Analysis of these data for selected 
cases contributes to the understanding of the precipitation process active 
in the systems. It seems that an understanding of the processes which 
produce precipitation is required before investigators can determine If 
and how It is possible to enhance the system's rainfall. Third, items such 
as a Z-R relation and a climatology of small, multiple-cell convective 
systems have long been desired for the West Texas region but have not 
been obtained previously. Fourth, due to the complexity of meteorological 
phenomena, integration of the results of the analyses produces an in
crease In knowledge which Is much more than Just the sum of the know
ledge gained from each analysis. Finally, the analyses provide informa
tion necessary to make decisions about the experimental design which 



5 
would be a fragile skeleton without this knowledge. However, with the 
information, It can become the substantial framework for a credible 
program of rainfall enhancement. 

The need to scientifically determine the effectiveness of rainfall 
enhancement techniques Is apparent If cloud seeding is to be seriously 
considered as a means of supplying water for West Texas. The design of 
such an experiment obviously must be finished before field work may 
begin. Furthermore, It would be advantageous If the experimental design 
were founded on physical evidence and followed accepted statistical 
practices. The physical evidence establishes that the design Is not 
simply a theoretical exercise but is, In reality, constructed around 
observed processes. Proper statistical design will provide a sound basis 
for evaluation. 

1.3 Survey of literature 
Over the 40 years of active rainfall enhancement programs, many 

experiments have been performed. A complete review of the design of 
each program Is not necessary In order to Identify and examine the meth
odologies used in cumulus cloud modification. A thorough inspection of a 
small number of carefully chosen projects should suffice to outline the 
form of these experiments. 

Four rainfall enhancement programs are reviewed below. Each has 
been chosen because It has made a significant contribution in advancing 
the science of weather modification. The projects discussed are: Project 
Scud, the University of Chicago Cloud Physics Project, the Florida Area 
Cumulus Experiments (FACE-1), and HI PLEX-1. 

Project Scud (Spar, 1957) was a weather-modification experiment 
conducted by New York University and the United States Navy during 1953 
and 1954. Operations were conducted on mid-latitude cyclones develop
ing along the east coast of the United States. Treatment consisted of 
both dry-Ice seeding using aircraft and silver iodide (Agl) seeding using 
ground generators. Project Scud relied on objective methods both in its 
operations and evaluation. The use of analysis of covarlance in its 
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evaluation Is one of these methods and represents the first application of 
this technique In an experimental weather-modification program. 

The University of Chicago Cloud Physics Project (Braham et al.. 1957) 
was conducted by the University of Chicago, the United States Air Force 
and, to a lesser extent, the Illinois State Water Survey. Field operations 
Involved treatment of maritime cumulus clouds near Puerto Rico from 
November 1953 through February 1954, and from October 1954 through 
November 1954, and of continental cumulus clouds in the midwestern 
United States from June 1954 through September 1954. Seeding to 
Initiate either the warm rain or the cold rain process, or possibly both 
together, was carried out with a water-spray treatment or dry Ice, 
respectively, delivered from aircraft within the cloud. The effects of 
seeding were evaluated by comparing frequencies of radar echo occur
rence within the treated and the untreated cumulus clouds. The Univers
ity of Chicago Cloud Physics Project presented the idea of a physical 
hypothesis and stressed the Importance of identifying natural meteoro
logical conditions before attempting to alter the clouds. 

FACE-1 (Woodley and Sax, 1976) was the weather-modification 
program conducted by the National Oceanic and Atmospheric Administra
tion's (NOAA's) Experimental Meteorology Laboratory (EML) from 1970 
through 1974. The objective of the project was to Induce area-wide 
increases In rainfall In Florida by seeding for dynamic effects. Seeding 
was accomplished using massive amounts of Agl, with the Intent of 
producing rapid glaclatlon within the convective cloud. Buoyancy within 
the cloud could then be Increased from the resultant release of latent 
heat of freezing, making for a more vigorous updraft and a more highly 
organized system. FACE-1 evolved through the years Into an Important 
experiment because It attempted to alter cloud systems larger than those 
considered In previous projects. 

HI PLEX-1 (Bureau of Reclamation, 1979) was the exploratory phase, in 
Montana, of the Department of the Interior's Project Skywater. This 
experiment Investigated seeding with dry ice to induce microphyslcal 
effects In Isolated cumulus congestus clouds. Field operations examined 
influential phenomena ranging In size from the microscale to the 



7 
mesoscale. Particular attention was given to cloud microphyslcal 
Investigations in order to acquire Information about the correctness of 
the physical hypothesis. HI PLEX-1 was one of the few cases In which an 
Intense effort was made to Inspect the microphyslcal properties within 
the experimental unit. The processes occurring within a convective 
system must be understood If predictable changes are to be effected. 

Eleven primary components of the projects are addressed: location, 
experimental unit, physical hypothesis, statistical hypothesis, seeding 
methodology, randomization, length of experiment, operational period, 
statistical design, variables measured, and evaluation. While the purpose 
of some of the above components is obvious, the role played by each Item 
must be understood. 

The location of the program determines the area In which the 
expected benefits of seeding will be received and the area In which field 
operations will be conducted. The size of the area of operation, however, 
can vary considerably. Seeding In Project Scud could occur anywhere east 
of the Appalachian Mountains from Florida to Massachusetts (Spar, 1957), 
while In FACE-1, operations were restricted to southern Florida (Woodley 
and Sax, 1976). 

Often the size of the experimental area is limited by measurement 
capabilities. Since radar was used to evaluate rainfall rates In HIPLEX-1, 
operations there were limited to within 150 km of the radars so that 
reflectivity measurements would be representative of low-level 
conditions (Bureau of Reclamation, 1979). Sufficient opportunities for 
seeding must exist to make experimentation worthwhile and the residents 
of the area must be supportive of the project. Miles City, Montana, was 
chosen as the site for HIPLEX-1 for these reasons (Bureau of Reclamation, 
1979). 

The entity being treated is referred to as the experimental unit. The 
temporal and spatial dimensions of the experimental unit can also vary 
considerably. Operations for Project Scud were conducted on middle-
latitude cyclones (Spar, 1957). Cloud treatment in HIPLEX-1 was 
limited to Isolated cumulus congestus clouds (Bureau of Reclamation, 
1979). 
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Certainly, the experimental unit should offer the opportunity to 

Increase rainfall significantly. FACE-1 Investigators chose to attempt 
seeding for dynamic effects to promote larger and better organized 
systems, rather than treatment of Individual cumulus clouds, because 
studies showed (Woodley et al.. 1971) that most of the precipitation in 
Florida Is produced by these large systems (Woodley and Sax, 1976). 
Researchers must be aware, however, of the potential for severe weather 
when experimenting with cloud systems. Guidelines were established 
during HlPLEX-1, for Instance, to terminate experimentation In areas 
where severe weather watches existed (Bureau of Reclamation, 1979). 

Characteristics of the experimental unit Influence many other 
elements of the experimental design. A principle feature of the design 
which Is strongly linked to the experimental unit Is the physical 
hypothesis. The physical hypothesis describes the sequence of events 
envisioned to occur within the experimental unit and Its near environ
ment, both naturally and In response to treatment. The characteristics of 
the experimental unit must play an Important role In formulating this 
hypothesis. Working with tropical cumulus clouds whose tops were below 
the freezing level, Investigators in the University of Chicago Cloud 
Physics Project simply hypothesized the collision-coalescence process 
and attempted to accelerate raindrop formation by Introducing larger 
drops Into the cloud (Braham et al.. 1957). The Intricate physical 
hypothesis proposed during FACE-1 (Woodley and Sax, 1976), however, 
reflected the complexity of the convective systems that were treated In 
that project. 

The development of the physical hypothesis Is based on observational 
properties of natural clouds (convective systems), application of 
theoretical concepts and intuitive reasoning. Woodley and Sax (1976) 
describe the use of these three sources in the formation of the physical 
hypothesis for FACE-1. Observational evidence that seeding with massive 
amounts of Agl could stimulate cloud growth was provided in single-cloud 
experiments conducted in Florida (Simpson etal.. 1973). Reasoning from 
thermodynamic principles provided a theoretical foundation for the 
concept of seeding for dynamic effects. Intuitive thought, based on 
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observation of unmodified clouds and on predictions about how seeding 
might be used to imitate natural cloud processes, produced ideas con
cerning active cloud processes. Results from these three elements were 
merged to form the physical hypothesis. Clearly, the accuracy of the 
physical hypothesis depends on the Investigator's understanding of the 
experimental unit. 

The statistical hypothesis for an experiment is a statement con
cerning the effects of the treatment. The hypothesis tested (null 
hypothesis) describes the inefficacy of the treatment while the alter
native hypothesis asserts the effectiveness of the treatment. Often the 
null hypothesis is very general. The statement"... cloud seeding in areas 
of cyclogenesis in the east coastal region of the United States has no 
measurable effect on the development of storms" (Spar, 1957) seems very 
difficult to prove. Somewhat better is, "Seeding does not affect the 
probability of rain at cloud base" (Bureau of Reclamation, 1979). The 
manner in which this probability is determined, however, is not specified. 
A statement such as "Seeding with dry ice does not affect the probability 
of occurrence of a low-level radar reflectivity greater than 30 dBZ in 
isolated cumulus congestus clouds," should be easier to test since it is 
more specific. The statistical hypothesis should state precisely the 
goals of the experiment. 

The material used for treatment, the manner in which it is delivered, 
and the quantity dispensed per experimental unit comprise the seeding 
methodology. The most common seeding agents for cumulus cloud rainfall 
enhancement are Agl pyrotechnics and dry ice, although a water spray 
treatment was used In maritime cumulus clouds In the University of 
Chicago Cloud Physics Project (Braham et al.. 1957). While both Agl and 
dry ice act on the Bergeron process, the latter was selected for HI PLEX-1 
because Its activity is not strongly temperature dependent and it could be 
delivered to specific cloud regions with little chance of a persistence 
effect (Bureau of Reclamation, 1979). 

Typically, the seeding agent Is delivered to the experimental unit by 
aircraft. Ground generators have been used previously with Agl (Spar, 
1957) but their ability to produce a seeding agent which reaches the 
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experimental unit Is questionable. Aircraft can be used to place the 
seeding agent within the core of the experimental unit (Braham et al., 
1957) or near Its top (Bureau of Reclamation, 1979). Both methods 
Increase the probability that the desired cloud or cloud system Is treated. 

Treatment rates vary with the effect desired and the agent used. 
Smaller quantities of the seeding material are used when seeding for 
microphyslcal effects than when seeding for dynamic effects. Braham ^ 
al. (1957) report using an effective dry-Ice treatment of -10-20 kg per 
cloud In attempting to produce microphyslcal effects In continental 
cumulus clouds. Kraus and Squires (1947) released ~ 136 kg of dry Ice In 
an Inland Australian cloud which then exhibited dynamic effects. Even 
when projects strive to produce the same effect, different seeding rates 
are often used. St. Amand and Elliot (1972) contend that one or two 
flares per updraft region, each releasing 25 g of Agl, are sufficient to 
produce dynamic effects in cumulus clouds. Woodley and Sax (1976) 
describe a typical seeding case In FACE-1 as utilizing between ten and 
twenty flares, each emitting 50 g of Agl, In each updraft region. 

Randomization In a rainfall enhancement program, along with a 
statistical design, Is Intended to eliminate bias In the data sets. The 
Ideal experiment would consider two experimental units identical in all 
aspects, with the exception that one Is exposed to the treatment while 
the other Is not. Any subsequent differences In the experiment units 
would then be solely the result of the treatment. Since Identical 
experimental units cannot be found In the atmosphere, the statistical 
design, coupled with the randomized selection of which experimental 
units are treated, Is Intended to produce control and treated groups with 
similar average characteristics. 

The types of statistical designs prevalent in weather modification 
are termed target-only, target-control, or crossover methods. In the 
target-only design, experimentation occurs In a single area with random
ization conducted between experimental units. The target-control design 
considers two areas, one In which only seeding occurs and the other in 
which no seeding occurs. Randomization Is usually not employed with 
this technique since bias Is Intended to be removed by selecting areas 
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with similar meteorological conditions. The crossover design also 
employs two experimental areas; however, the area In which treatment 
occurs for a given day Is randomly selected. The other region then serves 
as the control area for that day. 

The experimental design chosen for FACE-1 was the target-only 
design with randomization occurring between days (Woodley and Sax, 
1976). Woodley and Sax (1976) explain that this method was selected 
over the crossover design for practical considerations. At the beginning 
of the program. It was not possible to select two land areas within range 
of the University of Miami research radar which were totally free of 
obstructions to the radar beam. After the WSR-57 at the NOAA National 
Hurricane Center was selected as the evaluation radar, this problem was 
eliminated. However, concern over possible dynamic contamination 
between target and control areas caused the FACE Investigators to remain 
with the target-only design. 

The length of the experiment. In this context, means the duration of 
field operations for the program. Mathematical techniques have no basis 
for determining the duration of a physical experiment since statistical 
tests are not the primary method of evaluation. As was done in the 
University of Chicago Cloud Physics Project, the project Investigators 
determine how many cases are needed in order to draw conclusions 
(Braham etal.. 1957). However, simulation procedures may be employed In 
a statistical experiment, or when statistical methods are applied to a 
physical experiment, to estimate the number of cases needed to satisfy 
constraints on the certainty of the tests. Simpson etal. (1973) used a 
Bayeslan approach to this problem and estimated that 50 pairs of cases 
would be required to resolve seeding effects In the total target area for 
FACE-1. 

The length of the experiment should not be confused with the 
operational period. The operational period Is intended to mean the time of 
the year during which field operations are conducted and is usually 
determined by the objectives of the program. The goals of HI PLEX-1 
Included assessing the effectiveness of rainfall enhancement during the 
growing season (Bureau of Reclamation, 1979). Operations were 
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therefore conducted during the May through July period. In some cases, 
the availability of equipment dictates the operational period. Project 
Scud was limited to field operations during the December through April 
period because its Air Force personnel were required for hurricane 
reconnaissance during the remainder of the year (Spar, 1957). 

Pertinent variables must be measured to test the physical and 
statistical hypotheses. These variables have two functions. Changes in 
the response variables are used to discern the seeding effects. Stratl-
fiers and covarlates are used to eliminate variations in the response 
variables which do not result from the treatment. Often the response 
variable used in experiments is rainfall volume determined either by 
raingage measurements (Spar, 1957) or radar estimation (Woodley and 
Sax, 1976; Bureau of Reclamation, 1979). Woodley and Sax (1976) state 
that covarlates may come from several sources; the physical hypothesis, 
systematic trial and error (stepwise regression), or intuition based on 
experience. Examples of covarlates that were tried in FACE-1 but proved 
to be insignificant were rain surrounding the target area, rainfall in the 
target area before seeding time, rain upwind of the target area, one-
dimensional model-predicted rain production, three-dimensional 
mesoscale model moisture flux, and area echo coverage (Woodley and Sax, 
1976). Stratifications which have been attempted have been based on 
echo motion (Woodley and Sax, 1976) and the probability of the doud 
precipitating naturally (Bureau of Reclamation, 1979). 

The evaluation of a program tests the correctness of the physical 
and/or statistical hypotheses. The purpose of analyzing extensive micro-
physical measurements is to "synthesize the measurements from all 
observing systems Into a cohesive model of the microphyslcal and dynam
ical processes In the clouds, and to compare the predictions of the 
[physical] hypothesis to that model" (Bureau of Reclamation, 1979). Thus, 
the physical hypothesis Is best evaluated In a case-study approach. 

Evaluation of the statistical hypothesis utilizes the response vari
ables, the covarlates, and the stratifications established for the project. 
Parametric, non-parametric, regression, and multivariate techniques may 
be used for testing the null hypothesis. Spar (1957) reports the use of 
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analysis of covarlance to determine the effectiveness of Project Scud. In 
HI PLEX-1, a class of multivariate tests known as Multi-Response 
Permutation Procedures (Mlelke et al . 1976) was employed to evaluate 
statistical hypotheses formulated from the physical hypothesis (Bureau 
of Reclamation, 1979). The type of statistical tests used In determining 
a project's effectiveness Is subject to the discretion of the project 
designers since no general consensus exists about which tests are most 
appropriate In rainfall enhancement. 



CHAPTER 11 

EXPERIMENTAL UNIT 

According to Flueck (1978), an Important step in designing a weather-
modification experiment is the development of a conceptual model for the 
processes of Interest within the clouds selected for experimentation. 
The model directs the research and is "fine-tuned" by analyses such as a 
climatology and case studies. This chapter presents analyses related to 
the conceptual model of the experimental unit chosen for this program 
—the small, multiple-cell convective system. 

The first section describes the climatology for the experimental unit. 
The questions addressed In that section pertain to when, where and how 
often small, multiple-cell convective systems develop In West Texas 
during the months from May through August. Information from the 
climatology will be used later to determine which of these months 
typically contains enough developments of the systems for experiment
ation to be warranted. The months of May, June, July and August were 
selected for investigation because they occur during the growing season 
for the region. 

The second section of this chapter describes the structure of the 
experimental unit through case studies. Six cases are presented from 
data gathered during field projects which occurred over a five-year 
period. The cases are presented in chronological order, by month and day, 
from 4 June to 8 August and were selected so that the period of interest 
for the climatology would be represented as completely as possible. The 
questions addressed In this section deal with the structure both of the 
environment In which the systems developed and of the systems them
selves. Particular attention Is given to microphyslcal Information since 
it reflects the processes which produce precipitation in the clouds. 

2,1 Climatologv 
The need to determine spatial and temporal distributions of the 

experimental unit cannot be overlooked. A project lacking knowledge of 
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the place and time when Its experimentation will occur would indeed be 
Ill-designed. 

2,1,1 Data and analysis techniques 
Geostationary Operational Environmental Satellite (GOES) Images of 

the southwestern United States provided the data for the climatology of 
the experimental unit. The imagery was obtained from four sources: 
Texas Tech University and the National Weather Service Forecast Office 
at Lubbock, TX; Texas A&M University; the National Oceanic and 
Atmospheric Administration, Environmental Research Laboratories; and 
the University of Washington. 

While both visible and Infrared data were available, only the visible 
Images were used In this investigation since the systems under 
consideration frequently were too small to be resolved In the Infrared 
presentation. The climatology Is derived from systems resulting from 
convective processes. The textured cloud top characteristic of 
convective clouds is more easily recognized In the 10 to 100 km scale 
through an examination of the GOES visible Images rather than infrared 
images. 

While the satellites gather data continuously, the requirement for 
visible imagery limited data for a day to times between 1300 and 0030 
GMT, The reception sequence of alternating visible and Infrared Images 
employed by most GOES users further restricted the time resolution of 
the data to a nominal value of I hr. 

The Information gathered from the visible Imagery Included time of 
observation and location of the system. From a sequence of consecutive 
images, storm motion could be deduced by tracking a system's location. 
The years from 1979 to 1983 were utilized to coincide with additional 
data. The period of study was limited to the months of May, June, July, 
and August since the purpose of the experiment Is to Investigate the 
feasibility of increasing growing-season rainfall in West Texas. The 
clouds which form during these months are generally of a cumullform 
type and, for the 10 to 100 km scale, can best be detected using satellite 
Imagery. 
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The climatology was restricted to within 150 km of Big Spring, TX 
(Figure 2.1). This region coincides with the proposed operational area for 
the experiment as discussed in section 5.3. Furthermore, it Is a semi-
arid area which would benefit from additional water. The region was 
divided Into five sectors of equal area (Figure 2.1) which will be referred 
to as the northern, eastern, southern, western, and central sectors. 
Sectors of equal area were selected so that spatial aspects of the 
climatology would not be biased by variable-sized divisions. 

To be Included In the climatology, a cloud system must satisfy three 
criteria. First, Its first observed location must be within the study 
region; this location Is defined to be the point of formation of the system. 
Second, It must show evidence of Its convective nature, such as a bright, 
textured cloud top. Third, its largest horizontal dimension must be 
greater than approximately 10 km but less than approximately 50 km. 
Systems within this range should be large enough to possess the high 
liquid water contents and strong dynamical processes recommended by 
Jurica etal. (1983) without being too large for reasonable flight 
procedures. Such a system will be referred to as a small, multiple-cell 
convective system. 

The visible satellite Images were examined and the approximate 
location of each system within the operational area, as well as the 
observation time, recorded on a map. The results discussed In sections 
2.1.2 through 2.1.4 were then derived from the data using standard 
statistical operations. 

The systems discussed as treatment opportunities In section 2.1.4 are 
a subset of the cllmatologlcal data base. This Investigation was 
performed in order to obtain estimates of the number of treatment 
opportunities which might be expected to occur during a season of the 
experiment. Units of one hour were utilized since the data have a 
one-hour time resolution. Each time unit began on the hour, so that times 
may be interpreted as "the hour beginning XXOO GMT." Systems first 
observed on an image taken either 30 or 45 min past an hour were 
assumed to have formed during that hour. Systems first observed on an 
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Figure 2.1 Region of investigation and operational area for the 
experiment. Hatched line shows the location of the Caprock 
escarpment. 



18 
Image taken on an hour or 15 min past an hour were assumed to have 
formed during the previous hour. 

The dissipation of a system was defined In a like manner, with time 
units of one hour and time reported being Interpreted as "the hour 
beginning XXOO GMT." Systems last observed on an image taken on an hour 
or 15 min past an hour were assumed to have dissipated during that hour. 
Systems last observed on an Image taken either 30 or 45 min past an hour 
were assumed to have dissipated during the next hour. 

The first system observed at or after 1900 GMT was taken as a 
treatment opportunity. If several systems formed at the same time, the 
system with the longest duration was selected. The treatment 
opportunity was considered to last for the duration of the system's 
observed lifetime. An additional treatment opportunity could occur only 
If another system formed after a one hour non-treatment period designed 
to accommodate refueling operations of an aircraft. These selection 
criteria were established to obtain a conservative estimate for the 
number of possible treatment opportunities, 

2.1,2 Temporal distribution 
The types of system described In section 2.1.1 occurs quite frequently 

In West Texas. Within the area of Interest, an average of 227 suitable 
storms were observed between I May and 31 August (Table 2.1). Even 
during times of below-average rainfall, a substantial number of storms 
were observed. Between I May and 31 August 1983, the National Weather 
Service Office at Midland, TX, recorded only 16% of Its average rainfall 
for that period. During that time, 213 cloud systems meeting the criteria 
discussed above formed within the study area. 

Figure 2.2 and Table 2.1 show the mean number of storms occurring 
during each month. The monotonic Increase from an average of 39 
Initiations in May to an average of 88 Initiations In August Is evidence of 
the Increasing activity during the four-month period. This result is not 
unexpected, since a previous cllmatologlcal study of the area (Haragan, 
1978a) showed May and June to be characterized by large, well-organized 
precipitation patterns, while August and especially July tended to show 
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Table 2.1 Summary of statistics for suitable systems. Columns 

represent, from left to right: variable analyzed; sample size; sample 
average; unbiased sample variance estimate; observed maximum; 
observed minimum; observed mode; and the tenth, fiftieth and 
ninetieth percentile points. 

Variable 

Season 

NO 

Tl 

NAD 

NPAD 

NWSA 

NWOSA 

May 

NO 

Tl 

NAD 

NPAD 

NWSA 

NWOSA 

June 

NO 

Tl 

NAD 

NPAD 

NWSA 

NWOSA 

July 

NO 

Tl 

NAD 

NPAD 

NWSA 

NWOSA 

August 

NO 

Tl 

NAD 

NPAD 

NWSA 

NWOSA 

N 

5 

1135 

5 

300 

127 

128 

5 

194 

5 

65 

37 

37 

5 

241 

5 

66 

33 

33 

5 

258 

5 

69 

33 

33 

5 

442 

5 

100 

30 

29 

Mean 

227.0 

1914 

59.8 

3.8 

2.3 

2.5 

38.8 

1928 

13.0 

3.0 

1.8 

2.5 

48.2 

1838 

13.2 

3.7 

2.0 

2.5 

51.6 

1931 

13.8 

3.7 

2.1 

2.6 

88.4 

1919 

20.0 

4.4 

3.3 

1.9 

S2 

2294.4 

4.7hr^ 

60.7 

•8.5 

4.3 

5.2 

96.0 

4.6hr^ 

2.6 

4.4 

1.9 

5.2 

316.8 

5.9hr^ 

7.8 

6.3 

2.2 

4.4 

566.4 

4.0hr^ 

16.0 

8.0 

2.0 

8.7 

372.5 

4.2hr^ 

11.6 

12.1 

8.4 

1.3 

Mauclmum 

296 

2300 

71 

19 

13 

13 

51 

2300 

15 

10 

7 

12 

69 

2300 

17 

12 

6 

8 

88 

0000 

17 

13 

6 

13 

119 

0000 

25 

19 

13 

5 

Minimum 

178 

1200 

50 

1 

1 

1 

26 

1200 

11 

1 

1 

1 

30 

1300 

10 

1 

1 

1 

23 
1400 

9 

1 

1 

1 

76 
1400 

16 

1 

1 

1 

Mode 

1900 

1 

1 

1 

2000 

1 

1 

1 

1900 

2 

1 

1 

1900 

1 

1 

1 

1900 

2 

1 

1 

Percentiles 
10% 

1600 

1 

1 

1 

1600 

1 

1 

1 

1500 

1 

1 

1 

1700 

1 

1 

1 

1700 

1 

1 

1 

50% 90% 

213 

1900 2200 

58 

3 8 

1 5 

2 5 

42 

2000 2200 

13 

2 6 

1 4 

2 6 

51 
1900 2200 

14 

3 7 

1 4 

2 7 

49 
1900 2200 

16 

3 10 

2 5 

1 6 

78 
1900 2200 

20 

3 11 

2 7 

1 4 

Leaend of variables; NO, number of observations; Tl, time of Initiation 
^ (6MT)- NAD. number of active days; NPAD. number of occurrences per 

active day; NWSA. number of consecutive days with suitable activity; 
and NWOSA. number of consecutive days without suitable activity. 
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21 
more scattered distributions. Thus, many storm systems In May and June 
may be too large to meet the criteria discussed In section 2.1.1. 

Table 2.1 also Indicates that July is the month showing the most 
variability In number of formations of the system. Its sample variance of 
566 compared to 372 for August, 317 for June, and 96 for May clearly 
Illustrates that It Is the month which would most likely be extreme. 
August, however. Is by far the most active of the four months. 

The trend of Increasingly active months during the season results 
partially from an Increased number of active days per month and partially 
from an Increased number of suitable systems per active day. Figure 2.3 
shows the distribution, by month, of the mean number of days with 
suitable activity. While 13 or 14 days typically were active during each 
of the first three months of the season, 20 days were active, on average, 
in August. The tendency for Increasingly active days is Illustrated In 
Figure 2.4. On average, a day with suitable activity In May had three such 
occurrences. Nearly four suitable systems developed on an active day in 
June and July and approximately 4.5 suitable systems occurred on an 
active day In August. The minimum In activity In May therefore results 
both from a low number of active days and from a low number of 
occurrences during an active day. The maximum in August is a result both 
of a high number of active days and of a high number of occurrences 
during an active day. July tends to be slightly more active than June 
because of a greater number of days with suitable activity. 

During the May-through-August period, an average of nearly four 
suitable systems were seen to form on days with appropriate activity 
(Table 2.1). As seen In Figure 2.5, however, one or two formations per 
active day were by far the most likely occurrences. Still, almost 56% of 
all active days had more than two suitable systems form within the study 
area (see dotted lines In Figure 2.6). Only 6% of all active days had ten or 
more formations (Figure 2.6). The median value was found to be three 
occurrences per day with suitable activity (Figure 2.6). Although many of 
these cases were simultaneous occurrences, systems frequently formed 
and dissipated throughout a day. Clearly, the experiment should be 
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designed to accommodate days with sequential formation In order to 

enlarge the sample size In the shortest possible time. 
The distributions of the number of occurrences per day with suitable 

activity for each month are given in Figures 2.7 and 2.8. In Figure 2.7, 
two general shapes appear. The first of these, displayed in May and July, 
Is characterized by an exponential decay toward higher values from a 
frequency maximum at one occurrence per day with suitable activity. The 
second shape, shown In June and August, Is characterized by a frequency 
maximum at two occurrences per day with suitable activity and an 
exponential decay toward higher values. Figure 2.8 Indicates that the 
median value of the number of occurrences per day with suitable activity 
In May Is two. For June, July, and August, it Is three (Figure 2.8). The 
idea of increasingly more active days later In the season Is once again 
observed when the 90th percentile for each month is examined (see Figure 
2.8). In May, 10% of all active days had six or more systems form. In 
June, 10% of all active days had seven or more systems form. In July, 
10% of all active days had nine or more systems form. Finally, in August, 
10% of all active days had ten or more systems form. 

A detailed seasonal distribution of activity Is given In Figure 2.9. It 
shows the number of Initiations of suitably-sized systems, by week, 
during the May-through-August period. (Notice that the last period is only 
four days long and that Its value has been multiplied by 1.75 for 
comparison.) Three periods of generally increased activity are evident 
near the latter part of May, the first part of July, and mid-August. 
Corresponding minima occur near mid-May, mid-June, and the latter part 
of July. The trend of Increasing activity as the growing season 
progresses Is also evident from the Increasing magnitude of the maxima. 
This basic pattern of three maxima and three minima tends to occur 
during each season, but may be slightly shifted In time during a given year 

(Figure 2.9b, c). 
Suitable cloud systems were most likely to form during the one-hour 

period beginning at 1900 GMT (Figure 2,10) on a given active day during 
the season. However, some systems were observed to begin as early as 
1200 GMT and as late as 0000 GMT (Figure 2.10). The median time of 
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formation for the entire season was observed to be within the hour 
beginning at 1900 GMT (Figure 2.11). Only 6% of all storms began after 
2300 GMT (Figure 2.11). 

Figure 2.12 illustrates the distribution of initiation time of suitable 
activity within a day for each month of the growing season. The 
variations in initiation time from month to month, while not extreme, do 
exist. Each distribution shows a general rise in activity from early 
morning to late afternoon, followed by a rather rapid decline in activity 
toward evening. The time of peak activity, along with the median time of 
formation (Figure 2.13), varies slightly with month but is always within 
one hour of 1900 GMT. The earliest time at which suitable activity was 
observed to form was found to be earlier for May (1200 GMT) and June 
(1300 GMT) than for July and August (both 1400 GMT). 

All of the variables discussed above influence the design of the field 
operation. It would also be of Interest to know how frequently suitable 
activity occurred on consecutive days and how frequently consecutive 
days had no suitable activity. Figure 2.14 shows the distribution of 
number of consecutive days with suitable activity. In Figure 2.14a, it is 
observed that a single day of activity, preceded and succeeded by at least 
one non-active day, is the most likely occurrence during the May-through-
August period; however, approximately 20% of the runs of active days had 
a two-day duration. In only 14% of the cases was the run longer than four 
days (Figure 2.14b). From Figure 2.14c, it is evident that the runs of 
active days tended to become longer from May to August. 

Runs of days with no suitable activity were distributed similarly to 
runs of active days. A single day with no activity preceded and succeeded 
by at least one day with suitable activity was the most likely occurrence 
(Figure 2.15a). Only 15% of the cases had more than four consecutive days 
without suitable activity (Figure 2.15b). The length of the runs of 
non-active days showed a slight variation by month. While July tended to 
have the longest runs of non-active days. May and June were not far 
behind (Figure 2.15c). August, on the other hand, showed the shortest 
runs of non-active days, averaging slightly under two days (Figure 2.15c). 
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Spectral analyses (Haan, 1979) of the time series of active and 

non-active days were performed to determine If periodicities existed in 
the data. Only the spectrum from 1980 was significantly different at the 
10% level from white noise using Fisher's K (Davis, 1941). A typical 
spectral density from another year Is shown In Figure 2.16. Examination 
of the sample autocorrelation coefficients (Panofsky and Brier, 1968) 
also did not Indicate substantial linear relationships between 
occurrences of active and non-active days, generally yielding values 
between -0.25 and 0.25. For example, no relationship appears to exist 
between the occurrence of suitable activity on one day and the occurrence 
of suitable activity on any other day. 

2.1.3 Spatial distribution 
The distribution of location of Initial observation of experimental 

units was addressed from two perspectives to determine if an area of 
preferential development existed. First, the Initial locations were 
grouped according to the five sectors shown In Figure 2.1. Second, these 
divisions were removed and the appropriate location of formation for 
each system was considered without grouping. 

Figure 2.17 shows the distribution of mean number of Initiations in 
each sector for all systems. Inspection of Figure 2.17 shows a nearly 
uniform distribution over the operational area, thus Indicating an 
approximately equal probability of occurrence in each sector. Use of the 
chl-square test (Mood £U1., 1974) to test H :̂ p̂  = Pw = • • = Ps = 0.20 
versus H :̂ p̂  * Pw '̂  • • * Ps * 0.20, indicated that Ĥ  could not be 
rejected at the 5% level. (Here, p, is the probability that a suitable 
system formed in the 1-th sector, where i=N, W, C, E, and S and N 
represents the northern sector, W represents the western sector, etc.) 
Again no area for preferential development appeared to exist when the 
location of suitable system formation was considered without groups 
(Figure 2.18). 

Slightly more confusing results emerged when each of the four 
months was considered individually. Figure 2.19 shows the distribution, 
by month, of frequency of initiation In each sector. While the 
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Figure 2.18 Location of suitable system formations within the 
operational area. The solid line through the area corresponds to the 
location of the Caprock escarpment. 
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distributions for June and July appear to be rather uniform, the 
distributions for May and August show distinct sectors of preferential 
development. The chl-square test was again used_to test H :̂ PN = Pw = • 
= Ps = 0.20 versus H,: p̂  * Pŷ  '^... '̂  pg '̂  0.20.' Results of the test 
showed that Ĥ  could not be rejected at the 1% level In any case; however, 
for May and August, Ĥ , could be rejected at the 5% level. Insight that may 
help to resolve this dilemma is provided by the consideration of the 
ungrouped approximate location of suitable system formations shown in 
Figure 2.20 These scattergrams do not appear to show evidence of areas 
of preferential development In any month and certainly do not show a 
correlation to the location of the escarpment which bisects the 
operational area (Figure 2.20). Therefore, It Is concluded that no areas of 
preferential development existed within the operational area for the 
May-through-August period since the significance of rejection of a 
uniform distribution for May and August is only marginal and since all 
other Indications support the idea of random spatial development. 

2.1.4 Treatment opportunities 
Estimates have been derived for distributions of treatment 

opportunities In the experiment using the criteria described in section 
2.1.1. Over the five years of study, an average of 56 treatable systems 
were observed between I May and 31 August, whereas the sample 
standard deviation was approximately 10 (Table 2.2). The number of 
treatment opportunities varied from 41 In 1980 to 68 in 1981. While only 
approximately 25% of the mean number of suitable systems satisfied the 
treatment criteria, 56 treatment opportunities per season is a 
substantial number. 

The number of treatment opportunities varied with month (Figure 
2.21) as might be expected from the results discussed in section 2.1.2. 
Once again. May had the lowest mean number of treatment opportunities 
at 12 and August had the highest mean number of treatment opportunities 
at approximately 19. Each of the four months included in the study had 
frequent enough treatment opportunities to be Included In the operational 
period of the experiment. 
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Table 2.2 Summary of statistics for treatable systems. Columns 

represent, from left to right: variable analyzed; sample size; sample 
average; unbiased sample variance estimate; observed maximum; 
observed minimum; observed mode; and the tenth, fiftieth, and 
ninetieth percentile points. 

Variable 

Season 
NO 

NAD 

NPAD 

NWTA 

NWOTA 

May 

NO 

NAD 

NPAD 

NWTA 

NWOTA 

June 

NO 

NAD 

NPAD 

NWTA 

NWOTA 

July 

NO 

NAD 

NPAD 

NWTA 

NWOTA 

August 

NO 

NAD 

NPAD 

NWTA 

NWOTA 

N 

5 

5 

252 

124 

124 

5 

5 

52 

29 

30 

5 

5 

55 

30 

31 

5 

5 

59 

33 

34 

5 

5 

86 

35 

34 

Mean 

56.0 

50.4 

1.1 

2.0 

2.9 

12.0 

10.4 

1.1 

1.8 

3.4 

12.2 

11.0 

1.1 

1.8 

3.1 

13.0 

11.8 

1.1 

1.8 

2.8 

18.8 

17.2 

1.1 

2.5 

2.0 

S2 

97.5 

93.8 

0.1 

2.4 

7.8 

14.0 

8.8 

0,1 

2.2 

12.7 

12.7 

8.0 

0.1 

1.9 

5.7 

11.5 

8.2 

0.1 

1.6 

8.1 

4.7 

8.7 

0.1 

2.8 

2.3 

Maximum 

68 

63 

2 

7 

17 

16 

14 

2 

7 

17 

15 

13 

2 

6 

8 

16 

14 

2 

6 

13 

22 

21 

2 

7 

8 

Minimiim 

41 

36 

1 

1 

1 

6 

6 

1 

1 

1 

7 

7 

1 

1 

1 

8 

8 

1 

1 

1 

17 

13 

1 

1 

1 

Mode 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

.1 

1 

1 

1 

Percentiles 
10% 50% 90% 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

57 

51 

1 

1 

2 

12 

10 

1 

1 

2 

14 

11 

1 

1 

2 

15 

12 

1 

1 

2 

18 

18 

1 

2 

1 

2 

4 

7 

2 

4 

7 

2 

4 

7 

2 

4 

5 

1 

5 

4 

Leaend for variables: NO, number of occurrences; NAD, number of active 
days; NPAD, number of occurrences per active day. NWTA, number of 
consecutive days with treatable activity; and NWOTA, number of 
consecutive days without treatable activity. 
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Unlike the distribution of all suitable systems, the monotonic 

increase in treatment opportunities shown in Figure 2.21 is principally a 
result of the monotonic increase in the number of days with treatment 
opportunities per month (Figure 2.22). It is evident that the distribution 
of number of active days almost exclusively Influences the distribution of 
treatment opportunities when the monthly mean number of treatment 
opportunities per day with treatable activity (Figure 2.23) is considered 
along with Figure 2.22. It Is Interesting to note that approximately one-
third of the days in May could be expected, on average, to have at least 
one treatment opportunity, while slightly more than one-half of the 
August days, on average, had treatment opportunities. Overall, an average 
of 41% of the days during the May-through-August period had at least one 
treatment opportunity (Table 2.2). 

On an active day, the most likely occurrence was one treatment 
opportunity (Figure 2.24); however, two treatment opportunities on a day 
were not uncommon, representing approximately 11% of all cases (Figure 
2.24). The dominance of single-treatment days is displayed in each month 
in the period (Figure 2.25), comprising between 85% and 91% of the cases. 
June, however, showed the least number of multiple-treatment days 
(Figure 2.25). 

The occurrence of treatable systems tended to be random over time. 
Figure 2.26a shows the distribution of numbers of consecutive days with 
treatment opportunities. Treatable systems formed on a day which was 
preceded and succeeded by at least one day without any treatment 
opportunities in over half of the instances. While runs of up to four 
consecutive days with treatment opportunities occurred sporadically, in 
only approximately 8% of the instances was the run longer than four days 
(Figure 2.26b), The random temporal occurrence of treatable systems is 
also evident when the months are considered individually (Figure 2.27). 
However, August would appear to be the most likely month to contain 
extended runs of days with treatment opportunities, having an average run 
length of approximately 2.5 days compared to an average run length of 
approximately 1.8 days for the other months (Figure 2.28). Overall, the 
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average run of days with treatment opportunities was approximately two 
for the May-through-August period (Table 2.2). 

The length of time separating runs of treatable systems was 
relatively short. Figure 2.29a shows the distribution of the number of 
consecutive days without treatment opportunities. The most likely 
occurrence was a single day with no treatment opportunities preceded and 
succeeded by at least one day with treatable systems. On the average, in 
only approximately 6% of the cases did the run of days without treatment 
opportunities exceed one week (Figure 2.29b). While each month could 
have extended periods of time with no treatment opportunities (Figure 
2.30), May and June tended to average longer runs of time without 
treatable systems (Figure 2.31). This last finding is not unexpected in 
light of the findings of Haragan (1978a) discussed in section 2.1.2. 

2.1.5 Representativeness of the results 
The population of storms of Interest in this study are those 

convective systems occurring between 1 May and 31 August which 
possess sufficiently high liquid water contents and sufficiently strong 
dynamical processes to be effectively treated to enhance rainfall at the 
ground in West Texas. Without a doubt, this population cannot exist in 
totality over any finite time span. Therefore only a sample of the 
population can be gathered if the description of Its characteristics is 
desired. The Issue of how representative any sample is of such a 
population can never be definitively answered since the characteristics 
of the population are not known with certainty However, some 
assessment of the sample's strengths and weaknesses should be taken so 
that at least a subjective evaluation of its representativeness of the 
population may be made. 

Perhaps the issue of greatest concern here is how anomalous was the 
1979-1983 period in climatic history. Climate is continually changing 
and many conflicting views about its current trend exist in the literature. 
Perry (1982) cited work from the Global Atmospheric Research Program 
(GARP) as indicating a shift in atmospheric circulation patterns toward 
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the more meridional regime associated with Increased climatic 
variability. Boer and Higuchi (1980) disagreed with the Idea of a recent 
Increase In climatic variability since their study found no significant 
trend In transient eddy variance. Furthermore, Dzerdzeevskii (1969) 
suggested that periods of severe drought are not associated solely with 
either a zonal or a meridional circulation. Rather, the persistence of one 
pattern over an extended period of time appeared to be the key in drought 
Inception. 

On a smaller scale, the rainfall climatology reported by Haragan 
(1978b) for the Texas High Plains Indicates a trend from 1900 to 1973 of 
decreasing average annual precipitation for the region north of the 
proposed operational area (Figure 2.32). Extension of that study into the 
early 1980's shows the 1979-1983 period as being slightly above the 
trend of the data and possessing a relatively low variability (Figure 2.32). 
However, the study period was rather average compared to the 30-year 
period 1941-1970 (Table 2.3) if the average rainfall over the proposed 
operational area is judged from the records at Midland, Post, and San 
Angelo (Figure 2.1). From the above discussion. It appears that the period 
from which the data sample was drawn Is one of relative normality with 
respect to average rainfall but one of slightly lower variability than 
might usually be expected. 

While a five-year period Is not exceptionally long, one strength of the 
data set lies In Its completeness with respect to the available data. All 
GOES imagery that was available was utilized. The data set was limited 
to no earlier than 1979 because Images for that time are either 
non-existent or are of such poor quality as to be unusable. The failure of 
GOES-EAST during the summer of 1984 caused a break in the data sample 
and the subsequent shifting eastward of GOES-WEST did not occur quickly 
enough to be of assistance. Therefore, the information used was all that 
was available at the time the research was being performed. 

The second and primary strength of the data sample lies in the 
procedure used to formulate its selection criteria. The selection rules 
discussed in section 2.1.1 were derived from data gathered during cloud 
sampling In West Texas during the summer of 1983. They were not set 
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Table 2.3 Percent of mean rainfall observed over the operational area 

during the study period. Averages based on the 1941-1970 period. 

Station May June July August Season 

Post 
Midland 
San Angelo 

116.9 
82.0 

109.5 

112.7 
89.5 

180.8 

66.3 
73.5 
95.0 

126.9 
99.1 

100.0 

99.9 
85.1 

123.6 

Mean 106.1 129.0 76.8 107.6 103.4 
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arbitrarily. Microphyslcal data gathered during the twenty flights of the 
project were examined to identify systems which possessed the high 
liquid water contents desired of the experimental unit. No information 
about the dynamics of the systems was available except through visible 
observation and photography. GOES Imagery taken during the sampling of 
suitable systems was then examined to determine their appearance in 
such a format. The rules described In section 2.1.1 were the result of 
this procedure and were strictly followed during the data-extraction 
phase of the research. Since convective systems must possess both high 
liquid water contents and strong dynamical processes to attain the 10-50 
km size considered here, it appears that the desired population was 
sampled. 

Z2 Structgrg 
Processes active from the microscale to the synoptic scale affect 

the development of convective clouds. The synoptic scale acts to slowly 
prepare the atmosphere for convection by establishing its basic 
thermodynamic structure. Synoptic-scale disturbances and their 
accompanying circulations also provide mechanisms which either trigger 
or suppress the convection over broad regions. Mesoscale processes fine 
tune the atmosphere's thermodynamic structure and provide mechanisms 
for the initiation of localized regions of convection. Organization on the 
mesoscale within a convective cloud can either aid in its development or 
contribute to its dissipation. 

Microphyslcal properties determine how, when and where 
precipitation develops within a cloud. Microphysically-produced 
precipitation may slow the updraft through loading, and/or drag air 
downward to initiate mesoscale downdrafts. Thus, interactions occur 
among scales. In the discussions which follow, a general attempt is made 
to begin at the largest (synoptic) scale and progress to the smallest 
(micro) scale. However, deviations from this scheme often will be 
necessary for clarity. 
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2.2.1 Data 

The data available for examining the structure of the experimental 
unit were gathered during three field experiments: the 1979 and 1980 
Texas High Plains Cooperative Programs (Texas HI PLEX) and the 1983 
Texas Experiment in Applied Seeding (TEXAS). Common to all three 
programs were the standard synoptic data consisting of surface and 
constant-pressure charts and 12-hourly atmospheric soundings. During 
the Texas HI PLEX field projects, mesoscale networks of surface stations 
and rawinsondes were utilized. The rawinsonde data were used in the 
analyses presented below to determine the thermodynamic structure of 
the atmosphere. Only data from the standard synoptic-scale sounding 
network were available during the TEXAS program. 

Perhaps the most thoroughly used data in these analyses are those 
collected by the aircraft utilized In these experiments. A list of the 
Instruments used and variables measured In each of the field projects Is 
shown In Tables 2.4 through 2.6. 

The accelerometers used to measure vertical velocity during the 1980 
Texas HI PLEX and 1983 TEXAS experiments produced data of poor quality. 
A method of determining, at least qualitatively, where vertical motions 
were present and In what direction they were occurring was needed since 
such information was necessary for understanding the cloud structure. It 
was assumed that when the aircraft data showed both decreasing altitude 
and decreasing temperature, a downdraft was being encountered. 
Conversely, when the aircraft data showed both Increasing altitude and 
increasing temperature, an updraft was being encountered. To reduce 
noise, 3-s running averages of both altitude and temperature were used to 
make these assessments. An updraft was considered strong If for 
consecutive 3-s averages, both the temperature Increased by more than 
OAK and the altitude Increased by more than 5 m; updrafts were 
considered weak If the temperature Increased by more than 0.01 °C and the 
altitude increased by more than 0.1 m. The same thresholds were used to 
differentiate between weak and strong downdrafts. Temperatures were 
measured by the Rosemount probe. A comparison between the vertical 
velocity Indications calculated In this manner and a Ball variometer 
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Table 2.4. Variables measured and instruments used on the Piper 

Navajo operated by Meteorological Research, Inc. (MRI) durinq 
197g Texas HI PLEX (after Long, 1980). ^ 

Variables A 

Meteorological 

Air temperature X 

Dewpoint temperature 

Absolute pressure 

Cloud Physics 

Particle size distribution 

Cloud liquid water content 

Ice particle concentration 

Other 

Aircraft location and 
magnetic heading 

Aircraft vertical speed 

Airspeed 

B 

X 

Instruments 
C D E F G H I J K L M 

X 

X X X X 

X 

X 

X 

X X 

X 

Legend of instruments: A, Rosemount total temperature probe; B, 
E. G. & G. hygrometer; C, Validyne absolute pressure transducer; 
D, PMS Axial Scattering Spectrometer Probe (ASSP) (3 to 45 
Um); E, PMS I -D 200-X probe (20-300 um); F, PMS I -D 200-Y 
probe (300-4500 una); G, PMS 2-D Optical Array Cloud Droplet 
Imaging Probe (2D-C) (25-800 jim); H, Johnson-Williams hot 
wire; I, model of Turner-Radke laser device; J, Aircraft 
avionics (VOR/DME) and heading; K, Ball Brothers variometer; L, 
pitot-static probe system; M, validyne differential pressure 
transducer 
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Table 2.5. Variables measured and Instruments used on the Piper 

Navajo operated by the Colorado River Municipal Water District 
during 1980 Texas HI PLEX (after Texas Department of Water 
Resources, 1980). 

Variables A 

Meteorological 

Air temperature X 

Dewpoint temperature 

Cloud Physics 

Particle size distribution 

Cloud liquid water content 

Ice particle concentration 

Other 

Aircraft location and 
magnetic heading 

Aircraft vertical speed 

B 

X 

Instruments 
C D E F G H 1 

X 

X X 

X 

X 

X 

X 

Legend of instruments: A, Rosemount total temperature probe; B, 
Total temperature probe (reverse flow housing); C, E. G. & G. 
hygrometer; D, PMS Foward Scattering Spectrometer Probe 
(F5SP) (3 to 45 jim); E. PMS 2-D Optical Array Cloud Droplet 
Imaging Probe (2D-C) (25-800 um); F, Johnson-Williams hot 
wire; G, CIC/Lawson, Cross-Polarized Ice Crystal Counter; H, 
Aircraft avionics (VOR/DME) and heading; I, sunstrand 
accelerometer 
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Table 2.6. Variables measured and instruments used on the Piper 

Navajo operated by the Colorado River Municipal Water District 
during 1983 TEXAS (after Jurica, 1983). 

Variables A 

Meteorological 

Air temperature X 

Dewpoint temperature 

Static pressure 

Cloud Physics 

Particle size distribution 

Cloud liquid water content 

Ice particle concentration 

Other 

Aircraft location and 
magnetic heading 

Aircraft vertical speed 

Airspeed 

B 

X 

C 

X 

D 

X 

Instruments 
E F 6 H 1 J K L 

X X 

X X 

X 

X 

X 

X 

Legend of instruments; A, Rosemount total temperature probe; B, 
NCAR total temperature probe (reverse flow housing); C, E. G. & 
G. hygrometer; D, Cognition total pressure transducer; E, PMS 
Foward Scattering Spectrometer Probe (FSSP) (2 to 30 um); F, 
PMS 2-D Optical Array Cloud Droplet Imaging Probe (2D-C) 
(25-800 Jim); G, Johnson-Williams hot wire, H, CSIRO liquid 
water content probe; 1, CIC/Lawson, Cross-Polarized Ice 
Crystal Counter; J, Aircraft avionics (VOR/DME) and heading; K, 
United Controls vertical accelerometer; L, Rosemount 
differential pressure transducer 
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Showed excellent agreement In location, magnitude and sign of the 
vertical motion during the 1986 Southwest Cooperative Program 
(Jurica £L^., 1986). However, the indicator did not always Identify 
weak vertical motions measured by the Ball variometer. Therefore, the 
velocity indicator will be used to locate general tendencies In the 
vertical motion field. 

2.2.2 Cloud 6 on 4 June 1979 
Cloud 6 on 4 June 1979 was analyzed previously by both Long 

(1980) and TakeuchI (1980). A review of the case would be useful 
since this is the only suitable cloud in early June for which data are 
available. The synoptic conditions for the day were reported by 
Alexander and RIgglo (1980). Convection was Initiated by the 
combination of a weak surface trough (Figure 2.33) In central New 
Mexico and middle-level positive vorticity advection. Cumulus 
congestus clouds had developed In West Texas by 1650 GMT, with 
cumulonimbus clouds observed by 1845 GMT (Alexander and RIgglo, 
1980). Further examination of the synoptic charts for the day reveals 
that a 35-m s"̂  jet streak was approaching the Texas HI PLEX region 
from the southwest at the 300-mb level (Figure 2.34), aiding 
convective development. The clouds formed in a moist and potentially 
unstable atmosphere (Figure 2.35). The profile of equivalent potential 
temperature (8 )̂ shown In Figure 2.35, a rapid decrease to a middle-
tropospheric minimum followed by an Increase to near-surface values 
aloft. Is Ideally suited to support deep convection (Leary, 1982). 

The locations of the four passes associated with the cloud are 
shown In Figure 2.36. Passes I and 4 occurred through separate regions 
of the cloud. Passes 2 and 3 occurred through the same region of the 
cloud but In a different portion from either passes I or 4. Figure 2.37 
shows cloud characteristics during the first pass. Sampling occurred 
at an altitude of 5.2 km (TakeuchI, 1980) where temperature varied 
between -3.0 and -6.0°C (Long, 1980). 

A rather moist downdraft was encountered upon entering the cloud, 
followed by a region of strong updraft (Figure 2.37a). Cloud liquid 
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Figure 2.33 Surface analysis at 1800 GMT on 4 June 1979. Solid lines are 
isobars (08=1008 mb, 10=1010 mb and 12=1012 mb). The dashed line 
indicates the location of the surface pressure trough. Wind speeds 
are indicated by a short barb representing 2.5 m s"^and a long barb 
representing 5 m s"^ 
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water was greater than I g m-̂  within the updraft (Figure 2.37b). 
Particle Images within the downdraft region show a mixture of small 
graupel particles and precipitation-sized water drops (GP and WD, 
respectively, for Dl in Figure 2.37c). (Particle images and associated 
dropsize distributions will be referred to throughout the following 
discussions using U or D to indicate that the observation occurred in an 
updraft or a downdraft, respectively. A digit following the letter is used 
to identify which observation within the cloud is being discussed. For 
this cloud, Dl Identifies the first particle images to be discussed in a 
downdraft.) Particle images within the updraft region were dominated by 
large water drops and splashes (LWD and S, respectively, for Ul in Figure 
2.37c). No ice particles were detected in the 2D-C Imagery within the 
updraft despite the large concentrations measured with the ice particle 
probe (Figure 2.37b). Therefore, Ice multiplication either by graupel 
shattering or by aggregate shattering could not have occurred. Further, 
although concentrations of droplets larger than 25 um in diameter 
exceeded 6-7 cm"̂  In the updraft (Long, 1980), the lack of graupel 
particles In this region Indicates that the Hallet-Mossop ice multipli
cation process (Mossop, 1978) could not have been operating. The ice 
particle concentrations must be erroneous since the particle images 
showed no detectable ice crystals and have eliminated the possibility of 
ice multiplication processes. Therefore, It appears that the warm rain 
process was responsible for the initial development of precipitation. 

Characteristics of the second pass are shown in Figure 2.38. 
Sampling again occurred near an altitude of 5.2 km (TakeuchI, 1980) with 
temperature ranging between-5.0 and-7.0^C (Long, 1980). The vertical 
velocity profile during this pass (Figure 2.38a) indicates that a region of 
downdraft was encountered early in the pass and was followed by a weak 
updraft region. Examination of the cloud liquid water and wet-bulb 
potential temperature (6^) profiles for this pass (Figure 2.38a), however, 
show a quite different picture. The high cloud water and % values 
recorded early in the pass suggest that an updraft region was being 
sampled and are contrary to the vertical velocity measurements of the 
Ball variometer. Similarly, the decreasing cloud water and 0^ values 
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later in the pass suggest a downdraft region although the vertical 
velocity measurements show upward motions. The discrepancy in the 
microphyslcal variables appears only during this pass. 

The cloud region sampled during the second pass was penetrated again 
on a reverse heading during the third pass (Figure 2.36). The beginning of 
the second pass matches closely in space to the end of the third pass and 
vice versa. Profiles both of vertical velocity and of 6^ for the third pass 
(Figure 2.39a) indicate an updraft region late in the pass, geographically 
where the 0^ profile from pass 2 indicates an updraft. Further, the cloud 
water profiles are remarkably similar in shape among the passes and 
indicate some persistence in cloud properties. It appears, therefore, that 
the Ball variometer was not functioning correctly during the second pass. 
The 8^ profile will be used to locate the vertical motions during that 
pass. 

Figure 2.38b shows that the updraft region encountered early in the 
second pass contained a liquid water content of 1.8 g m"̂  while the 
downdraft was relatively dry (0.3 g m"̂ ). Particle images from the 2D-C 
probe within the updraft show a mixture of moderately large water drops 
and graupel particles (WD and GP, respectively, for U2 in Figure 2.38c). 
The riming process appears to be at an early stage since abundant liquid 
water stil l existed within the region. A mixture of graupel particles and 
lightly-rimed columns appeared within the downdraft (GP and LRC, 
respectively, for D2 in Figure 2,38c) where little cloud liquid water 
existed. 

Cloud characteristics during the third pass are shown in Figure 2.39. 
As mentioned earlier, this pass occurred through nearly the same cloud 
region as pass 2, but along a reversed heading. Sampling occurred at an 
altitude of 5.2 km (TakeuchI, 1980) at a temperature between -5.0 and 
-7.0°C (Long, 1980), Liquid water had decreased throughout the cloud 
since the previous pass, most noticeably within the downdraft region 
(Figure 2.39a, b). The cause of the decrease in liquid water content is 
evident in the 2D-C imagery (Figure 2.39c). Graupel particles within the 
downdraft (GP for D3 in Figure 2.39c) had become larger since the 
previous pass by growing at the expense of the liquid water. A mixture of 
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water drops and graupel particles continued to exist within the updraft 
(WD and GP, respectively, for U3 In Figure 2.39c). Water drops still 
dominate the imagery in this region of the cloud and the graupel particles 
appear to be similar in size to those sampled previously. A closer 
examination of Figure 2.36 shows that the same downdraft was sampled 
during passes 2 and 3. However, the sampled updraft regions were 
separated by a distance of 1 km. The decrease in liquid water content in 
the updraft from pass 2 to pass 3, without a corresponding growth in 
graupel size, can be explained because the sampling occurred in slightly 
different portions of the cloud. 

Characteristics of the cloud during the fourth pass are shown in 
Figure 2.40. Sampling occurred near an altitude of 5.2 km (TakeuchI, 
1980) between temperatures of -4.5 and -6.0«C (Long, 1980). A moist 
updraft was encountered during the early portions of the pass (Figure 
2,40a) and contained a liquid water content In excess of 1,5 g m"̂  (Figure 
2.40b), Particle Images show a mixture of water drops and large graupel 
particles (WD and GP, respectively, for U4 In Figure 2.40c) early in the 
updraft where cloud liquid water content was high (Figure 2,40b). Larger 
drops are evident near the edge of the updraft (WD for U5 in Figure 2.40c) 
where the cloud liquid water had been reduced (Figure 2.40b). Apparently 
the coalescence process was active and had consumed the water droplets 
in producing the precipitation-sized drops. 

A stronger, drier updraft was sampled later in the pass (Figure 2.40a, 
b) and was found to contain graupel particles and rimed ice needles or 
columns (GP and RIN, respectively, for U6 In Figure 2.40c). The generation 
of Ice columns appears to foreshadow the glaclatlon of such towers since 
TakeuchI (1980) reports that the cloud was completely glaciated within 5 
min of the fourth pass. Particle images during sampling of the glaciated 
tower consist primarily of columns and needles (C and N, respectively, in 

Figure 2,41), 
To summarize, it appears that the warm rain process initiated 

precipitation development in this cloud. The abundance of large water 
drops and the lack of ice particles in the 2D-C imagery strongly suggest 
that the ice phase was not involved in the Initial development of 
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preclpltatlon-slzed particles. The strong forcing mechanisms for the day 
appear to have produced Intense vertical motions and large liquid water 
contents. Sufficiently high concentrations of large drops can be produced 
In such clouds to activate the Hallet-Mossop Ice multiplication process. 
However, the graupel particles also required for the process were not 
present In this cloud. The generation of high concentrations of Ice 
columns and needles In regions of low liquid water content appears to 
occur shortly before the complete glaclatlon of the cloud. 

2.2.3 Cloud 5 on 21 June 1980 
Although this case In the Texas HIPLEX region was previously studied 

by Scro (1984), recently available FSSP data make the case worthy of 
further examination, Scro attributed the Initiation of convection to the 
combined effects of a surface trough to the west, strong surface heating 
and cold air advection at middle levels. A temperature Inversion near the 
850-mb level prevented convection from occurring early In the day; 
however, heating and adiabatic mixing had dissipated the Inversion by 
2100 GMT (Scro, 1984), Vertical profiles of 8̂  for the region show that 
the thermodynamic structure of the atmosphere was suitable for 
supporting deep convection. Figure 2.42 shows the average profile of % 
for the day and for all stations In the Texas HIPLEX region on 21 June 
1980, Large values of 8̂  were produced at the surface by the combined 
effects of heating and abundant moisture. Further, the moisture extended 
through a deep layer (the 1450 GMT sounding at Midland contained 1.21 in 
of preclpltable water between the surface and 500 mb). 

The location of the passes associated with cloud 5 are shown In 
Figure 2.43. Because echo motion was toward the east-northeast (Scro, 
1984), the region sampled during the first pass represents a different 
part of the cloud than does the sampling during the other passes. 
Sampling during the first pass occurred at an altitude near 6.2 km and a 
temperature between -10.3 and -11 .SK (Figure 2.44a). The FSSP probe 
measured cloud liquid water content between O03 and 0,73 g m'̂  (Figure 
2,44b), with the highest values contained within the updraft region. 
Figure 2.44c shows the dropsize distribution In the updraft (Ul In Figure 
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2.44). (The dropsize distributions presented are representative of the 
regions In which they were sampled. Examination of the FSSP data shows 
them to be quite similar to neighboring distributions.) A total 
concentration of 240 cm-̂  was measured with a concentration of 3 cm-̂  
for drops with diameters greater than 25 um. A bimodal distribution is 
evident, with the maxima occurring at 18 and 36 uin. 

Particle Images at the same time as Ul show that the updraft region 
contained many graupel and other Ice particles (GP for Ul in Figure 2.44d). 
Among the Ice particles Is a lightly-rimed dendrite (LRD for Ul In Figure 
2.44d). The fall speed of a dendrite is approximately 05 m s"̂  (Fletcher, 
1962), so the updraft (-2 m s'O would have carried the crystal upward 
from below the sampling level. Using a nomogram developed by Scro 
(1984), It Is estimated that the crystal required approximately 2 min to 
reach its observed size. Assuming a lapse rate of 6.5°C km-̂  and the 
velocities stated above, the crystal would have formed 180 m below the 
sampling level (-11.3^0 at a temperature of -lOl^C If It had been carried 
directly to the sampling level. Since dendrites form at temperatures 
between -10 and -I8<>C (Fletcher, 1962), this Is clearly a possibility. The 
detection of such a crystal, therefore, may not require the lateral mixing 
within or between towers frequently offered as a means of explaining 
their existence within updrafts (e.g.. see Long, 1980). 

A shattered aggregate was also observed by the 2D-C probe (SA in 
Figure 2.44d). This ice multiplication mechanism could explain why ice 
particle concentrations exceeded 1 L"̂  during the pass, approximately two 
orders of magnitude larger than would be expected from natural 
concentrations of ice nuclei. 

Cloud characteristics sampled during the second pass are shown in 
Figure 2.45. Sampling occurred at an altitude of 6.2 km at a temperature 
between -9.7 and -11.9<>C (Figure 2.45a) and In a different region of the 
cloud than had been sampled previously The liquid water content In the 
cloud exceeded I g m'̂  (Figure 2.45b) over a substantial portion of the 
pass. Including the second updraft region (Figure 2.45a). The dropsize 
distribution observed at the beginning of the second updraft region (U2 in 
Figure 2.45a,c) Is nearly unlmodal with the main mode at a diameter of 21 
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um. The droplet concentration of 299 cm-̂  indicates that condensation 
occurred on a continental cloud condensation nuclei distribution. The 
concentration of droplets with diameters greater than 25 um was 6 cm-̂ . 
Particle Images at this time show zero-area images and a drop of 700 um 
diameter (ZAI and 700D, respectively, for U2 in Figure 2.45d). Although 
the Ice particle concentration was measured as quite large during this 
time (Figure 2.45b), few Ice particles were observed In the 2D-C imagery. 
Perhaps the Instrument Interpreted small water drops as Ice crystals. 
Nonetheless, the large water drop suggests that coalescence may be 
initiating the precipitation process. 

Dropsize distribution U3 (Figure 2.45c), observed at the edge of the 
updraft region (Figure 2.45a), Is very similar to U2 but shows more larger 
droplets and fewer smaller droplets. The concentration of droplets 
smaller than 20 um In diameter was probably reduced by coalescence, 
resulting In the greater concentration of larger droplets. Although the 
total droplet concentration of 288 cm"̂  was lower than what was 
observed In U2, the concentration of droplets larger than 25 um in 
diameter was greater (11 cm" )̂, reaching the limit required for the 
Hallet-Mossop Ice multiplication process (Mossop, 1978). However, the 
graupel particles also required for the process were not present (Figure 
2,45d). 

Characteristics of the third pass through the cloud are shown in 
Figure 2.46. Sampling occurred at an altitude of 6.2 km and a temperature 
between -9.3 and -10.9^C (Figure 2.46a). Cloud liquid water contents 
remained greater than 1 g m"̂  early in the pass but slowly decreased to 
04 g m"3 (Figure 2.46b). Dropsize distribution Dl (Figure 2.46c) was 
observed In the initial, moist downdraft (Figure 2.46a) and is rather 
broad, with droplets observed to be as large as 39 um in diameter. The 
droplet concentration for diameters larger than 25 um was 11 cm'̂ . 
Particle Images at this time (Figure 2.46d) show that no ice particles 
were resolved. 

Dropsize distribution U4 (Figure 2.46c) was observed within the 
updraft region (Figure 2.46a). The existence both of two modes (6 and 21 
um) and of droplets as large as 36 um in diameter during this pass but 
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not during the previous pass suggests that coalescence was active. 
Particle Images at this time show only streakers and zero-area images (S 
and ZAI, respectively, for U4 in Figure 2.46d). The only precipitation-
sized particles In the updraft region were nearly round graupel particles 
on the edges (NR6P for U4 In Figure 2.46d). 

Dropsize distribution D2 (Figure 2.46c) was observed in the drier 
downdraft region (Figure 2.46a). Its total droplet concentration of 118 
cm"3 Is much lower than the 313 cm"̂  and 277 cm"̂  observed for Dl and 
U4, respectively. The most significant reduction In concentration for D2 
compared to Dl and U4 occurred for droplets greater than 20 um in 
diameter. The presence of graupel particles at the time of D2 (GP for D2 
In Figure 2.46d) suggests that the riming process may have been the cause 
of the reduction In large-droplet concentrations. 

Characteristics of the fourth pass through the cloud are shown in 
Figure 2.47. Sampling occurred at an altitude of 6.1 km and a temperature 
between -7.5 and -10.5<>C (Figure 2.47a). Cloud liquid water remained in 
excess of 0.9 g m"̂  in much of the cloud (Figure 2.47b). The first part of 
the updraft was rather moist (liquid water content of 0.8 g m"̂ ) but the 
latter portion was surprisingly dry (Figure 2.46b). Dropsize distribution 
U5 (Figure 2.47c) was observed on the edge of the moist updraft (Figure 
2.47a). The total droplet concentration of 295 cm'̂  is not much different 
from concentrations in the updrafts of previous passes, but the 
continuation of the coalescence process is evident from the Increase in 
the concentration of larger droplets. No precipitation-sized particles 
existed within the updraft region at the time of U5 (no images were 
resolved by the 2D-C probe at that time). 

Dropsize distribution D3 (Figure 2.47c) was observed near the middle 
of the downdraft region (Figure 2.47a). The mode of the distribution 
occurs at 15 um and, although the total droplet concentration was 309 
cm-3, droplets greater than 25 um were observed in a concentration of 
only I cm"2. It appears that a process removed a substantial portion of 
the droplets greater than 15 um in diameter. Particle images at the time 
of D3 show that many dendrites (D in Figure 2.47d) were falling through 
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this region and could account for the removal of the droplets since some 
of them were rimed. 

Examination of this cloud has revealed that condensation occurs on a 
continental aerosol distribution and typically yields droplet 
concentrations from 200 to 300 cm"̂  for diameters less than or equal to 
45 um. The coalescence process appears to be active and can produce 
concentrations greater than 10 cm"̂  of droplets larger than 25 um. 
Further, this concentration of large droplets can be sustained over 
periods of at least a few minutes. The droplets needed to activate the 
Hallet-Mossop Ice multiplication process apparently can be produced 
within these clouds. Droplets with diameters greater than 20 um appear 
to be the ones scavenged by the riming process. This observation is 
supported by Ono (1969) who showed that dendrites of diameter 2100 um 
preferentially rime droplets with diameters between 15 and 40 um. 
Finally, the observations suggest that the warm rain process was 
responsible for the production of at least some of the precipitation-sized 
particles within the cloud. 

2.2.4 Cloud 4 on 24 June 1983 
Cloud development on 24 June 1983 was initiated by a combination of 

strong surface heating and middle-level positive vorticity advection in a 
potentially unstable atmosphere. Figure 2.48 shows 500-mb streamlines 
and the associated vorticity pattern at 1200 GMT. Easterly winds 
northwest of a deepening low pressure center In east-central Texas were 
advecting stronger positive vorticity over West Texas. The 8̂  profile for 
the 1200 GMT sounding from Midland (Figure 2.49) shows the atmosphere 
to be Ideally suited for the development and support of deep convection 
once daytime heating occurs and the lower levels are warmed. Further, 
the atmosphere was rather moist between the surface and 500 mb, with 
1.12 in of preclpltable water available. 

Figure 2.50 shows the location of the three passes associated with 
cloud 4. The third pass occurred approximately 10 min after the second 
pass and is likely to be through a different tower than the other passes. 
Echoes on this day were Identified as being stationary from the radar 
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Figure 2.48 Streamline (solid) and absolute vorticity (dashed) analysis at 
the 500-mb level for 1200 GMT on 24 June 1983. 
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located at the Midland, TX National Weather Service Office. Cloud 
characteristics for the first pass are shown In Figure 2.51. Sampling 
occurred at an altitude of 6.2 km and a temperature between -11.4 and 
-1ZJK (Figure 2.51 a). A narrow updraft was encountered shortly after 
the aircraft entered the cloud while the remainder of the pass occurred 
through a region of downdrafts (Figure 2.51a). A photograph shows that 
the updraft was located In a narrow, diffuse tower on the edge of a broad 
cumulus congestus cloud. Liquid water contents were moderate 
throughout the cloud (Figure 2.51b). Dropsize distribution Ul (Figure 
2.51c) was observed In the updraft (Figure 2.51a). Few droplets were 
observed In the distribution (total concentration of 4 cm"̂ ) and none were 
larger than 20 um in diameter. The diffuseness of the tower In the 
photograph suggests that glaclatlon had reached an advanced stage. 
Particle Images at the time of Ul consist mostly of zero-area Images and 
a few Irregular-shaped Ice particles (ZAI and ISIP, respectively, for Ul in 
Figure 2.5Id), supporting the conclusion of glaclatlon. 

Dropsize distribution Dl (Figure 2.51c) was observed at 1715.28 GMT 
near the middle of the downdraft region (Figure 2.51a). The distribution 
Is rather irregular but suggests an essentially bimodal shape, having 
maxima near 16 and 30 um. The total droplet concentration of 243 cm'̂  
Indicates that condensation occurred on a continental aerosol 
distribution. Coalescence appears to have been occurring within the 
cloud, as suggested by the Increase in concentration of 30-um droplets 
compared to smaller droplets. The concentration of droplets greater than 
25 um in diameter was 7 cm"̂ . Numerous graupel particles appeared in 
the 2D-C Imagery at the time of Dl (GP for Dl In Figure 2.5Id). 
Therefore, conditions were nearly suitable for the occurrence of the 
Hallet-Mossop Ice multiplication process. 

Dropsize distributions D2 and D3 (Figure 2.51c) were observed on the 
edge of the cloud (Figure 2.51 a) and were separated In space by 100 m. 
Fletcher (1962) reports that dropsize distributions are relatively uniform 
at a given level within a cloud but change In the 100 m closest to its 
edge. Mixing of the cloud with the unsaturated environment occurs on the 
edges of the cloud and should be minimized near the middle of the cloud. 
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A comparison of Dl, D2 and D3 provides a means of assessing the Impact 
of droplet evaporation as a result of the subsaturated conditions produced 
by the mixing. Examination of Dl and D2 shows the distributions to be 
remarkably similar for diameters greater than 16 um. However, droplets 
smaller than 16 um exist In lower concentrations In D2 than In Dl, 
Indicating that the small droplets (d<16 um) are the most susceptible to 
evaporation. On the edge of the cloud, all sizes of droplets are affected 
by evaporation, as seen by comparing Dl and D3. Thus, Fletcher's 
observation Is confirmed and droplets smaller than 24 um appear to be 
the ones most affected by evaporation. 

Characteristics of the second pass, located slightly southeast of pass 
I (Figure 2.50), are shown in Figure 2.52, Sampling occurred at an 
altitude of 6.15 km at a temperature between -11,8 and -I3.8^C (Figure 
2.52a). An updraft, containing liquid water concentrations of 035 g m"̂  
(Figure 2.52b), was located 1 km into the cloud, with downdrafts on both 
sides of It (Figure 2.52a), Dropsize distributions In the first downdraft 
encountered (D4 In Figure 2.52c) and In the updraft (U2 in Figure 2.52c) 
appear very similar for diameters smaller than 20 um. However, fewer 
large droplets occurred within the updraft. Particle images show the 
downdraft contained numerous small graupel particles (SGP for D4 in 
Figure 2.52d) while the updraft contained a mixture of graupel particles 
and water drops (GP and WD, respectively, for U2 In Figure 2.52d). The 
larger graupel particles In the updraft region suggest that riming had 
consumed more liquid water than in the downdrafts and accounts for the 
reduced concentration of larger droplets In the updraft. Droplets larger 
than 20 um appear to be the ones most susceptible to riming. 

Dropsize distribution D5 (Figure 2.52c), observed in a strong 
downdraft (Figure 2,52a), showed few water droplets (total concentration 
of 9 cm-2), none larger than 22 um. Particle Images at this time show 
many moderate to large graupel particles (MGP and LGP, respectively, for 
D5 In Figure 2.52d). Therefore, It appears that the precipitation-sized 
particles have swept out a substantial portion of the available water 
droplets. 
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Dropsize distribution D6 (Figure 2.52c) was observed in a portion of 

the cloud where neither an updraft nor a downdraft was identified (Figure 
2.52a). However, a moist pocket was evident there in the liquid water 
profile (Figure 2.52b). Distribution D6 appears quite similar to D5, but is 
noticeably different from D4 and U2. The primary mode occurs between 8 
and 12 um in diameter In D6 and at 16 um in both D4 and U2. However, all 
three distributions show secondary maxima at 30 um. Particle images 
corresponding to D6 show several graupel particles (GP for D6 in Figure 
2.52d), many of them nearly round and suggestive of recently frozen 
water drops. Perhaps this is a region in transition from being an updraft 
to becoming a downdraft. Such an occurrence Is possible since clouds 
tend to be extremely turbulent in West Texas. It is evident again that the 
concentration of droplets larger than 20 um is quickly reduced by riming. 

Aircraft operations moved away from cloud 4 after the second pass in 
order to examine a cloud which had been sampled earlier in the flight. 
However, after approximately 10 min, sampling resumed in the vicinity of 
cloud 4. A tower different from the one previously penetrated was 
sampled and its characteristics are shown in Figure 2.53. Sampling 
occurred at an altitude of 6.05 km and a temperature between -10.3 and 
-11 .ZK (Figure 2.53a). The vertical velocity profile for the pass (Figure 
2.53a) Is characteristic of a developing tower, with downdrafts near the 
edge of the cloud and an updraft in the core. Cloud liquid water 
measurements coincided well with the updraft and reached 0.8 g m"̂  
(Figure 2.53b). Dropsize distribution D7 (Figure 2.53c) was observed in 
the first downdraft region (Figure 2.53a). The total droplet concentration 
of 103 cm-3 was rather small, but the corresponding particle images 
indicate that many graupel particles were falling through the region (GP 
for D7 in Figure 2.53d). A portion of the droplets would have been 
removed by riming onto the graupel particles. Also, D7 occurred near the 
edge of the tower and some small droplets would have evaporated. 

Dropsize distribution U3 (Figure 2.53c) was observed In the first half 
of the updraft (Figure 2.53a). A total droplet concentration of 222 cm-^ 
was measured while the concentration of droplets larger than 25 um in 
diameter was 11 cm-^. Particle images corresponding to U3 are shown in 
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Figure 2.53d. Two Images dominate the observation: a 700 um water drop 
and a 2800 um graupel particle (WD and GP, respectively, for U3 In Figure 
2.53d). The other Images are either zero-area Images or Irregular ice 
particles. Because It appears that the tower was still developing, the 
observed water drop Is an indication that the warm rain process can 
produce precipitation-sized particles. Also, the conditions favorable for 
the Haliet-Mossop process can exist in young, developing towers. 

In summary. It appears that condensation occurred on a continental 
cloud condensation nuclei spectrum. Total droplet concentrations for 
sizes smaller than 30 um were observed to be from 200 to 300 cm"̂ . It 
appears that the coalescence process is active within the clouds and can 
produce preclpltatlon-slzed drops even in the developing stages of the 
cloud. Further, the conditions required to activate the Hallet-Mossop ice 
multiplication process (graupel and a concentration of at least 10 cm"̂  
for droplets larger than 25 um) can exist In the developing towers. 
Riming appears to remove droplets greater than 20 um from the dropsize 
distribution while evaporation on the edge of the towers removes 
droplets smaller than 15-24 um. 

2.2.5 Cloud 3 on 22 July 1980 
This case was previously analyzed by Scro (1984), but further study 

of It would be useful since he was unable to examine FSSP data which 
have since become available. Scro attributed convection on this day to 
upward motion Induced by upslope flow behind a surface cold front. 
However, the convection was limited by the entrainment of dry air at 
middle levels. Further examination of the synoptic charts for this case 
indicates that a cool pocket of air existed within and southwest of the 
Texas HIPLEX target area and that an easterly wave at 700 mb was 
propagating through the region (Figure 2.54). Overrunning of the cool 
pocket by northeasterly surface flow behind the front, together with the 
easterly wave, are more probable initiators of the convection. The 
terrain of the area does not slope enough to produce significant uplift. 
Cloud photography from the day shows that the sampled towers, although 
near a small, multiple-cell convective system on the edge of the cool 
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Figure 2.54 Surface winds and temperature analysis (thin lines) for 1500 
GMT on 22 July 1980 Overlayed is the 700-mb height analysis at 
1200 GMT for the day (heavy lines). Also indicated is the surface cold 
front, 700-mb high, /00-mb trough (dashed line) and region where the 
trough is likely to induce convection (hatched). Temperatures are in 
°F and 700-mb heights are in meters. 



no 
pocket, were actually developing from a stratiform cloud layer. Thus, an 
overrunning mechanism was active. 

The location of the three passes associated with the cloud are shown 
In Figure 2.55. Because echo motion for the day was toward the 
southwest (Scro, 1984), the third pass was either through a different 
tower than the one sampled during passes 1 and 2 or was on the southern 
edge of that tower. Figure 2.56 shows cloud properties during the first 
pass. Sampling occurred at an altitude of 6.2 km and a temperature 
between -106 and -13.4^C (Figure 2,56a), No updrafts were encountered 
during the pass but two downdraft regions were detected (Figure 2.56a). 
The greatest Ice particle concentration of the 1980 Texas HIPLEX season 
(96 L'') was measured between the downdrafts (Figure 2.56b). 

Two dropsize distributions measured by the FSSP are shown in Figure 
2.56c. (Examination of these data shows that the presented distributions 
are representative of the regions in which they occurred.) Distribution Dl 
was observed prior to the first downdraft. It should be noted that the 
total drop concentration of 14 cm"'̂  was very low but was not unexpected 
since the liquid water content throughout the pass remained less than 
0.05 g m"3 (Figure 2.56b). (The Johnson-Williams probe measured no 
cloud liquid water during any of the passes through this cloud. 
Confirmation of the low liquid water measurements of the FSSP by the 
Johnson-Williams probe Indicates that the FSSP was operating 
correctly.) Both the low liquid water content and the low droplet 
concentration are felt to be, at least In part, the results of dry-air 
entrainment at middle levels causing evaporation of the droplets. 
The cooling produced by this evaporation may have activated additional 
ice nuclei and could account for a portion of the large ice particle 
concentrations measured. Particle Images reveal that many graupel 
particles were present at this time (GP for Dl in Figure 2.56d). 
Therefore, riming on these particles may also have reduced the droplet 
concentration. Further, the shattered graupel particles observed a few 
seconds later in the downdraft (SGP in Figure 2.56d) indicates that ice 
multiplication was occurring. 
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Dropsize distribution D2 (Figure 2.56c) was observed in a strong 
downdraft near the center of the tower (Figure 2.56a) and should be 
somewhat protected from dry-air entrainment. However, the low droplet 
concentration of 2 cm*' Indicates that some process was reducing the 
droplet population. Three possible causes exist: (1) dry air entrainment 
was so strong that it was still depleting the droplet population even near 
the center of the tower; (2) the mechanism forcing 
the convection was weak and resulted In slow updraft speeds, small 
supersaturatlons with respect to water and the activation of few cloud 
condensation nuclei; and (3) collection of the droplets was occurring In 
the downdraft. 

All three processes appear to have been active. The overrunning of 
the cool pocket Is a weak forcing mechanism. Therefore, it is reasonable 
to expect slow updraft speeds to have resulted and few cloud 
condensation nuclei to have been activated even though substantial 
moisture existed below 500 mb (1.56 In of preclpltable water measured 
in the 1500 GMT sounding taken at Big Spring). Since liquid water 
concentrations were small throughout the cloud, the dry middle-level air 
entrained Into the towers could not have been moistened significantly as 
it approached the center of the tower. Therefore, evaporation of the 
droplets may still have been occurring In the center of the tower. Finally, 
particle Images observed at the time show that both large graupel 
particles and some large water drops were present (LGP and LWD, 
respectively, for D2 In Figure 2.56d). Therefore, riming still may have 
been occurring and may have depleted the droplet population. 

Cloud properties observed during the second pass are shown In Figure 
2,57, Sampling again occurred near an altitude of 6,2 km with 
temperature varying between -10,4 and -12.9^0 (Figure 2.57a). Liquid 
water concentrations were greater than those observed during the first 
pass but remained less than O07 g m-̂  (Figure 2.57b). Several small 
areas of weak updrafts were sampled near the center of the pass (Figure 
2.57a), Dropsize distribution UI (Figure 2,57c) was measured in the first 
updraft (Figure 2.57a), In comparison to the distributions observed during 
the first pass, the dropsize distribution tn the updraft shows more drops 
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present (39 cm'^) and a bimodal distribution. The slight Increase In 
droplet concentration at 30 um suggests that the coalescence process 
was active. Particle Images at this time show mostly zero-area Images 
and streakers (ZAI and S, respectively, for Ul In Figure 2.57d). However, 
two graupel particles were also observed (GP for Ul In Figure 2.57d). 

Dropsize distribution U2 (Figure 2.57c), observed In the third updraft 
(Figure 2.57b), occurred at a time when both a water drop and graupel 
particles were present (WD and GP, respectively, for U2 In Figure 2.57d). 
The presence of rimed dendritic particles In the images (RD for U2 In 
Figure 2.57d) suggests that mixing of the updraft and downdraft regions 
was occurring. It Is difficult, therefore, to determine If coalescence 
produced the large water drop present in the Images or If melting of a 
frozen hydrometeor occurred In a downdraft and was followed by 
recirculation of the drop into the updraft. However, dropsize distribution 
D3 (Figure 2.57c) possesses modes at 36 and 45 um along with low 
concentrations at smaller diameters and suggests that coalescence was 
active. 

Cloud properties observed during the third pass are shown In Figure 
2.58. Sampling In this region of cloud 3 occurred at an altitude of 6.2 km 
and a temperature of approximately -105°C (Figure 2.58a). Liquid water 
concentrations were less than 0.01 g m-̂  throughout the pass (Figure 
2,58b), Dropsize distribution D4 (Figure 2.58c) was observed In a 
downdraft region (Figure 2,58a). The low droplet concentration of 2 cm-̂  
and the high concentrations of large graupel particles (LGP for D4 in 
Figure 2.58d) indicate that the precipitation process was well developed 
In this portion of the cloud. All droplets capable of being detected by the 
probe and greater than 24 um in diameter in D4 had apparently been rimed 
onto the graupel particles. Although a weak updraft (U3) was sampled 
near the middle of the pass, the FSSP detected no droplets In that area. 
Particle Images In the updraft region show all ice particles, including a 
large graupel particle (IP and LGP, respectively, for U3 in Figure 2.58d). 

To summarize, it appears that clouds such as this should not be 
considered for treatment. The low liquid water content and high ice 
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concentrations Indicate that seeding in any form could not produce 
additional precipitation. 

2.2.6 Cloud 3 on 8 August 1983 

During the day on 8 August 1983, a surface convergence zone 
stretched across Texas from its northeast corner to south of Midland and 
into far West Texas (Figure 2.59). Convection developed in the project 
area along the line and was aided by middle-level positive vorticity 
advection (Figure 2.60). The atmosphere over West Texas was moist 
(preclpltable water of 1.33 In) and conditionally unstable (Figure 2.61). 
However, a large, middle-level high pressure center in southeastern 
Wyoming (Figure 2.60) may have partially inhibited the convection by 
producing a stable layer near 500 mb (Figure 2.61). 

Cloud 3 was located on the southern periphery of a thunderstorm 
which had developed southwest of Big Spring, TX. A photograph of the 
tower taken prior to the first pass (not shown) showed that the cloud was 
developing in a location relatively uncongested with other clouds and was 
sampled during the Initial stage of development. The orientation of the 
two passes through the cloud is shown in Figure 2.62. Approximately five 
minutes separated the passes but they appear to have occurred through 
nearly the same cloud region since echo motions for the area were 
identified from the radar at Midland as being toward the south-southeast 
at l O m s ' l 

Figure 2,63 shows the characteristics of the cloud during the first 
pass. Sampling occurred at an altitude of 6.2 km and a temperature 
between -6.8 and -105°C (Figure 2.63a), The first half of the cloud was 
characterized by a broad, intense updraft region (Figure 2.63a) in which 
the liquid water content reached 1.1 g m'^ (Figure 2.63b). The second half 
of the cloud possessed a strong downdraft (Figure 2.63a) and contained 
lower liquid water contents (00 -089 g m'^) than the updraft (Figure 

2.63b). 
Dropsize distribution Ul (Figure 2.63c), sampled within the updraft 

region (Figure 2.63a), shows a bimodal distribution having maxima at 6 
and 20 um. Particle Images at this time consisted primarily of zero-area 
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Flgure 2.59 Surface analysis for 8 August 1983 at 1500 GMT. The dashed 
line Indicates the location of the surface convergence zone. Solid 
lines are temperatures CF). Wind speeds are Incficated by a short bard 
representing 2.5 m s'̂  and a long bard representing 5 m s'^ 
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Figure 2.60 Streamline (solid) and absolute vorticity (dashed) analyses at 
the 500-mb level for 1200 GMT on 8 August 1983. 
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8 August 1983. 
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Images, although an ice particle -150 um in diameter and a water drop 
-80 um In diameter were sampled (ZAI, IP and WD, respectively, for Ul in 
Figure 2,63d). Both this dropsize distribution and the 2D-C Imagery are 
representative of the first half of the cloud and indicate that the 
coalescence process was active. However, the cloud appears to have been 
in an early stage of Its precipitation process since few precipitation-
sized particles were observed. The particles observed by the 2D-C probe 
were small and therefore were rising In the updraft. The presence of 
small water drops suggests that the warm rain process was active. 
However, riming appears to have occurred quickly in the plentiful supply 
of liquid water so that the origin of the Ice particles cannot be 
determined. The total droplet concentration of 409 cm"̂  contained 
droplets larger than 25 um in diameter in a concentration of 14 cm'-̂ . The 
concentration of droplets larger than 25 um exceeded 10 cm"̂  throughout 
the updraft region. However, the low concentration of graupel particles 
indicates that the Hallet-Mossop ice multiplication process was not 
active yet. 

Dropsize distribution Dl (Figure 2.63c), observed in the downdraft 
region (Figure 2.63a), also is bimodal but, in comparison to Ul, shows a 
reduced concentration of droplets larger than 20 um and an enhanced 
concentration of droplets smaller than 8 um. Once again, the particle 
images consisted primarily of zero-area images although the 
concentration of small ice particles showed an increase compared to the 
updraft region (ZAI and IP, respectively, for Dl in Figure 2.63d). The ice 
particles may have lowered the large-droplet concentration through 
riming. Several small drops also were observed at this time, but the 
largest image appears to be a recently frozen drop 300 um in diameter 
with two protrusions on its side, a result either of its freezing or of 
riming (SD and RFD, respectively, for Dl in Figure 2.63d). It is unlikely 
that the image is a plate since the particle was descending in a downdraft 
and plates form at temperatures warmer than -5°C (Fletcher, 1962). If 
the particle had formed below the -Ŝ C level, been carried upward and 
then laterally transfered to the downdraft, it would have passed through a 
region of high liquid water content and would not have been so lightly 
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rimed. Therefore, at least some of the graupel appears to have originated 
on frozen water drops. 

Characteristics of the cloud sampled during the second pass are 
shown In Figure 2,64. Sampling again occurred at an altitude near 6.2 km 
and a temperature between -6.4 and -8.0<̂ C (Figure 2.64a). Vertical 
motions within the cloud were not as organized as during the first pass 
but stil l contained a strong updraft region and a downdraft region (Figure 
2,64a), Liquid water concentrations reached 1,05 g m-̂  in the updraft and 
were again lower (-0,6 g m'̂ ) in the downdraft (Figure 2.64b). 

Dropsize distribution D2 (Figure 2.64c) was observed in a cloud region 
In which vertical motions were so weak that the vertical-velocity 
indicator showed no motion. The distribution is shown, however, since it 
is representative of the shape of other distributions in that cloud region 
and since the droplet concentration reached a maximum value at this time 
(657 cm'3). Particle images at this time showed several small water 
drops, one as large as 250 um (WD for D2 in Figure 2.64d). The warm rain 
process appears to have been active within this region of the cloud and 
may explain the Increased concentration of small droplets and the 
decreased concentration of droplets of 20-um diameter. If the 
coalescence process had been active, droplets of 20-um diameter would 
have collected smaller droplets and thus grown larger. The increase in 
droplet concentration at 30 um and the decrease in droplet concentration 
at 20 um in D2 would support this hypothesis. Young (1974) reported that 
when such an event occurs, water supersaturatlons rise because fewer 
drops are present to deplete the vapor supply through condensation. The 
increased supersaturatlons then allow additional condensation nuclei to 
become activated and the small-droplet concentration increases. 
Although this distribution was labeled as existing within a downdraft, it 
may well have been in a weak updraft region; however, it is difficult to 
determine the sign of the vertical motion within this portion of the cloud 
since reliable measurements of vertical velocity were not available. 

Dropsize distribution U2 (Figure 2.64c) was observed in a region of 
strong updraft (Figure 2,64a) and, compared to Ul (Figure 2.63c), shows a 
less dramatic increase in small droplets and decrease in large droplets 
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than does D2. The advancement of the warm rain process appears certain 
to have occurred between the passes and Is evident by the numerous large 
water drops observed In the 2D-C imagery in the updraft (examples near 
the time of U2 are shown as WD in Figure 2.64d). Also evident in the 2D-C 
Imagery are large graupel particles (LGP for U2 In Figure 2.64d). These 
particles, coupled with a concentration of 10 cm'̂  in U2 for droplets 
larger than 25 um between -5 and -8^0, provide direct verification of the 
ability of clouds In West Texas to meet the conditions required for the 
Hallet-Mossop ice multiplication process. In fact, these conditions 
existed over a 2-km span at the center of the cloud. 

The remainder of the pass was quite similar to the conditions 
discussed with respect to U2. The particle images continued to show a 
mixture of large graupel particles and large water drops (LGP and LWD, 
respectively, for D3 In Figure 2.64d) and the FSSP data showed a droplet 
distribution similar to U2 (see D3 in Figure 2.64c), The breakup of ice 
particles also was occurring In this cloud region (IPB for D3 in Figure 
2.64d) and shows that another ice multiplication process was occurring 
in addition to the Hallet-Mossop process. It appears that a combination 
both of the warm and the cold rain processes resulted in the rapid 
development of preclpltatlon-slzed particles during the 5 min between 
passes, but that the warm rain process was dominant. 

No further passes were made though cloud 3 because the radar 
onboard the aircraft indicated that the cloud had become too intense to 
sample safely. The tower appears to have been rapidly building and was 
sampled during the early portion of its lifetime. Condensation occurred 
on a continental aerosol distribution with a resulting concentration 
between 300 and 650 cm"̂  for droplets smaller than 30 um in diameter. 
The coalescence process was active throughout the sampling period and 
appears to have Initiated the precipitation process. The cold rain process 
became active soon thereafter but, at least In the early stage of 
development, the warm rain process was dominant. Ice particle breakup 
was shown to be an active ice multiplication mechanism while all of the 
conditions were simultaneously satisfied for the Hallet-Mossop process 
to occur. 
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2.2.7 Cloud 1 on 8 August 1983 
The first cloud sampled on 8 August 1983 developed -30 min before 

cloud 3. The passes associated with cloud 1 were located 35 km north-
northeast of cloud 3 (Figure 2.62) and placed this cloud further from the 
surface convergence zone In the area but closer to the thunderstorm with 
which both clouds were associated. 

Characteristics of the cloud during the first pass are shown in Figure 
2.65. Sampling occurred at an altitude of 6.25 km and a temperature 
between -9.8 and -11.9^C (Figure 2.65a). Apparently the cloud was well 
along In development when It was sampled since It contained only 
downdrafts (Figure 2.65a). Still, liquid water concentrations reached 
081 g m"3 within the cloud (Figure 2.65b). Dropsize distribution Dl 
(Figure 2.65c) was sampled In a region of the cloud where no vertical 
motions were Indicated (Figure 2.65a). The distribution is essentially 
unlmodal with the maximum occurring at 16 um. Condensation occurred 
on a continental aerosol distribution as evident from the droplet 
concentration of 318 cm"̂ . Particle Images at the time of Dl show 
primarily zero-area Images and a few Ice particles (ZAI and IP, 
respectively, for Dl In Figure 2.65d). 

Dropsize distribution D2 (Figure 2.65c) was sampled In a strong 
downdraft (Figure 2.65a). It appears similar in shape to Dl although the 
concentration of droplets larger than 20 um was less. Particle Images at 
the time of D2 show that many ice particles were falling through the 
region (IP for D2 In Figure 2.65d) and had removed the larger droplets by 
riming. Several of the Ice particles appear to be rimed dendrites (RD for 

D2 in Figure 2.65d). 
A different cloud was sampled during the second pass (Figure 2.62) 

and the corresponding cloud characteristics are shown in Figure 2.66. 
Sampling occurred near an altitude of 6.25 km between -9.1 and -11.7^C 
(Figure 2.66a). An updraft region was encountered shortly after the cloud 
was entered (Figure 2.66a) and contained liquid water concentrations in 
excess of 1 g m"̂  (Figure 2.66b). Dropsize distribution UI (Figure 2.66c) 
was sampled in the center of the updraft. Like Dl and D2 (Figure 2.65c), 
it was unlmodal and reflects condensation on a continental aerosol 
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Figure 2.65 Characteristics of cloud 1 on 8 August 1983 during pass 1: 
(a) temperature, altitude and vertical velocity indicator profiles, (b) 
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distribution (total droplet concentration of 319 cm"̂ ). Particle Images 
for this time show mostly zero-area Images and a few small particles 
(ZAI and SP, respectively, for Ul in Figure 2.66d). However, It is difficult 
to determine the phase of the particles since they are so small. 

Dropsize distribution D3 (Figure 2.66c) was sampled In a region where 
no vertical motions were Indicated (Figure 2.66c) and appears very 
similar to Ul. Particle Images reflect a transition from a region 
primarily of zero-area Images and a few graupel particles or other ice 
particles to a region dominated by streakers (ZAI, GP and S, respectively, 
for D3 In Figure 2.66d). The Ice particles In the particle Images for this 
pass were confined to the downdraft region between the times of Ul and 
D3. Dropsize distribution D4 (Figure 2.66c) was sampled In a region 
where streakers dominated the 2D-C Imagery (S for D4 in Figure 2.66d). 
Streakers are indications of an abundant supply of liquid water although 
the dropsize distributions for the region do not reflect this. In fact, the 
total droplet concentration of D4 was 260 cm'̂  and corresponds to a 
liquid water content of 0.69 g m"̂ . No streakers existed earlier in the 
pass when droplet distributions were similar in shape to D4 and droplet 
concentrations were greater. Therefore, there appears to be a 
considerable source of liquid water in the latter half of the cloud 
composed of droplets with sizes between the upper limits of the FSSP (30 
um) and the effective lower limit of the 2D-C (-75 um). 

The third pass likely occurred through the same cloud as pass 2 but in 
a nearly perpendicular heading (Figure 2.62). Characteristics of the pass 
are shown in Figure 2.67. Sampling occurred between altitudes of 6.1 and 
6.2 km where temperatures varied between -8.7 and -105°C (Figure 
2.67a). A comparison of photographs of the cloud taken prior to passes 2 
and 3 indicates that a significant weakening had occurred between the 
passes. Still, an updraft region was evident in the middle of pass 3 
(Figure 2.67a). Cloud liquid water concentrations occurred intermittently 
but remained greater than 1 g m'̂  in the updraft (Figure 2.67b). 

Dropsize distribution D5 (Figure 2.67c) was sampled in a downdraft 
region (Figure 2.67a). A comparison of D5 with D4 (Figure 2.66c) shows 
that the distributions are similar in shape but that droplets smaller than 
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20 um appear In lesser concentrations In D5. Perhaps the downdraft was 
unsaturated and these droplets had evaporated. Numerous graupel 
particles were observed at the time of D5 (GP for D5 in Figure 2.67d) and 
show that the development of preclpltatlon-slzed particles occurred 
quickly (~4 min) In the cloud. 

Dropsize distribution U2 (Figure 2.67c) was observed In a weak 
updraft (Figure 2.67a). It appears similar to D5 but contains a greater 
concentration of larger droplets. The Increased concentration of large 
droplets Is an Indication that coalescence was active In the cloud 
since graupel particles were also present (Figure 2.67d) and should 
scavenge the larger droplets when riming occurs. A small drop (100-150 
um In diameter) was also located In the updraft (WD for U2 in Figure 
2.67d) and may have resulted from coalescence. 

Condensation In this cloud occurred on a continental aerosol 
distribution. Although the coalescence process appears to be active, the 
cold rain process Is the dominant mechanism for the production of 
preclpltatlon-slzed particles In the cloud. Riming appears to remove 
droplets larger than -20 um In diameter. Further, It does not appear that 
either aggregate breakup or the Hallet-Mossop process were active ice 
multiplication mechanisms In the cloud. 

2.2.8 Conclusions 
Comprehensive reviews of the individual roles played by 

synoptic-scale and mesoscale processes In convective development are 
provided by Barnes and Newton (1986) and Schaef er etal. (1986), 
respectively. However, case studies such as Matthews (1983), Soloman 
(1983), Rat ley (1984), Scro (1984) and those presented here provide the 
desired Integration of the scales of processes as well as the 
identification of those processes which are dominant in the geographical 
region of Interest to this research. 

Matthews (1983) examined rawinsonde, radar, satellite and 
precipitation data from the 1979 Texas HIPLEX program and stratified 
precipitation events into classes distinguishable by size and organization 
of the convection. Four classes were Identified: Isolated cells, clusters. 
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lines and mesosynoptic events. The cluster category of Matthews 
corresponds to the types of systems included in the climatology described 
earlier. 

Matthews found that cluster events developed under conditionally 
unstable thermodynamic conditions where moisture was abundant. The 
mechanisms Initiating the convection, however, tended to be weak. Weak 
synoptic-scale frontal zones frequently forced convection by associated 
low-level moisture convergence. Upper tropospheric jet streaks also 
were found to be triggering mechanisms during the late spring, although a 
transition from a zone of divergence to a zone of convergence, or vice 
versa, usually occurred. During the summer, clusters often were observed 
to form under a relatively weak, upper-level ridge with mesoscale 
regions of convergence triggering the convection. Interactions between 
thunderstorm outflow boundaries and surface winds often produced the 
convergence. 

Upper-to-middle-level subsidence appeared to be the mechanism 
limiting the convective development to clusters. Subsidence averaged 2 
to 5 ub s"̂  but reached maximum values of 10 to 16 ub s'^ between 700 
and 200 mb. Moderately strong inversions were produced by the 
subsidence, although they tended to have large spatial variations even 
over mesoscale areas. The subsidence also tended to yield a dry middle 
layer (average relative humidity of 35% at 500 mb). 

The cases discussed In sections 2.2.2 through 2.2.7 support Matthew's 
findings. The combination of a weak surface trough and an approaching 
jet streak at 300 mb Initiated convection on 4 June 1979, as discussed in 
section 2.2.2. The convection on 8 August 1983 (sections 2.2.6 and 2.2.7) 
formed under a ridge and developed along or near a surface convergence 

zone. 
Data gathered during 1980 Texas HIPLEX were used by Solomon (1983) 

to examine the mesoscale structure of the atmosphere. Days were 
characterized according to convective development as described by the 
scheme reported by Pani and Haragan (1985). This scheme categorized 
precipitation events over the Texas HIPLEX raingage network according to 
the size and degree of organization of the convection as depicted by radar. 
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Four categories were identified: cells, small clusters, large clusters and 
nested clusters. Small clusters are the small, multiple-cell convective 
systems considered as the experimental unit. 

Solomon showed that atmospheric soundings alone taken in a 
mesoscale network were not adequate to determine the type of convection 
which would occur. However, several variables derived from soundings 
were found to be useful. The vertical profile of equivalent potential 
temperature (8^) frequently was valuable in determining the level of 
intensity and organization the convection could attain. The vertical 
profile of 8̂  tended to show lower values indicative of cooler, drier 
conditions on days when convection was limited to small clusters. The 
wind profile on these days was characterized by veering or weakly 
backing light winds below 600 mb and northwesterly, stronger flow above 
600 mb. Profiles of 8̂  presented in sections 2.2.2-2.2.4 are consistent 
with these findings. 

The moderate instability characteristic of the atmosphere in which 
small clusters develop (Matthews, 1983) was examined by Solomon 
through sounding-derived values of the Lifted Index (Ll) and the Potential 
Buoyant Energy (PBE) (Fritsch and Chappell, 1980). On small-cluster days, 
Ll averaged -3 and PBE averaged 1-2 J g" I Low-level moisture 
convergence was also found to be a useful variable to distinguish between 
the types of convection. However, large errors in the convergence 
estimates could result from small errors in the winds. This variable is 
therefore of limited value. Finally, the moisture content of the 
atmosphere, measured by the preclpltable water, was not a useful 
discriminator. However, the preclpltable water exceeded 130% of the 
climatological averages for the time of year in all cases studied by 

Solomon. 
The limited usefulness of preclpltable water as a discriminator for 

storm suitability was evident in the cases presented here. On 21 June 
1979, preclpltable water was measured at 1.21 in (130% of normal) and 
suitable clouds developed. However, on 21 July 1980, preclpltable water 
was measured at 1.56 in (137% of normal) and the clouds were not 
suitable. Perhaps the mechanism forcing the convection is more 
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Important since those triggered by stronger features (convergence, 
jet-streak dynamics, etc) contained large quantities of liquid water 
while those triggered by weak features (overrunning) did not produce the 
desired water concentrations. 

Ratley (1984) used 1980 Texas HIPLEX synoptic, rawinsonde, radar 
and microphyslcal data In an attempt to determine the active 
precipitation mechanisms in West Texas. This study demonstrates the 
Integration of data representative of processes active on several scales 
In order to develop a more complete understanding of the convective 
process. Although the Texas HIPLEX program was primarily concerned 
with Isolated and semi-Isolated towering cumulus or cumulus congestus 
clouds, some aircraft sampling did occur within turrets associated with 
small thunderstorms. Such cases presented an opportunity to examine 
several meteorological scales when convective systems like small 
clusters occurred. 

A six-step precipitation mechanism was Inferred from the 
microphyslcal data gathered during these cases (Ratley, 1984). The 
Initial step was the development of a droplet spectrum characteristic of 
clouds which develop in continental air masses. Growth of the droplets 
by condensation and coalescence followed. Some of the resulting drops 
then froze by contact nucleation after they were carried upward above the 
melting level. Riming then occurred either directly on the frozen drops or 
following some diffusional growth of the frozen drops. The fifth step 
involved the activation of some ice multiplication mechanism. The 
growth and subsequent melting of the ice particles resulted in 
precipitation. Which Ice-multlpllcatlon mechanism was dominant in step 
five, however, was not resolved. 

The work of Scro (1984) verified Ratley's initial conclusions about 
the active precipitation mechanisms in West Texas. Particle images from 
a 2-D cloud probe were added to the analyses of 1980 Texas HIPLEX 
synoptic, radar, rawinsonde and other microphyslcal data and provided 
direct evidence of the existence of several mechanisms. Analyses of the 
particle images provided both documentation of aggregate, crystal and 
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graupel particle breakup and stronger support for the existence of the 
Hallet-Mossop process. 

The analyses presented In this Investigation indicate that the 
precipitation mechanism described by Ratley and by Scro also exists 
within towers on the periphery of small, multiple-cell convective 
systems. Condensation occurs on a continental cloud-condensation-nuclei 
spectrum. However, the total drop concentration is near the lower limit 
of concentrations typically reported for distributions which formed in 
continental airmasses. Further, more larger drops existed In the 
distributions reported above than is typical for continental airmasses. A 
possible explanation for these differences may lie with the level in the 
cloud in which the distributions were sampled. Fletcher (1962) reported 
that dropsize distributions tend to contain larger drops and lower total 
drop concentrations higher In the cloud than near cloud base. Since 
sampling of the clouds discussed above occurred at the -\0K level, this 
is a possibility. 

A second possible explanation lies with the aerosol particles of the 
alrmass in which the distributions form. The case studies above, as well 
as those of Matthews, Ratley, Scro and Solomon, show that significant 
convection Is usually accompanied by southeasterly surface winds. These 
winds advect low-level moisture and aerosol particles from the Gulf of 
Mexico into West Texas. The maritime aerosol distribution would be 
altered as the alrmass travels over land. Further, winds aloft tend to be 
westerly In the late spring and early summer but become more easterly 
later in the summer. Therefore, the aerosol distribution over West Texas 
may contain a mixture of particles both from maritime and continental 
sources. The distribution would then be a hybrid of the continental and 
maritime distributions, displaying a mixture of the characteristics 
attributed to each distribution type. If such a distribution existed, its 
characteristics may be like those of continental distributions during the 
late spring and early summer and more like those of maritime 
distributions during the late summer. 

Following the development of a droplet size distribution by 
condensation, coalescence occurs and larger droplets are produced. 
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Frequently, coalescence can continue long enough for precipitation-sized 
particles to develop. The cold rain process initiates precipitation 
development at other times. Nevertheless, the cold rain process 
Inevitably dominates the precipitation process later In the cloud's 
lifetime. 

Several new pieces of information can now be added to the 
description of the precipitation process by the results discussed in 
sections 2.2.2-2.2.7. 

1. During the cold rain process, riming apparently removes droplets 
larger than 20 um from the droplet distribution. 

2. The entrainment and mixing which occur on the edges of clouds 
frequently produces downdrafts by cooling of the air from evaporation. 
This process typically occurs only In the few hundred meters nearest the 
cloud edge and removes droplets smaller than 16 um from the droplet 
distribution. However, if the air being entrained into the cloud is dry 
enough, the mixing will reach deep into the cloud and the entire droplet 
spectrum will be affected by evaporation. 

3. The conditions favorable for the Hallet-Mossop Ice multiplication 
mechanism were seen to exist In many of the studied clouds. The 
conditions could exist even In developing towers and may persist over 
broad regions within the cloud. 
The possibility of the existence of this mechanism along with the 
documentation of other Ice multiplication processes (aggregate and 
graupel breakup) makes It clear that a seeding method whose purpose Is 
to Increase the efficiency of the precipitation process through 
microphyslcal effects produced by small Increases In Ice particle 
concentrations would be futile. 

A comparison of dropsize distributions sampled In cloud 1 on 8 
August 1983 (Figures 2.65c, 2.66c and 2.67c) with those sampled in cloud 
3 on the same day (Figures 2.63c and 2.64c) shows remarkably different 
shapes. The combination of FSSP and 2D-C data indicate that the warm 
rain process was dominant In cloud 3 while the cold-rain process was 
dominant in cloud 1—much different conclusions for clouds separated in 
space by only 35 km and in time by just 30 min. This discrepancy may be 
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a result of the fact that sampling occurred during different portions of 
the Hfecycle of the towers. A second possible explanation involves 
mixing of parcels between clouds, a process generally considered to 
produce broad, bimodal distributions. It is obvious from photography that 
cloud 3 was developing in a much less congested location than cloud 1. 
Mixing between clouds could have affected the characteristics of cloud I 
but should have produced a broad dropsize distribution rather than a 
narrow one. Therefore, the explanation for these differences appears to 
be the first offered, 

A great deal remains to be learned before the precipitation 
mechanism in West Texas Is sufficiently well understood to be altered in 
a significant, verifiable manner. Unfortunately, the data needed for 
analyses which would further the knowledge of the precipitation process 
do not exist. To correctly identify an effective treatment scheme under 
such conditions would be fortuitous since it is evident that the processes 
active in these clouds are complex, even without their inevitable 
interactions. 

It would be Imprudent to spend the limited amount of available 
research funds on an exploratory seeding experiment which would only 
gather more of the same data. It is improbable that such an experiment 
could produce effects by anything other than chance. Rather, a series of 
experiments, the first of which is designed to acquire more Information 
about the dynamical and microphyslcal characteristics of small, 
multiple-cell convective systems, appears to be an approach more likely 
to produce significant effects. 

Nevertheless, it Is encouraging to see that clouds sampled during 
different months and even during different years have some similar 
characteristics. Examination of Figures 2.65c and d (8 August 1983) and 
Figures 2.46c and d (21 June 1980) shows a great deal of similarity 
between clouds. Our current knowledge allows us to select clouds which 
generally possess similar microphyslcal properties. Thus, a portion of 
the conceptual model which describes the stages leading to the 
development of precipitation can be developed. 



CHAPTER 111 
RADAR-RAINGAGE RELATIONSHIP 

3.1 Problem statement 

The efficacy of a rainfall enhancement program is typically evaluated 
in terms of changes in rainfall volume for individual storms and/or over a 
fixed area ( £ ^ Woodley and Sax, 1976). Of the methods available for 
estimating rainfall volume, the use of a dense network of recording 
raingages Is generally considered to be most accurate. The primary 
disadvantage of using raingages is the cost of operating such a network 
during a field project. SiIverman^LlL. (1981) estimated that storm 
rainfall volumes can be adequately measured using raingage networks 
having a density of 90-100 km^ per gage. Applying a density of 100 km^ 
per gage over the area used for the climatology of the experimental unit 
(see Section 2.1.1) would require the deployment of 707 raingages. 
Maintenance of such a network would require seven to ten people and, 
when costs for transportation of these people are included, it is quite 
reasonable to expect such an operation to cost at least $110,000 for a 
four-month period, 

A digitized weather radar, however, is usually available during 
rainfall enhancement programs conducted on convective systems since It 
is used to guide the seeding aircraft to potential seeding candidates. The 
capability of the digital radar to record radar reflectivities (Z) could be 
applied to estimating rainfall volume, if coupled with a relationship to 
predict rainfall rates (R) from these reflectivities ( Z-R relations). The 
radar would then serve a dual purpose, providing both guidance for the 
aircraft and rainfall volume estimates, 

Battan (1973) offered sixty-nine Z-R relations derived from data for 
various types of rainfall in widely scattered regions of the world. It Is 
evident from the profusion of equations that the Z-R relationship varies 
with the type of precipitation being measured and the geographic location 
of measurement. While Novia (1985) offered a Z-R relation derived for a 
single storm observed during Texas HIPLEX operations, Z-R relations have 
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relations have been seen to vary dally at a given location (Smith et al.. 
1975). Averaging the Z-R relationship over several days produces less 
accurate rainfall volumes storm by storm, but the errors tend to cancel 
each other when rainfall volume is averaged (or summed) over many 
storms ( £ ^ Smith et al.. 1975). The problem therefore Is twofold: (1) 
develop an average Z-R relationship, or set of relationships, for West 
Texas; and (2) select an equation, or set of equations, which may be used 
to estimate rainfall volumes for the area. 

A review of the methods used for developing Z-R relations was 
presented by Dovlak (1983). That study clearly demonstrated that the use 
of a Z-R relationship to estimate rainfall rates has limits to its accuracy. 
Dovlak reported that, given the definition of the radar reflectivity as the 
sum of the sixth power of the drop diameters per unit volume. It was 
possible to construct dropsize distributions which maintained Z constant 
but yielded rainfall rates which varied by as much as a factor of four. 
Other factors contributing to errors in the rainfall rate Include vertical 
air motions changing the vertical rainwater flux. Incomplete beam filling, 
attenuation of the radar beam through wetted radomes, evaporation, beam 
blockage, brightbands, rainfall rate gradients (Dovlak, 1983) and 
horizontal transport of the rainfall. These errors are compounded by 
sampling errors, as demonstrated by Novia (1985). Nonetheless, as Dovlak 
(1983) stated, "Although radar techniques have practical limitations and 
the accuracy of radar In rainfall rate estimation is highly suspect, it has 
the advantage of remotely surveying vast areas and making millions of 
measurements in minutes." 

The problems of evaporation and transport of the rainfall below cloud 
base may be particularly important in West Texas, where a relatively dry 
atmosphere often produces high cloud bases. Presumably, the high bases 
allow a longer period of time for the subcloud winds to act than might 
occur In a molster environment with lower cloud bases. Simultaneously, 
the rainfall rate Is lowered as water evaporates while the drops fall 
through an unsaturated environment. While averaging radar reflectivities 
over space may eliminate some of the advection errors, and placing a 
lower limit on the reflectivities producing rainfall itg. Silverman £ i ^ . , 
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1981) may eliminate some of the evaporation errors, more physically 
realistic methods of handling these problems need to be investigated. 

The resultant problem then becomes: 

1, develop an average Z-R relationship, or set of relationships, for 
West Texas, accounting both for evaporation and for transport of the 
rainfall below cloud base; 

2, determine If subcloud evaporation and advection play significant 
roles In the Z-R relationship and in storm rainfall volume estimation; and 

3, select a Z-R relation, or set of relations, which may be used to 
estimate rainfall volumes In West Texas, 

3.2 Subcloud transport of rainfall 

The use of a digitized weather radar and a Z-R relation to estimate 
rainfall volumes requires a large number of computations when the 
spatial resolution typical of radars used in atmospheric research is 
coupled with storm durations on the order of several hours, as often 
occurs with the experimental unit, A method is desired therefore which 
is as simple as possible and requires as few special pieces of Information 
as possible. 

Computation of drop trajectories is the proper way to account for the 
subcloud transport of rainfall; however, that technique requires vertical 
profiles of the wind under the cloud. The need for these wind profiles 
clearly opposes the desire for simplicity In the method. In this study, a 
single vector, representative of the vertical profile of the wind, was 
used. The level of this wind measurement was selected as 850 mb since 
low-level radar data were used and since surface station pressures In the 
region typically are near 900 mb. The sounding taken at Big Spring, TX 
closest In time to the beginning of the rainfall event was used to obtain 
wind information. When these data were not available, the standard 
synoptic sounding taken at Midland, TX closest in time to the beginning of 
the rainfall event was used. Although the sounding information at Big 
Spring, as part of the Texas HIPLEX mesoscale program. Is not a typical 
piece of meteorological data. It was used since weather modification 
research programs often have at least one sounding station operating on a 
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time resolution much finer than the 12-h synoptic sounding network. The 
secondary use of the synoptic data from Midland Incorporated no special 
information. 

3.3 Subcloud evaporation of rainfall 

Attempts to model evaporation of raindrops usually do so drop by 
drop. Due to the large number of calculations required for radar 
estimation of rainfall volumes, and since dropsize distributions are not 
known at cloud base, as required for that type of modelling, such a method 
Is not possible here. Furthermore, although drop Interaction 
(Brazier-Smith et al . 1973) and drop breakup (Borchers et al.. 1981) 
affect rainfall estimation by radar, modelling of these processes is again 
impractical given the constraints of the Information available and of the 
desire for simplicity in the estimation method. Therefore, a bulk form of 
computing the effects of evaporation was sought. 

Such a method was proposed by Best (1952). Basing his approach on 
molecular diffusion. Best formulated an equation which allowed for the 
diffusion of water vapor by eddies induced as the raindrops fell through a 
fluid atmosphere. By assuming a profile both of temperature (constant 
lapse rate) and of relative humidity (vertically constant), an equation was 
developed In that study which related the change in drop cross-sectional 
area to relative humidity and height of fall of the drops. This empirical 
equation was fitted by Best to computed evaporation data over the range 
of drop diameters from 0.15 mm to 2.5 mm so that, for a given set of 
environmental conditions, the change In cross-sectional area of a drop is 
constant with time and is equivalent to the change in cross-sectional 
area averaged over that range of diameters. After making assumptions 
about dropsize distribution, drop fall speed and elapsed time, it is 
possible to express Best's equation In terms of rainfall depths. 

The adapted method was tested by assuming a rainfall depth at the 
ground and determining the rainfall depth at cloud base given the height 
of the cloud base and the temperature profile and relative humidity of the 
subcloud atmosphere. Initially, the distribution of drop sizes was 
assumed to be monodisperse and terminal fall speeds were assumed to be 
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those reported by Gunn and Kinzer (1949). The sensitivity of the 
calculations to atmospheric temperature profile, drop concentration and 
drop fall speed was then Investigated. 

Table 3.1 shows an example of the results from the evaporation 
calculations In the two tested atmospheric profiles. The value for drop 
concentration was selected as 1000 m"̂  to correspond to reported typical 
preclpltatlon-slzed particle concentrations. Environmental parameters 
(relative humidity of 50% and cloud-base height of 5000 ft AGL) and 
rainfall rate at the ground (2.54 cm h"̂ ) are representative of conditions 
in West Texas. First, It should be noted that the results appear 
reasonable. In fact, the method produces results which appear plausible 
over a wide range of conditions. Of the two temperature profiles tested, 
more evaporation occurs in the summer tropical atmosphere (surface 
pressure of 1013.2 mb, surface temperature of 41°C and lapse rate of 
6.5°C km"̂  up to 11 km) than in the International Civil Aeronautical 
Organization (ICAO) standard atmosphere (surface pressure of 1013.2 mb, 
surface temperature of 15°C and lapse rate of 6.5̂ C km~̂  up to 11 km). 
The summer tropical atmosphere better approximates the summer 
atmosphere in West Texas. 

Table 3.2 shows the sensitivity of the calculations to drop 
concentrations, with environmental parameters again selected to 
simulate conditions In West Texas. Naturally, higher drop concentrations 
yield smaller drops for the same amount of rain on the ground. However, 
the relationship between drop size, concentration and fall speed to 
rainfall depth makes It difficult to Isolate the effect on the evaporation 
calculations of one parameter alone. A balance between the drop 
parameters must be maintained for plausible results. For example, 
increasing drop fall speed from 4.64 m s"̂  to 5.65 m s'̂  requires a 
decrease In drop concentration from 3000 m"̂  to 1000 m''̂  if drop 
diameters are matched with drop fall speeds as in Gunn and Kinzer 
(1949), and rainfall depth at the ground is held constant (Table 3.3). If 
the balancing of these drop parameters is Ignored, results which oppose 
physical laws may occur. In Table 3.3, holding constant both the drop 
concentration (1000 m-̂ ) and the 15-minute rainfall depth at the ground 
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Table 3.1. Evaporation calculations assuming a monodisperse distribution 

with a concentration of 1000 m"'', a drop fall speed of 5.17 m s'\ a 
cloud base height of 5000 ft AGL and a relative humidity of 50%. 

Drop diameter (mm) 15-m1nute rain depth (cm) 
Atmosphere Base Ground Base Ground 

Summer tropical 1.90 1.38 1.68 0.64 

ICAO 1.67 1.38 1.14 0.64 

Table 3.2. Evaporation calculations assuming a monodisperse distribution 
In the summer tropical atmosphere with a drop fall speed of 5.17 m 
s-\ a cloud base height of 5000 ft AGL and a relative humidity of 50%. 

Drop diameter (mm) 15-m1n rain depth (cm) 
Concentration (m'^) Base Ground Base Ground 

500 

3000 

2,17 

1,62 

1.73 

0.96 

1.25 

3.10 

064 

064 

Table 3,3, Evaporation calculations assuming a monodisperse distribution 
in the summer tropical atmosphere, a cloud base height of 5000 ft 
AGL and a relative humidity of 50%. 

Fall speed Drop diameter (mm) 15-min rain depth (cm) Cone 
(ms'^) Base Ground Base Ground (m''̂ ) 

4.64 1.64 1.00 2.90 064 3000 

5.65 1.87 1.34 1.73 0.64 1000 

6.90 1.81 1.26 1.93 064 1000 
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(064 cm) at reasonable values while Increasing the drop fall speed from 
5.65 m s"̂  to 6.90 m s"̂  results in drops averaging approximately 1.5 mm 
in diameter falling at 6.90 m s'^ Not only does this combination of drop 
size and fall speed disagree with the data reported by Gunn and Kinzer 
(1949), but also, the results show smaller drops falling faster than larger 
drops. Clearly, special care must be given to matching drop size, fall 
speed and concentration. 

Tables 3,4 and 3.5 show the sensitivity of the calculations to 
environmental parameters. In Table 3.4, all parameters are held constant 
at moderate values, except for relative humidity in the subcloud layer, 
which is varied from 45% to 90% to span the range of probable values. As 
expected, when compared to a moist environment, the drier atmosphere 
requires a larger drop at cloud base to produce the same sized drop at the 
ground. What is surprising is how sensitive the evaporation calculations 
are to this parameter. Doubling the subcloud relative humidity from 45% 
to 90% decreases the required rainfall depth at cloud base by a factor of 
2.32 (Table 3.4). Even the height of cloud base (Table 3.5) is not as 
Important as relative humidity—doubling the cloud-base height from 
5000 ft AGL to 10000 ft AGL increases rainfall depth at cloud base by 
only a factor of 1.60. 

From the sensitivity analysis thus far, it is possible to identify two 
important features. First, subcloud relative humidity appears to be the 
parameter to which the calculations are most sensitive. Second, a 
careful matching of drop diameter, fall speed and concentration is 
important to maintain realism. 

Up to this point, all calculations assume a monodisperse distribution 
for the precipitation particles. To test the effect of this assumption 
upon the calculations, the use of a non-uniform distribution needs to be 
examined. Since measurements of the dropsize distribution at cloud base 
do not exist for the region, a Marshall-Palmer distribution (Marshall and 
Palmer, 1948) is assumed for the sensitivity calculations. 
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Table 3.4. Evaporation calculations assuming a monodisperse distribution 
In the summer tropical atmosphere with a drop concentration of 1000 
m--̂ , a cloud base height of 5000 ft AGL and a drop fall speed of 5 65 
ms"V 

Relative Drop diameter (mm) 15-m1nute rain depth (cm) 
humidity (%) Base Ground Base Ground 

45 1.90 1.34 1.83 064 

50 1,87 1,34 1.73 0,64 

90 1.44 1,34 079 0.64 

Table 3.5. Evaporation calculations assuming a monodisperse distribution 
in the summer tropical atmosphere with a drop concentration of 1000 
m"2, a drop fall speed of 5.65 m s'̂  and a relative humidity of 50%. 

Cloud base 
height (ft AGL) 

5000 

10000 

Drop diameter (mm) 
Base Ground 

1.87 

2.18 

1.34 

1.34 

15-m1nute rain depth (cm) 
Base Ground 

1.73 

2.77 

064 

064 
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The results of the evaporation calculations using a Marshall-Palmer 

distribution with A=15 (rainfall rate=120 mm h"̂ ) are shown in Table 3.6 
for drop diameters between 01 and 3.64 mm, All drops with diameters 1,2 
mm and less evaporate In the environment. While these small drops are 
more numerous than the larger drops, they were relatively unimportant 
both to the rainfall rate (contributing 10%) and to the radar reflectivity 
(contributing 1%) at cloud base. Assuming the computed rainfall rate at the 
ground of 16 mm h"̂  when given the Marshall-Palmer distribution (Table 
3,6) and applying that rate for 15 minutes produces a rain depth at the 
ground of 0,394 cm. Now assuming the environmental parameters used in 
Table 3,6 and a monodisperse distribution of 2 mm diameter drops at the 
ground with a fall speed of 6.49 m s'' and a rainfall depth of 0.394 cm at 
the ground, the estimate of rainfall depth at cloud base is 2.02 cm. This 
value compares well with the 2.57 cm rainfall depth resulting from the 
assumption of the Marshal I-Palmer distribution in Table 3.6. If any bias 
results from the assumption of a monodisperse distribution relative to the 
Marshall-Palmer distribution, it is toward the conservative side il^ it 
underestimates evaporation losses). 

From the results of the sensitivity calculations involving dropsize 
distribution, it was concluded that the assumption of a monodisperse 
distribution was satisfactory and would simplify computations greatly. 
The question then became: what size drop (or conversely, what drop 
concentration) should be assumed? 

Computations over a range of rainfall depths were performed for seven 
drop diameters to determine what concentration of drops would be required 
to produce that rainfall depth in 15 min. The intention during the 
calculations was to have drop concentrations of a few per liter, in keeping 
with reported concentrations of precipitation-sized particles in 
continental clouds (Mason, 1971). The drop diameter, and the corresponding 
fall velocity, used for the monodisperse distribution then became a 
function of rainfall rate, with the resulting assumptions shown in Table 
3.7, 

The model for evaporation, adapted from Best (1952), was therefore 
accepted. For the development of the Z-R relations. Input to the model 
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Table 3.6. Evaporation calculations assuming a Marshall-Palmer 
distribution, N(D)=NAe-i5'̂ ^ for the summer tropical atmosphere, a 
cloud base height of̂ SOOO f t AGL and a relative humidity of 50^ using 
Gunn and Kinzer (1949) fall speeds. 

)ropili«mter (mm^ 
B«M 

0.10 
0.20 
3.30 
0.40 
0.50 

0.60 
0.70 
0.80 
0.90 
1.00 

1.20 
;.26 
' 4 1 
I 46 
1 64 

1 83 
2.C5 
2.29 
2.41 
2.67 

2.95 
l.\l 
3.38 
3.64 

Ground 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.28 
0.39 
0.47 
0.73 

0.94 
1.16 
1.38 
1.48 
1.71 

1.94 
2.08 
2.29 
2.49 

Totals 

CoiwoMratlon 
tm-5) 

ton 
593 
SIC 
439 
378 

352 
280 
241 
207 
267 

225 
104 
58 
98 

130 

103 
35 
46 
41 
39 

22 
16 
13 
8 

aoinfall ratoCmfflh*') 
Bno 

0.003 
0.020 
0.070 
0.165 
0.310 

0.546 
0.745 
1.023 
1.327 
2.476 

3.949 
2.829 
1.790 
3.417 
6.809 

7.918 
9.722 
7.752 
8.261 

11 248 

8.995 
3.049 
8.558 
6.826 

102.309 

Ground 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
o.on 
0.020 
0.065 
0.401 

0.769 
1.325 
1.317 
1.499 
2.365 

2.075 
1.926 
2.191 
1.807 

15.769 

• MI«etiviti|(flMii^m'') 
Bdto 

0.001 
0.038 
0.372 
1.798 
5.906 

16.423 
32.942 
63.177 

110.008 
266.999 

671 842 
658.060 
455.764 
949.163 

2529 327 

3868.496 
6303.715 
6633.906 
3033.148 

14129.625 

14499 508 
15044.750 
19383.973 
18607.914 

112271.75 
51082 

Ground 

0.000 
0.000 
0.000 
0.000 
0.000 

-0J»O 
0.000 
0.000 
0.000 
0.000 

0.000 
0.050 
0.204 
1.056 

19.673 

71.056 
207.093 
317 709 
430.875 
975.078 

117^31? 
1295.682 
1874800 
1906.710 

8272.80 
39062 

Table 3.7. Drop diameter (mm) and Gunn and Kinzer (1949) fall speeds (m 
s" )̂ assumed for the monodisperse distribution used in evaporation 
calculations, as a function of rainfall rate (mm h"̂ ). 

Rainfall 
rate (mm h~̂ ) 

R < 2.54 

2.54 < R < 8.89 

8.89 < R <25.40 

25.40 < R <5O80 

5080 < R <76.20 

76.201 R<101.60 

101.60 <R 

Drop 
diameter (mm) 

050 

075 

1.00 

1.25 

1.50 

1.75 

2.00 

Fall 
speed (m s" 

2.06 

3.10 

4.03 

4.70 

5.40 

6.00 

6.49 

Concentration 
^) (m-3) 

N < 5233 

1030 < N < 3606 

1170< N<3344 

14681 N<2926 

14791 N<2218 

12571 N< 1676 

10381 N 
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became the measured 15-m1n rainfall depth at the ground for a raingage, 
the relative humidity of the atmosphere as observed at 850 mb from the 
sounding used In the advection calculation and the radar beam height 
computed from Its tilt angle and the range of the raingage. Output was the 
15-m1n rainfall depth at the height of the radar beam. When rainfall 
volume calculations were performed, after development of the Z-R 
relations, input remained the same as above, except for use of the radar-
estimated 15-m1n rainfall depth at cloud base. Output then became the 
15-m1n rainfall depth at the ground. 

3.4 Data 

From 1977 through 1980, the first phase of Texas HIPLEX was 
conducted In the vicinity of Big Spring, TX. During the 1979 and 1980 field 
projects, an SWR-75 digitized weather radar was operated. 
Characteristics of the radar and its operation were described by Schroeder 
and Klazura (1978). As part of the data-gathering system, 106 
weighing-bucket raingages were operated from April through September, 
with the data being digitized to 15-minute values. The data used for this 
investigation consist of these 15-minute raingage values and simultaneous, 
base-level (1° elevation) radar reflectivities obtained from the SWR-75. 

A total of thirty-nine storm systems produced simultaneous data from 
both the radar and the raingage network. The systems ranged in scale from 
isolated cells to meso- and synoptic-scale events. Of the thirty-nine 
storms, twenty-six were identified in total or in part as not having been 
seeded either by the Texas HIPLEX program or by the operational rainfall 
enhancement program conducted simultaneously by the Colorado River 
Municipal Water District (CRMWD). Radar data were accessible for 
twenty-one of the twenty-six storms. 

The SWR-75 was operated in a volume-scan mode which required 
approximately 10 min to complete; base-level reflectivity information 
was therefore available at approximately 10-min intervals. Matching this 
temporal data spacing with the 15-min raingage values resulted in some 
15-min raingage periods having one base-level scan, while others contained 
two. For the purpose of consistency, when two base-level scans occurred 
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within a 15-min raingage period, a linear interpolation of Z was made to 
the mid-point of the period and the resultant value used to match the 
raingage measurement. 

Only non-zero raingage values were considered. Six measurements of 
the radar reflectivity factor were selected for examination: 

1. the mean of all reflectivities for bins within 5 km of a raingage 
(ALLS); 

2. the mean of all reflectivities for bins above the noise level and 
within 5 km of a raingage (ABV5); 

3. the mean of all reflectivities for bins within 2 km of a raingage 
(ALL2); 

4 the mean of all reflectivities for bins above the noise level and 
within 2 km of a raingage (ABV2); 

5. the mean of all reflectivities for the four bins closest to the 
raingage (NEAR4); and 

6. the reflectivity for the bin containing the raingage (NEAR). 
The choice of radar parameter is a balance between two factors. First, as 
stated by Smith et al. (1975), averaging radar reflectivities over space 
tends to compress the frequency distribution of reflectivities toward the 
mean. In doing so, the high reflectivities often seen in convective storms 
and believed associated with the heaviest rainfall are reduced in value. 
Similarly, the low reflectivities are Increased in value. The derived Z-R 
relationship is thus changed from the true Z-R relationship and possesses a 
lower exponent, b. It seems, however, that some spatial averaging of the 
reflectivities may be desirable as a safeguard against the advection 
process. Including more reflectivities in the radar parameter than just the 
one above a raingage increases the chances of including the reflectivity of 
the region from which the measured rainfall originated. The six radar 
parameters listed above are attempts to investigate these factors. 

Table 5.3 summarizes the data used for this study. A total of 569 
points, each consisting of one radar reflectivity factor and one 15-min 
raingage value, were available for development of the Z-R relation. For the 
data not allowing for advection, reflectivity values ranged from -10 dBZ to 
48 dBZ and averaged 33 dBZ (the averaging was performed over Z). For the 



Table 3.8. Summary statistics for the radar and raingage data used to 
develop the Z-R relations. 
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Radar data without transport of rainfall 

, MMn S Minimum Maximum 
Variation N (mm^m'-^) (d6Z) (mm^rn"^) (mm^m"^) (dBZ) (mm^m^^) (dBZ) 

ALLS 523 1902 32.8 

ABV5 523 1951 32.9 

ALL2 493 2150 33.3 

ABV2 493 2151 33.3 

NEAR4 442 2042 33.1 

NEAR 442 2042 33.1 

4670 

4782 

6203 

6204 

6188 

6188 

0.11 -9.6 41687 46.2 

0.16 -8.0 42658 46.3 

0.10 -10.0 56234 47.5 

0,13 -8,9 56234 47,5 

0,13 -8.9 47863 46,8 

0,13 -8.9 47863 46.8 

Radar data with transport of rginfgll 

Mran S Minimum Maximum 
Variation N (mm^m'^) (dBZ) (mm^m'^) (mm^m'^) (dBZ) (mm^m"^) (dBZ) 

ALLS 519 1820 32.6 

ABV5 519 1870 32.7 

ALL2 490 2144 33.3 

ABV2 490 2146 33.3 

NEAR4 448 2307 33.6 

NEAR 448 2307 33.6 

4437 

4598 

6000 

6003 

7826 

7826 

0.12 

0.15 

0.11 

0.14 

0.13 

0.13 

-9.2 

-8.2 

-9.6 

-8.5 

-8.9 

-8.9 

37154 

38904 

52481 

52481 

79433 

79433 

45,7 

45,9 

47.2 

47.2 

49.0 

49.0 

Variable N 

RAIN 569 

Rainfall rate at radar beam heioht 

REVAP 569 

Mean 
(mmh'M 

10 

25 

S 
(mmh"^) 

14 

25 

Minimum 
(mmh"^) 

1.02 

1.02 

Maximum 
(mmh'O 

96 

145 
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data accounting for advection, reflectivity values ranged from -10 dBZ to 
49 dBZ and averaged 34 dBZ. Rainfall rates, unadjusted for evaporation 
(RAIN) ranged from 1.02 mm h-̂  to 96 mm h"̂  and averaged 10 mm h"̂  
while those adjusted for evaporation (REVAP) ranged from 1.02 mm h"̂  to 
145 mm h'̂  and averaged 25 mm h'V 

An investigation into the effect of storm scale and degree of 
organization on the Z-R relation was also undertaken. Stratification of 
storm systems was accomplished using the scheme described by Pani and 
Haragan (1985). Of the twenty-one storms with usable data, one was 
Identified as a cell (a single reflectivity maximum), eight were Identified 
as small clusters (multiple reflectivity maxima with horizontal 
dimensions less than approximately 100 km), seven were identified as 
large clusters (multiple reflectivity maxima with horizontal dimensions 
greater than approximately 100 km) and five were identified as nested 
clusters (multiple reflectivity maxima and large-scale organization). 
Summaries of the data, by storm class, are presented in Tables 3.9 
through 3.12. 

Radar reflectivities Increased toward larger, more organized storms, 
but only up to a point. The most organized storms, nested clusters, 
showed average reflectivities (Table 3.12) between those of cells (Table 
3.9) and small clusters (Table 3.10). The maximum reflectivities in 
nested clusters (Table 3.12), however, fell between those of small (Table 
3.10) and large (Table 3.11) clusters. Since nested clusters are composed 
of small and large clusters organized on a large scale, these results 
indicate that the organization of the storms does not affect radar 
reflectivities. Rainfall rates, however, showed a steady Increase with 
storm size and organization. Thus, the efficiency of the precipitation 
process appears to be affected by storm size and organization, with 
efficiency increasing with storm size and organization. Finally, It should 
be noted that there were relatively few points from which to develop the 
Z-R relations for small clusters (between 49 and 58 points) and cells (6 
points). 
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Table 3.9. Summary statistics for the radar and raingage data used to 

develop the Z-R relations for cells. 

Radar data without transport of rainfall 

Variation 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variation 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

RAIN 

REVAP 

Mean 
N (mm6m-3)(dBZ) 

6 

6 

6 

6 

6 

6 

760 

762 

419 

419 

326 

326 

28.8 

28.8 

26.2 

26.2 

25.1 

25.1 

S 
(mm^m"^) 

1180 

1178 

546 

546 

443 

443 

Minimum 
(mm^m-3)(dBZ) 

5.12 

10.23 

2.34 

4.07 

1.26 

1.26 

Radar data with transDort of rainfall 

Mean 
N (mm^m"^ 

6 

6 

6 

6 

6 

6 

N 

6 

6 

747 

762 

411 

411 

820 

820 

) (dBZ) 

28.7 

28.8 

26.1 

26.1 

29.1 

29.1 

S 
(mm^m"^) 

1153 

1179 

534 

533 

1472 

1472 

(mm^m"^ 

5.13 

10.23 

2.29 

4.07 

0.40 

0.40 

Rflinfall rate at radar beam heioht 

Mean 
(mmh"^) 

2 

5 

s , 
(mmh" ' ) 

2 

3 

7.1 

10.1 

3.6 

6.1 

1.1 

1.1 

turn 
)(dBZ) 

7.1 

10.1 

3.6 

6.1 

-4 .0 

-4 .0 

Minimum 
(mmh'^) 

1.01 

3.05 

Maximum 
(mm^m-^) (dBZ) 

3090 

3090 

1380 

1380 

1023 

1023 

34.9 

34.9 

31.4 

31.4 

30.1 

30.1 

Maximum 
(mm^m-^) (dBZ) 

3020 

3090 

1349 

1349 

3715 

3715 

34.8 

34.9 

31.3 

31.3 

35.7 

35.7 

Maximum 
(mmh'^) 

6 

10 
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Table 3.10 Summary statistics for the radar and rainqaqe data used to 

develop the Z-R relations for small clusters. 

NEAR 

Radar data without transport of rainfall 

MwQ S Minimum Maximum 
N (mm^m-^) (dBZ) (mm^m"^) (mm^m'^) (dBZ) (mm^m'^) (dBZ) Variable 

ALLS 

ABV5 

ALL2 

ABV2 

N 

56 

56 

51 

51 

(mm^m"'̂ ] 

1829 

1922 

2830 

2830 

• (dBZ) 

32.6 

32.8 

34.5 

34.5 

(mm°m" 

2658 

2880 

6365 

6365 

NEAR4 49 3051 34.8 

49 3051 34.8 

7075 

7075 

0.12 -9.2 11220 40.5 

0.39 -4.1 

0.30 -5.2 

11220 40.5 

38019 45.8 

0.35 -4.6 38019 45.8 

0.15 -8.2 31623 45.0 

0.15 -8.2 31623 45.0 

Radar data with transport of rainfall 

Variable 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

RAIN 

REVAP 

N 

54 

54 

51 

51 

49 

49 

N 

58 

58 

Meaq 
(mm^m"" 

1716 

1829 

2459 

2459 

2951 

2951 

*) (dBZ) 

32.3 

32.6 

33.9 

33.9 

34.7 

34.7 

S 
(mm^m"'') 

2754 

2941 

5212 

5211 

7024 

7024 

Minimum 
(mm6m-3)(dBZ) 

0.12 

0.39 

0.21 

0.21 

0.15 

0.15 

Rainfall rate at radar beam heioht 

Mean 
(mmh"^) 

7 

14 

S 
(mmh'^) 

14 

16 

-9.2 

-4.1 

-6.8 

-6.8 

-8,2 

-8.2 

Minimum 
(mm h"̂ ) 

1.02 

2.03 

Maximum 
(mm^m-^) (dBZ) 

12589 

12882 

28184 

28183 

31623 

31623 

41.0 

41.1 

44.5 

44.5 

45.0 

45.0 

Maximum 
(mm h'^) 

81 

89 
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Table 3.11. Summary statistics for the radar and raingage data used to 

develop the Z-R relations for large clusters. 

Radar data without transport of rainfall 

Variable 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

RAIN 

REVAP 

Mean 
N (mm^m~2] 

195 

195 

187 

187 

170 

170 

N ( 

195 

195 

187 

187 

173 

173 

1 N 

201 

201 

3176 

3296 

2847 

2848 

2545 

2545 

XdBZ) 

35.0 

35.2 

34.5 

34.5 

34.1 

34.1 

S 
(mm^m"^) 

6809 

6960 

7965 

7965 

7043 

7043 

Minimum 
(mm6m-3)(dBZ) 

0.11 

0.28 

0.19 

0.22 

0.13 

0.13 

R ^ data with transport of rainfall 

Mean 
mm^ m"̂  

2997 

3123 

2968 

2974 

3260 

3260 

1 

) (dBZ) 

34.8 

34.9 

34.7 

34.7 

35.1 

35.1 

S 
(mm^m"^) 

6376 

6619 

7786 

7790 

10361 

10361 

Minlff 
(mm^m"^ 

0.12 

0.28 

0.12 

0.20 

0.13 

0.13 

Rainfall rate at radar beam heioht 

Mean 
(mmh"^) 

9 

24 

S 
(mmh'^) 

11 

25 

-9.6 

-5.5 

-7.2 

-6.6 

-8.9 

-8.9 

mm 
) (dBZ) 

-9.2 

-5.5 

-9.2 

-7.0 

-8.9 

-8.9 

Minimum 
(mmh"^) 

1.02 

1.02 

Maximum 
(mm^m-^) (dBZ) 

41687 

42658 

56234 

56234 

47863 

47863 

46.2 

46.3 

47.5 

47.5 

46.8 

46.8 

Maximum 
(mm^m-^) (dBZ) 

37154 

38905 

52481 

52481 

79433 

79433 

45.7 

45.9 

47.2 

47.2 

49.0 

49.0 

Maximum 
(mmh'M 

53 

129 



Table 3.12. Surnrnary statistics for the radar and ratnqaqe data used to 
develop the Z-R relations for nested clusters. ^ ^ 
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Variable 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

ALLS 

ABV5 

ALL2 

ABV2 

NEAR4 

NEAR 

Variable 

RAIN 

REVAP 

N (i 

266 

266 

249 

249 

217 

217 

N (i 

264 

264 

246 

246 

220 

220 

N 

304 

304 

M8»l 
mm°m"'5) (dBZ) 

1010 

997 

1529 

1529 

1467 

1467 

30.0 

30.0 

31.8 

31.8 

31.7 

31.7 

S 
(mm^m"^) 

2346 

2358 

4435 

4435 

5233 

5233 

Minimum 
(mm^m"3) ((©z) 

0.12 

0.16 

0.10 

0.13 

0.16 

0.16 

Radar data with transport of rainfall 

Mean 
Tim6m^)(dBZ) 

997 

979 

1494 

1494 

1455 

1455 

30.0 

29.9 

31.7 

31.7 

31.6 

31.6 

S 
(mm^m'^) 

2346 

2357 

4388 

4389 

5315 

5315 

-9.2 

-8.0 

-10.0 

-8.9 

-8.0 

-8.0 

Minimum 
(mm^m-^XdBZ) 

0.12 

0.15 

0.11 

0.14 

0.16 

0.16 

Rainfall rate at radar beam heioht 

Mean 
(mm h'̂ ) 

i 

12 

29 

S 
(mmh"^) 

15 

25 

-9.2 

-8.2 

-9.6 

-8.5 

-8.0 

-8.0 

Minimum 
(mmh"^) 

1.02 

2.03 

Maximum 
(mm^m-^) (dBZ) 

21380 

21380 

28840 

28840 

39811 

39811 

43.3 

43.3 

44.6 

44.6 

46.0 

46.0 

Maximum 
(mm^m"'̂ ) (dBZ) 

21380 

31380 

29512 

29512 

39811 

39811 

43.3 

43.3 

44.7 

44.7 

46.0 

46.0 

Maximum 
(mmh"^) 

96 

145 
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15 Results 

Selection of the radar parameter which would be used In development 
of the Z-R relations was addressed first. Z-R relations were derived by 
least-squares methods for two cases, a small cluster observed on 26 June 
1979 and a large cluster observed on 15 May 1980 The Initial 
regressions were performed using ln(Z) as the dependent variable and 
ln(R) as the independent variable, attempting to fit an equation of the 
form ln(Z) = ln(a) + b ln(R). An equation of the form Z = a R*̂  was then 
fitted by a nonlinear regression using the estimates of ln(a) and b as the 
initialization for the procedure. All statistical procedures referred to 
here were performed using the Statistical Analysis System (SAS 
Institute, 1982). 

For both storms, the data were adjusted both for evaporation and for 
transport of rainfall below cloud base. The estimates of a and b produced 
from the linear regression were in all cases Identical to those produced 
from the nonlinear regression. Table 3.13 shows these estimates for both 
storms, as a function of radar parameter. Estimates for a range between 
19 and 311 while estimates for b range between 1.03 and 1.51. The 
estimates of b tend to be rather low when compared with other Z-R 
relations (Battan, 1973). 

For each storm, rainfall volumes over the area of the Texas HIPLEX 
raingage network were estimated using the six Z-R relations (one for 
each radar parameter) and the entire radar data set for the storms. 
Volumes were computed by adjusting the radar pattern for subcloud 
transport of rainfall, estimating a rainfall rate for each radar bin (1° In 
width by I km In length) over the raingage network, adjusting the 
estimated rainfall rate for evaporation to the ground, multiplying by the 
area of the bin and summing over all bins. Table 3.14 shows the resulting 
rainfall volume estimates along with the estimate produced by using the 
raingages. For both storms, the equations derived using the reflectivity 
in the bin containing the raingage and the mean reflectivity of the four 
bins nearest to a raingage produce the best estimates. In the case of the 
small cluster the estimate is within 1% of the true value as estimated by 
the raingages, while It Is within 14% of the true value for the large 
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Table 3.13. Estimates for a and b In the equation Z = a R*> for a small 

£.^^^^i^L?v^5^''^^^F 26 June 1979 and a large cluster observed on 15 
May 1980 during Texas HIPLEX, as a function of radar parameter 

Radar 
Parameter 

NEAR 

NEAR4 

ALL2 

ABV2 

ALLS 

ABV5 

Small cluster 
a b 

19 

19 

38 

40 

66 

74 

1.51 

1.51 

1.36 

1.35 

1.08 

1.08 

Large cluster 
a b 

119 

119 

201 

206 

302 

311 

1.16 

1.16 

1.07 

1.08 

1.03 

1.06 

Table 3.14. Comparison of storm rainfall volumes using the Z-R relations 
in Table 3.13 generated for several radar parameters. 

Large cluster 
•ft) Difference 

14.3 

14.3 

-23.6 

-26.2 

ALLS 12210 76.8 740 -46.8 

ABV5 10903 57.9 685 -50.7 

Raingages 6907 1390 

Radar 
Parameter 

NEAR 

NEAR4 

ALL2 

ABV2 

Small cluster 
Volume (acre-ft) Difference {%) 

6835 

6835 

6273 

6229 

-1.0 

-1.0 

-9.2 

-9.8 

La 
Volume (aci 

1588 

1588 

1062 

1025 
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cluster. Therefore, for simplicity, the reflectivity of the bin containing 
the raingage was used for derivation of all future Z-R relations. 

Figures 3.1 through 3.4 show scattergrams of In(NEAR) versus 
In(RAIN) for each class of storm, Z-R relations were derived then using 
these data; however, the linear regressions did not produce plausible 
equations for classes larger than cells. Examination of Figures 3.1 
through 3.4 shows two distinct groups of data in each class larger than 
cells. Below some reflectivity, any rainfall rate could be associated with 
a given radar reflectivity. This is different from what is usually 
observed—that below some reflectivity, no rainfall reaches the ground. 
Attempts to explain these groupings by some physical cause were 
unsuccessful. Separation by year, month, storm or origin of the air mass 
in which the storms formed did not yield helpful results. 

Breaks In the groupings were subjectively estimated to occur for 
small clusters at 10 dBZ, for large clusters at 20 dBZ and for nested 
clusters at 28 dBZ (Figures 3,2 through 3,4, respectively). Below these 
values, it appears that no Information exists from which estimates of 
rainfall rates can be made. However, above these thresholds, a linear 
relationship between In(NEAR) and In(RAIN) appears to exist, class by 
class (Figures 3.5 through 3.7) as well as in the pooled data set (Figure 
3.8). 

These subjective thresholds were substantiated by a cluster analysis 
performed using the centroid method in SAS (SAS Institute, 1982). 
Figures 3.9 through 3.12 are plots of the cubic clustering criterion (CCC) 
(a measure of how well the data cluster) as a function of the number of 
clusters (NCL). The data for cells group only into one set (Figure 3.9); 
however, since only six points were available for cells, the results for 
this category of storms should be considered cautiously. The Z-R relation 
fitted to these points was reasonable, as will be seen below. 

The data for small clusters also group best with one set, but show 
good results with three, seven and ten sets (Figure 3.10). Since one set 
did not produce a plausible Z-R relationship for small clusters, the data 
were separated into the number of sets possessing the next largest CCC 
while keeping NCL as small as possible. It seems best to have as few 
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Figure 3.1. Scattergram of In(NEAR) versus In(RAIN) for cells, allowinq 
for subcloud transport of the rainfall. 
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Figure 3.2. Scattergram of In(NEAR) versus In(RAIN) for small clusters, 
allowing for subcloud transport of the rainfall. The dashed lines on 
the ordinate are drawn at NEAR = 10 dBZ. 
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Figure 3.3, Scattergram of In(NEAR) versus In(RAIN) for large clusters, 
allowing for subcloud transport of the rainfall. The dasned lines on 
the ordinate are drawn at NEAR=20 dBZ. 
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Figure 3.4. Scattergram of In(NEAR) versus In(RAIN) for nested clusters, 
allowing for subcloud transport of the rainfall. The dashed lines on 
the ordinate are drawn at NEAR = 28 dBZ. 
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Figure 3.5. Scattergram of In(NEAR) versus In(RAIN) for small clusters, 
allowing for advection. The points plotted are those with NEAR>10 
dBZ. 
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Figure 3.6. Scattergram of In(NEAR) versus In(RAlN) for large clusters, 
allowing for advection. The points plotted are those with NEAR>20 
dBZ. 
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sets as possible in the data so that each set may contain a large number 
of points. Figure 3.13 shows the scattergram for small clusters (as In 
Figure 3.2), with each point now plotted with the value of the group to 
which It belongs when three groups are identified. Groups 2 and 3 are 
contained totally above the line at 10 dBZ while group 1 Is contained 
totally below the line. The subjective separation of the data for small 
clusters is thus substantiated in an objective manner. The final 
judgement about the use of the subjective separation of the data should 
also consider the credibility of the Z-R relation fitted to the data. As 
will be seen below, the data above the subjective threshold produced a 
plausible Z-R relationship. 

Similar results are indicated for nested clusters as well. Figure 3.12 
indicates that the data for nested clusters group into one, two, three, 
four and six sets. Since one group did not produce a plausible Z-R 
relationship for nested clusters, three groups were identified since it 
possessed the next highest CCC and a low NCL. The subjective separation 
at 28 dBZ places group 1 and most of group 3 below the line and group 2 
above the line (Figure 3.14). Again, as will be seen below, the data above 
the subjective threshold produced a plausible Z-R relationship. 

The data for large clusters tend to group into one, two, three, four or 
six sets (Figure 3.11). Since one group did not produce a plausible Z-R 
relationship for large clusters, three groups were identified since It 
possessed the next highest CCC and a low NCL, If three sets are allowed 
(Figure 3.15), neither the use of group 3 alone nor the use of groups 1 and 
3 combined yield data which produced a physically meaningful Z-R 
relation. However, If two sets are allowed (Figure 3,16), the data group 
well and allow a plausible relationship between Z and R to be found. 
Again, the separation between the two groups matches closely the 20 dBZ 
line subjectively estimated to group the data. Imposition of a threshold 
on data used to develop Z-R relations has been performed In other studies 
as well ( £ ^ Silverman £L2i-, 1981: and Smith £Lll., 1975), 

After these constraints are placed on the data set, the data are 
sufficiently well behaved to produce plausible Z-R relations. Table 3.15 
lists the Z-R relations fitted by linear regressions to the data, by class 
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Figure 3.13. As in Figure 3.2, but with three groups allowed and the group 
to which the point belongs used as the plotting symbol. 
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Figure 3 14 As in Figure 3.4, but with three groups allowed and the group 
to which the point belongs used as the plotting symbol. 
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Table 3.15. Estimates for a and b in the equation Z = a R^ as a function of 

the physical processes allowed and using the data above the 
thresholds, by class and for the pooled data. 

Evaporation allowed 

For cells 

Advection allowed 
Yes No 

(N-6) (N=6) 
a b at 

Yes 

No 

ation allowed 

Yes 

No 

ation allowed 

Yes 

No 

2 3.40 

68 2.27 

For small clusters 

03 3.76 

17 2.53 

Advection allowed 
Yes No 

(N=38) (N=38) 
a b a b 

27 1.28 

152 096 

For large clusters 

46 1.16 

260 0.76 

Advection allowed 
Yes No 

(N=79) (N=80) 
a b a b 

139 0.86 

224 1.07 

171 0.77 

268 0.98 
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Table 3.15 Continued. 

Evaporation allowed 

For nested clusters 

Advection allowed 
Yes No 

(N=38) (N=40) 
a b a b 

Yes 

No 

802 0.56 

1374 0.55 

For the oooled data 

1258 

717 

063 

0.62 

Evaporation allowed 

Advection allowed 
Yes No 

(N=16l) (N=164) 
a b a b 

Yes 

No 

113 

260 

096 

1.02 

121 0.94 

290 0.98 
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and for a pooled data set (regardless of class). Nonlinear regressions 
were not performed on these data since previous analyses had shown no 
changes In the estimates either of a or of b from those derived by linear 
regressions. Estimates of a range from 0.3 to 1374 but concentrate 
between 150 and 300. Estimates for b range between 0.55 and 3.76 but 
concentrate near 1.00. These equations are rather different from other 
Z-R relations, having unusually low values for b. Correspondingly, they 
would produce higher estimates for R at large values of Z than would be 
observed with other relationships. 

The Z-R relations shown in Table 3.15 were used to estimate rainfall 
volumes from the radar data for twenty of the twenty-one storms used 
previously to derive the equations. The magnetic tape on which the data 
for one of the storms were stored became inaccessible due to read errors. 
Table 3.16 shows rankings of how well the four equations for the 
appropriate storm class and the four equations for the pooled data 
performed for each storm. The equation derived using the pooled data set 
and allowing for subcloud advection of the rainfall but not for subcloud 
evaporation (Z = 260 R -̂̂ )̂ performs best for estimating storm rainfall 
volumes for cells, small clusters and nested clusters. For large clusters, 
the equation derived for that class of storms and allowing for subcloud 
advection but not for subcloud evaporation (Z = 224 R̂ <̂ "̂ ) performs best. 
However, Z = 260 R̂ -̂ ^ performs second best and produces storm rainfall 
volume estimates essentially identical to those produced by Z = 224 R̂ -̂ '̂ . 

Table 3.17 shows how well Z = 260 R̂ -̂ 2 estimates rainfall volumes. 
Radar estimates of rainfall volume are usually considered acceptable if 
they are within a factor of two or three of those derived from raingage 
data. Z = 260 R̂ <>2 performs within these limits (Table 3.17). Objections 
may be raised to testing the Z-R relations using the data from which they 
were derived. However, the data used in estimating the equations are 
only a small portion of the data set used for estimating rainfall volumes. 
More importantly though, these twenty storms are the only ones which 
were not seeded and for which both radar and raingage data exist. 
Therefore, they are the only ones which could have been used for this 
purpose. A subset of the storms could have been used to develop the 



Table 3.16. Ranks of the Z-R relations, by class, as a function of the 
physical processes allowed. 
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For cells 

Class relations Pooled relations 
Advection Advection 

Y N Y N 
Evaporation Evaporation Evaporation Evaporation 

Date observed 

6 July 1979 

Date observed 

22 June 1980 

26 June 1979 

7 July 1979 

8 July 1979 

9 July 1979 

18 May 1980 

1 July 1980 

21 July 1980 

Total 

Y 

6 

N 

3 

Y 

5 

N 

4 

FprsmgllclMSUrs 

Class relations 
Advection 

Y N 
Evaporat 1 on Evaporat 1 on 

Y N Y N 

3 

3 

2 

3 

5 

3 

3 

3 

25 

7 

5 

7 

7 

3 

7 

7 

7 

50 

4 

4 

4 

4 

4 

4 

4 

4 

32 

8 

8 

8 

8 

8 

8 

8 

8 

64 

Y 

7 

N 

1 

Y N 

8 2 

Pooled relations 
Advection 

Y N 
Evaporation Evaporation 
Y N Y N 

5 

6 

6 

5 

6 

5 

5 

5 

43 

1 

2 

2 

m 

6 

7 

7 

6 

7 

6 

6 

6 

51 

2 

1 

1 

2 

2 

2 

2 

2 

14 
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Table 3.16 Continued. 
For large clusterg 

Class relations Pooled relations 
Advection Advection 

Y N Y N 
Evaporation Evaporation Evaporation Evaporation Date observed 

20 June 1980 

25 June 1979 

5 July 1979 

15 May 1980 

1 June 1980 

8 June 1980 

21 June 1980 

Total 

Y 

1 

7 

7 

7 

2 

7 

7 

38 

N 

8 

1 

1 

1 

7 

1 

1 

2Q 

Y 

2 

8 

8 

8 

1 

8 

8 

43 

N 

5 

4 

4 

3.5 

5 

4 

4 

29.5 

For nested clusters 

' Y 

4 

5 

5 

6 

4 

5 

5 

34 

N 

7 

2 

2 

2 

7 

2 

2 

24 

Y 

3 

6 

6 

5 

3 

6 

6 

35 

N 

6 

3 

3 

3.5 

7 

3 

3 

28.5 

Date observed 

Class relations Pooled relations 
Advection Advection 

Y N Y N 
Evaporation Evaporation Evaporation Evaporation 

Y N Y N Y N Y N 

18 June 1980 

31 May 1979 

4 June 1979 

17 July 1979 

Total 

6 

8 

8 

8 

30 

7 

6 

7 

6 

26 

8 

3 

3 

5 

19 

4.5 

7 

4 

7 

22.5 

1.5 

4 

5 

1 

1.5 45 

1 

4 

6 

2 

2 

3 

11.5 IQ. 14.5 10.5 
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rioce I ^^^? . Estimated 
'̂222 volume (acre-ft) volume (acre-ft) Departure (%) 

Cells 

Small clusters 

Large clusters 

Nested clusters 

1711 

1096 

3528 

12840 

1835 

2765 

9846 

7547 

8 

152 

179 

-41 
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equations and the remaining storms used for the rainfall volume tests. 
For cells and small cluster, so few points were available to fit the 
equations that this method would have been impractical. It was felt, 
therefore, that the advantages gained by use of a larger sample size 
outweighed not only those disadvantages resulting from the double use of 
the data but also the advantages resulting from the use of subsets. 

Finally, Z = 260 R̂ -̂ 2 ^̂ 35 tested against: 

1. theMarshall-Palmer equation (Marshall and Palmer, 1948), 
Z = 200R^^ 

2. an equation developed for a single storms observed during Texas 
HIPLEX as reported by Novia (1985), Z = 295 R̂ -̂ S; and 

3. an equation developed from data gathered in North Dakota and 
recommended for the HIPLEX region by Matthews (1983), Z = 155 R̂ -̂ .̂ 

Table 3.18 summarizes the comparison of these equations over the 
twenty storms used. Overall, Z = 260 R̂ -̂ 2 produces the best mean 
rainfall volume estimate when compared to raingage estimates. However, 
for small and large clusters, Z = 155 R'^^ works best. It is therefore 
concluded that Z = 155 R̂ -̂ ^ should be used when radar estimates of 
rainfall volume are desired for small and large clusters, and that 
Z = 260 R̂ '̂ 2 should be used in all other cases. 

3.6 Conclusions 
The development of a radar-raingage relationship for West Texas has 

resolved many questions which had been previously unanswered in the 
area. First, evaporation of rainfall can be realistically described by a 
bulk method adapted from Best (1952). These evaporation calculations 
are most sensitive to the environmental relative humidity. Below a 
reflectivity level that is dependent on storm size and degree of 
organization, no information was obtained from which rainfall rates could 
be estimated with radar data. These thresholds are the radar noise level 
for cells, 10 dBZ for small clusters, 20 dBZ for large clusters and 28 dBZ 

for nested clusters. 
For West Texas, Z = 260 R̂ -̂ ^ ^gs found to produce the best overall 

mean rainfall volume when compared to raingage estimates; however. 
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Table 3.18. Mean radar estimates of rainfall volume (acre-ft), by class 

and over all storms, produced using four Z-R relations. 

For cells 

Z-R relation 
Statistic Z=260R -̂02 z=200R -̂6 Z=295R -̂53 ' Z=155R^88 True 

X" 1853 908 731 989 1711 

S 

Difference (%) 8 -47 -52 -42 

For small clusters 

Z-R relation 
Statistic 

x" 
S 

Z=260Riô  

2765 

2550 

^ Z=200R̂ -6 

1135 

1056 

Z=295R̂ -5' 

930 

867 

5 Z=l55Ri» 

1164 

1059 

3 True 

1220 

2324 

Difference (%) 127 -7 -24 -5 

For large clusters 

Z-R relation 
Statistic Z-260R^02 Z=200Ri'̂  Z=295R'-53 Z=155R -̂88 True 

X" 9846 

S 12416 

Difference (%) 179 

6510 

9427 

85 

2688 

3019 

-24 

2858 

3023 

-19 

3525 

2084 
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Table 3.18 Continued. 

For nested cluster<^ 

Z-R relation 
Statistic Z=260R''02 z=200R '̂6 Z=295R '̂53 z=155R'Q8 True 

X 7547 

S 12347 

Difference (%) -41 

3175 

5077 

-75 

2628 

4223 

-80 

For all storms 

3108 

4844 

-76 

12830 

22636 

Z-R relation 
Statistic Z=260R^02 Z=200Ri-6 Z=295R -̂53 Z=155R -̂88 True 

X 

s 

Difference (%) 

6154 

9295 

42 

2250 

3083 

-48 

1875 

2604 

-57 

2137 

2804 

-51 

4324 

10225 
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Z = 155 R̂ "̂ ^ worked best for small and large clusters. The subcloud 
transport of rainfall by winds was important in estimating rainfall 
volumes, but evaporation was found to be insignificant in estimating 
rainfall volumes when base-level (1° elevation) radar data are used. 
However, evaporation below moderate to high cloud bases can affect 
rainfall rates at the ground substantially. 

Finally, and perhaps most importantly, It appears that practical 
limits exist In attempts to account for the physical processes which 
contribute to the errors In radar-derived estimates of rainfall. Despite 
the careful attention given here to modelling two such processes, no 
significant reductions were produced in these errors. 



CHAPTER IV 
PHYSICAL HYPOTHESIS 

The physical hypothesis (often termed a conceptual model) describes 
the sequence of events producing precipitation and the effects of seeding 
on the process. Flueck (1978) discusses the role of a physical hypothesis 
in weather modification experiments and describes how it Is developed. 
A physical hypothesis provides a guide to focus the research and 
demonstrates the desire of the researchers to fully understand the 
natural precipitation process and to explain the effects of treatment, le^ 
remove as many "black boxes" as possible. The basis of the hypothesis 
consists of ideas, Intuition, reported results and some preliminary field 
evidence. Preliminary studies such as a climatology of the research area, 
physical description of the cloud population and microphyslcal studies 
help fine-tune the hypothesis. 

Without a doubt, no physical hypothesis will completely fulfill its 
responsibilities. Flueck states that conceptual models are "only 
proposed, incomplete descriptions of reality." However, it appears that a 
serious shortcoming of many past weather modification experiments has 
been their lack of a sufficiently accurate and complete physical 
hypothesis. As a result, the projects produced inconclusive findings. 

A preliminary physical hypothesis for the experimental unit is 
presented In this chapter. Since important elements in the description of 
the natural precipitation mechanism are derived from either inference or 
conjecture, it can only serve as a guide for the initial research efforts of 
the program. The primary sources from which the hypothesis has been 
developed are the results discussed In Chapter 2, several recently 
published reports and classical descriptions of convection. The effects of 
seeding discussed In section 4.2 are adapted principally from Simpson 
(1980) and Jurica and Woodley (1985). They appear to be plausible 
results, given what is known about the natural precipitation process, and 
are presented here to remind the researchers of the ultimate application 
of this experiment. 

187 
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The experimental unit is the small, multiple-cell convective system 

and its accompanying convective cells. A small, multiple-cell convective 
system is defined as a convective system having multiple reflectivity 
maxima when viewed by radar, generally within a common echo boundary, 
but having no horizontal dimension greater than 100 km. Treatment is 
intended to be for dynamic effects, 1 ^ making the system last longer, 
grow wider and/or taller, thereby producing more precipitation. Seeding 
for dynamic effects was the treatment method selected because natural 
ice concentrations in small, multiple-cell convective systems are so 
great, as demonstrated in section 2.2, that little can be done to Increase 
the microphyslcal efficiency of the clouds. Further, clouds in West Texas 
have been shown to have dynamic growth potential (Matthews and Henz, 
1977). 

The discussion of the structure of the experimental unit in Chapter 2 
has indicated that more than one weather regime affects convection in 
West Texas during the late spring and summer months. Typically, 
convection during the late spring and early summer develops with a 
continental alrmass aloft and a maritime alrmass, originating over the 
Gulf of Mexico, at lower levels. Convection during the late summer often 
occurs in an entirely maritime alrmass. The existence of weather 
regimes in West Texas was recently verified by Hobbs et al. (1985a, b) 
and Bowdle_£Lal. (1985). 

The clouds which form in these regimes produce precipitation by 
quite different processes and would require different treatment 
approaches to increase their rainfall. An experiment conducted under 
these conditions either must be restricted to one of the regimes or must 
be designed to use different treatments dependent on the regime in which 
the convection is occurring. The more frequent of the two regimes 
described above is the one having a maritime alrmass at lower levels and 
a continental alrmass aloft (a mixed regime). Since the maritime regime 
occurs less frequently than this regime, its inclusion in the experiment 
would increase the length of time required to gather enough cases to 
reach conclusions. It seems better, currently, to restrict the experiment 
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to the mixed regime so that the probability of reaching significant 

conclusions is maximized. 

4.1 Natural precipitation process 

It Is hypothesized that convergence of moist air in the subcloud layer 
produces upward vertical motions. These motions are accompanied by 
adiabatic expansion and cooling so that saturated or slightly 
supersaturated conditions result in the air parcel. Aerosol particles 
carried upward In parcels of air serve as nuclei for condensation to 
produce cloud droplets. 

A recent study of cloud condensation nuclei (CCN) In the High Plains 
was reported by Hobbs etal. (1985a). Concentrations of CCN were found 
to exist in two modes: a relatively low CCN concentration postulated as 
resulting from "background" (possibly gas-to-particle conversions) 
sources, and a high CCN concentration postulated as resulting from 
additional natural and/or anthropogenic sources. Concentrations of CCN 
have been found to vary with water supersaturation according to a 
relationship of the form N=NQS*̂  (Twomey, 1959), where N is the CCN 
concentration (cm"^) active at supersaturation S (%) and N̂  and k are 
constants dependent on the properties of the CCN spectrum. 

Three types of CCN spectra were observed by Hobbs etal. (1985a) and 
were characterized as maritime (No=290 cm-^ and k=07), aged continental 
(No=2200 cm-3 and k=0.9) and transitional (No=l500 cm-^ and k=2.8). The 
maritime spectrum was observed in maritime and modified maritime 
airmasses or airmasses recently involved in widespread cloud processes. 
The aged continental spectrum denoted continental airmasses or 
airmasses not involved in cloud processes for two or more days. The 
transitional spectrum was found in airmasses not involved in 
precipitation processes for one to two days. 

The term "transitional spectrum" Is somewhat misleading. The CCN 
concentrations in these spectra were similar to the concentrations in the 
maritime spectrum at low supersaturatlons, but were similar to the 
concentrations in the continental spectrum at high supersaturatlons. This 
phenomenon may be a result of scavenging of the CCN due to previous 
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precipitation In the alrmass or may be a result of mixing among and/or 
modification of continental and maritime airmasses. Since these spectra 
were not associated with a particular alrmass situation, they will be 
termed mixed spectra in recognition of their combined characteristics 
from the other spectral types. 

CCN concentrations varied cyclically, rising from low to high 
concentrations over a period of from three to ten days, remaining at high 
concentrations for from two to ten days and then falling to low 
concentrations over two or more days. The aged continental spectrum 
dominated in the region during the sampling period, with -800 cm"̂  CCN 
active at a supersaturation of 0.5 % (Bowdle et al.. 1985). 

Measurements of CCN spectra typically have not Included particles 
larger than 20 um in diameter since these "ultragiant" aerosols were 
thought to settle out of the atmosphere quickly (Johnson, 1982). Hobbs £t 
M. (1985a), however, reported that ultragiant particles regularly 
occurred in the High Plains. These aerosols typically were dust particles 
composed either of silicon or of calcium, although soluble salt particles 
frequently were present (Hobbs et al.. 1985b). These salt particles are 
evidence of the influence maritime airmasses have in the area. Previous 
sampling in the region by Smith et al. (1974) also found that aerosols 
larger than 8 iim existed in concentrations of 1-10 L"̂  while particles as 
large as 150-200 ^m were observed frequently. The ultragiant aerosols 
again were calcareous or were insoluble, although the composition of the 
latter particles was not reported. 

It Is hypothesized that the droplet distribution produced near cloud 
base by condensation on the mixed CCN distribution Is characteristic of 
clouds developing in a continental alrmass modified at low levels by 
maritime air. The droplet distribution also contains some large droplets 
as a result of the giant and ultragiant nuclei (Smith etal.. 1974). The 
mode of the distribution occurs at a diameter of 8-15 um (Smith etal.. 
1974). The distribution is then altered by coalescence as the parcel rises 
toward the melting level, so that the total droplet concentration 
decreases and larger droplets are produced. The coalescence process is 
initiated by four processes acting separately or In combination: 
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1. large droplets produced by condensation on soluble salt particles; 
2. large droplets produced by the chance collision and coalescence of 

droplets In the initial droplet distribution; 
3. large droplets produced by condensation on giant or ultragiant 

insoluble nuclei (McDonald, 1964); 
4. large droplets produced by ultragiant nuclei which become wetted 

as a result of collisions with small droplets, Le^ ultragiant nuclei acting 
as "coalescence nuclei" (Johnson, 1982). 

The first two processes have generally been accepted as plausible 
mechanisms for the generation of large droplets. The documentation of 
salt particles In the region's atmospheric aerosol by Hobbs et al. (1985b) 
lends support to the first process. The second process is given credence 
by the CCN spectra reported by Hobbs et al. (1985a) and by the 
measurements of droplet distributions near cloud base reported by Smith 
et al. (1974). Figure 4.1 shows a typical droplet size distribution 
measured by Smith etal. and reveals that droplets larger than 20 m 
exist in substantial concentrations. 

The processes described as the third and fourth items are not as 
widely recognized as the first two processes, but appear to be possible 
since giant and ultragiant nuclei are present (Smith etal.. 1974; and 
Hobbs etal.. 1985a). McDonald (1964) described how wettable aerosols 
(such as silicates) can activate through heterogeneous nucleation if they 
are larger than a critical size determined by the ambient supersaturation 
with respect to water. Ultragiant nuclei are large enough to be well 
beyond the critical radius associated with any naturally occurring 
supersaturation. 

Johnson (1982) suggested two additional roles for the ultragiant 
aerosols. First, without any previous condensational growth and due to 
their size, the ultragiant nuclei collide with droplets already present to 
activate the coalescence process. In this manner, they serve as 
coalescence nuclei and their solubility and surface properties are 
unimportant. Second, either the nuclei are partially soluble or, through 
Brownian diffusion, traces of soluble material may adhere to the surface. 
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Figure 4.1 A typical droplet size distribution sampled in West Texas near 
cloud base (after Smith etal.. 1974). 
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Under these conditions, the suitability of the particles as condensation 
nuclei increases. 

It is hypothesized that rapid vertical motions are produced and large 
supersaturatlons result when the mechanisms forcing convection are 
strong enough. Many CCN activate and produce high liquid water contents 
in updrafts between cloud base and the melting level. Precipitation-sized 
particles develop by the warm rain process under these conditions. 
Slower vertical motions are produced and lower supersaturatlons result 
when mechanisms forcing the convection are weak. Fewer CCN become 
activated and a decreased liquid water content Is produced in this cloud 
region. Under these conditions, precipitation-sized particles do not 
develop or develop only in small concentrations. 

It Is further hypothesized that drops and droplets become supercooled 
as the parcel rises between the melting level and the -lO^C level. 
Coalescence continues, a bimodal dropsize distribution develops and 
additional large droplets are produced. The liquid water concentration in 
the updraft region is high. For certain conditions, a substantial liquid 
water content is produced from droplets with diameters from 30 to 75 
um. Droplets and drops which encounter contact nuclei freeze and begin 
to rime. Ice crystals may form in the region due to the presence of ice 
nuclei and accretion begins. The Hallett-Mossop ice multiplication 
mechanism becomes active in regions of high liquid water soon after 
graupel particles have formed. If precipitation-sized particles have not 
formed previously, they develop in this cloud region by the cold rain 
process. 

It Is hypothesized that, during the later stages of cloud development, 
a unlmodal dropsize distribution exists in the cloud region as graupel 
particles have collected many of the large droplets and cloud liquid water 
concentrations become reduced. The region is then characterized mainly 
by moderate to large graupel particles and some droplets. Downdrafts 
exist on the downshear side of the cloud, produced either from 
entrainment and mixing resulting In cooling and subsidence or from drag 
induced by falling precipitation particles. Mixing may occur at the 
interface between the updraft and the downdraft, but only within a 
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narrow region (Stithf l j l . , 1986). Additional ice particles, including 
aggregates and large graupel particles, may then enter the edge of the 
updraft region by lateral transport from the downdraft region. These ice 
particles may shatter or break up to provide additional ice particles in 
the updraft or may continue riming. 

Further, it is hypothesized that the downdrafts enter the subcloud 
region and increase the convergence into the lower levels of the cloud on 
its upshear side. More moist air enters the cloud from these new updraft 
regions and additional droplets become involved in the precipitation 
process. Turbulence within the cloud increases. 

Above the -lO^C level, it Is hypothesized that increasingly greater 
portions of the particles being carried upward in the parcel consist of 
frozen hydrometeors. Graupel particles continue to grow by riming and 
ice crystals develop by diffusional growth on recently activated Ice 
nuclei or on small Ice particles generated by the ice multiplication 
processes occurring below the -10°C level. The number of large particles 
being carried in the updraft increases and the updraft slows from this 
load and from decreasing buoyancy. Downward motions are created as 
these large particles begin to fall against the weakening updraft. 
Evaporation occurs within the downdrafts as parcels become capable of 
holding more water vapor. The cooling accompanying the evaporation 
increases the negative buoyancy of the parcel and the downdraft becomes 
stronger. 

Finally, it is hypothesized that these downdrafts eventually dominate 
the vertical motions In the cloud and cloud liquid water concentrations 
are decreased rapidly by accretion and riming. Ice nuclei and small Ice 
splinters grow by diffusional growth, forming needles and columns. The 
downdrafts fill the subcloud layer and remove the cloud from its source 
of warm, moist air. Upward motions quickly weaken and the cloud begins 
to dissipate. 

4? Seeding and its effects 
The existence of abundant supplies of supercooled liquid water in 

updraft regions of small, multiple-cell convective systems was 
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established In section 2.2. It Is hypothesized that seeding either with 
dry-Ice (solid carbon dioxide) pellets or silver iodide (Agl) pyrotechnics 
at the -QK level in a growing turret of the system causes the freezing of 
treated portions of the updraft in a time which Is short relative to the 
lifetime of the updraft. 

The ice-forming properties of Agl have been recognized since the late 
1940's (Dennis, 1980), Agl pyrotechnics have been used in weather 
modification experiments for some time because they are much easier to 
store and handle than dry ice. However, questions have been raised about 
the desirability of Agl as a seeding agent since Its nucleating capability 
Is temperature dependent. Others have argued that persistence effects 
may follow seeding and complicate the experiment. Further, recent 
studies have indicated that the seeding plume produced by droppable 
pyrotechnics may not diffuse as quickly as was previously believed (Stith 
etal,. 1986). It is still worthwhile, however, to experiment with Agl 
seeding since it clearly can produce Ice crystals. 

Dry Ice was selected as a seeding agent in addition to Agl 
pyrotechnics for several reasons, many of which were reported by Holroyd 
etal. (1978). First, reasonable amounts of dry ice have been shown to be 
capable of effectively producing concentrations of ice crystals suitable 
for treating supercooled clouds for dynamic effects. Second, its ability 
to lower the temperature of the air through which the pellets fall allows 
it to freeze droplets In its path (Dennis, 1980), releasing the latent heat 
of freezing. Third, the size of the pellets can be regulated so that they 
sublime before reaching the ground, removing complications due to 
carry-over effects. Fourth, ice crystals can be produced at warmer 
temperatures with dry ice than with Agl. Fifth, the effectiveness of dry 
ice is much less temperature dependent than Agl effectiveness. Sixth, ice 
crystal production and droplet freezing are nearly instantaneous so that 
the probability of observing the Initial effects of seeding Is increased. 
Seventh, dry ice does not pose the environmental hazard attributed to Agl 
due to intake by plants and animals. Eighth, dry-ice seeding is more 
economical than Agl seeding for an on-top method as proposed here. 
Ninth, the dry ice pellets appear capable of quicker lateral dispersal than 
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Agl due to drifting of the pellets resulting from their fractured ends. 
This lateral drift may exceed 100 m and should produce a wider initial 
seeding curtain which, in turn, should result in a larger portion of the 
updraft being affected by the seeding. 

The use of dry Ice as a seeding agent does have disadvantages. First, 
special storage facilities must be used to hold the dry ice between 
seeding flights. Second, the mass of dry ice typically used to seed a cloud 
occupies a larger volume than the typical mass of Agl used to seed a 
similar cloud. Third, more care must be used in handling dry ice since it 
Is so cold. Fourth, sublimation of the dry ice blocks or pellets occurs and 
reduces the supplies both during storage.and during flights. Fifth, it is 
more difficult to accurately measure the amount of dry Ice used during a 
seeding pass than it Is to measure the amount of Agl used. 

It Is hypothesized that the latent heat released as a result of this 
freezing and the deposition of water vapor onto the Ice particles 
Increases the buoyancy of the updraft. A more vigorous updraft results 
and the turret grows taller. As a result of the stronger updrafts, 
pressure falls In the lower cloud regions and the Inflow Into the lower 
levels of the cloud Increases. Additional moist air is carried upward by 
the enhanced updraft and enters the precipitation process. More 
precipitation-sized particles develop than would have occurred naturally 
and the amount of precipitation reaching the ground Increases. 

It Is further hypothesized that simultaneous with the Increased 
low-level Inflow Is an Increased Inflow of drier air into other levels of 
the cloud. Downdrafts become increasingly Important, as first recognized 
by Simpson (1980), when they become Invigorated as a result both of 
mixing and evaporation and of the Increased drag produced by the larger 
concentration of falling precipitation particles. The downdrafts 
penetrate Into the subcloud layer and convergence increases below the 
cloud along the boundary between the downdraft and the ambient airflow. 
Existing updrafts are enhanced and/or new turrets form along the 
convergence zone. These new turrets may then be seeded. The system 
grows broader and/or lasts longer as a result of its incorporation of more 
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vigorous cells and new cells. Precipitation from the system Increases by 

virtue of Its Increased duration and/or its increased size. 
Schematic diagrams of a natural system and one possible result of 

seeding such a system are shown In Figure 42. Notice that the seeded 
system (Figure 4.2b) Is taller and broader than the natural system (Figure 
4.2a) because of the greater positive buoyancy and the increased number 
of towers associated with It. Updrafts in the seeded towers are stronger 
than In the natural system because of Increases both In buoyancy and in 
low-level convergence. Downdrafts In the main cloud are more Intense as 
a result of Increased entrainment and mixing of dry, middle-level air 
resulting in increased negative buoyancy. More, larger hydrometeors exist 
in the seeded towers as a result of the Increase in moisture entering the 
precipitation process. Finally, the precipitation region in the seeded 
system is broader and the rainfall is more intense. 

4.3 Weak points in the hvpothesis 
Weaknesses in the description of the natural precipitation process 

exist primarily in the microphyslcal properties of the clouds and are the 
result of a lack of available data. No information exists concerning the 
microphyslcal characteristics of the lower levels of towers associated 
with small, multiple-cell convective systems, except possibly what are 
reported by Smith etal. (1974), These data are quite old, very sparse and 
are difficult to Isolate from the data gathered In other types of clouds. 

It Is crucial that the low-level properties of the clouds be 
documented since observation is the best means of assessing the 
accuracy of the hypothesis. These measurements must be gathered before 
ice particles exist within the tower. Many of the water drops observed in 
the 2D-C particle images presented in section 2.2 could have resulted 
from the melting of existing frozen particles and their recirculation into 

the updraft region. 
Reliable measurements of vertical velocity must coexist with these 

microphyslcal observations. Whilethe method used in section 2.2 to infer 
vertical motions appears to be reliable, it nonetheless is an inference. 
The role of vertical motions in the precipitation process may be 
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determined better with more direct measurements. For Instance, does the 
strength of the updraft influence which process (cold or warm rain) 
Initiates precipitation development? 

The most serious weakness of the natural-rain-process portion of the 
physical hypothesis may rest in the data used in the cases discussed in 
section 2.2. Results from the examination of these cases were 
incorporated Into the hypothesis. Sampling of each cloud occurred when 
the cloud had already grown to a substantial height and had penetrated 
through the melting level. The speed with which conditions changed in 
these clouds was quite remarkable and indicates how rapidly the 
characteristics of the cloud are altered. Although several of the clouds 
were sampled during their developing stages, many processes could, and 
probably did, occur prior to sampling. The occurrences during this stage 
of the cloud's lifetime can only be guessed at until sampling of a cloud is 
performed soon after Its formation and is continued until It has reached 
the stage already documented. 

The portion of the physical hypothesis concerning the seeding and its 
effects appears to be plausible. However, Its accuracy remains 
questionable until the natural precipitation process is better understood 
and more thorough exploratory seeding operations are conducted. 



CHAPTER V 
EXPERIMENTAL PROTOCOL 

It Is desirable to be as complete as possible when designing any 
experiment so that the Investigators know precisely what to do and how 
to do It during each step of the experiment. It is intended that this 
chapter combine with Chapters 4 (physical hypothesis and description of 
the population of Interest) and 6 (costs and benefits) to serve as the 
operating manual for the experiment. 

This chapter contains a description of the procedures and design—the 
protocol—of an experiment intended to sample small, multiple-cell 
convective systems in West Texas. The objectives of the experiment are 
described In the first section of this chapter. The second section 
contains a justification for the Implementation of this protocol. The 
third, fourth, fifth and sixth sections combine to form the treatment 
design for the experiment. Issues pertaining to data collection and 
management are addressed in the seventh and eighth sections. The 
analysis of the data and the reporting of the experiment are described in 
the ninth section. Finally, the tenth section discusses the actions which 
should be taken following the completion of this experiment. 

5.1 Statement of purpose 
The experiment described In this chapter has two purposes. First, the 

description of the natural precipitation mechanism discussed in the 
physical hypothesis for the experimental unit (see section 4. l) will be 
more fully developed by guided sampling of clouds. Particular interest 
will be given to the microphyslcal properties of the systems since it is 
believed that a well-developed, accurate description of the natural 
precipitation mechanism In the experimental unit Is required before 
statistically verifiable effects can be produced from convective systems 
in a reasonable amount of time. 

Such a description demonstrates the desire of the researchers to 
fully understand and explain their actions and the consequences of these 
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actions to both the scientific and the public communities. A similar 
desire was expressed by the scientists Involved In HIPLEX-1 (Bureau of 
Reclamation, 1979). However, funding for that project was eliminated 
before the scientists could acquire enough data to show anything other 
than a statistically significant increase in ice crystal concentration due 
to seeding (Mlelke etal,. 1984). Enough Information Is already known 
about the precipitation processes operating in West Texas that a rather 
short duration Is anticipated for the experiment needed to gather and 
analyze the data necessary to develop the physical hypothesis. It Is 
expected that Its short duration increases the chances for sustained 
funding during the period, a necessity for success of the program. 

The second purpose of the experiment is to begin a thorough but 
exploratory evaluation of the effects of treating the experimental unit as 
described In the physical hypothesis (see section 4,2). It Is anticipated 
that the results of the Investigations pertinent to the first phase of the 
program will lead to changes In the portion of the physical hypothesis 
concerned with the effects of seeding advanced in Chapter 4. Such a 
change would not be a shortcoming of the experiment since a strict 
statistical experiment requiring stringent adherence to a pre-formulated 
design Is neither advisable nor justifiable at this time. Rather, 
refinements of the physical hypothesis are an intended result of the 
experiment, 

S 9 Justif iratlon for the experiment 
During this time of austerity In weather-modification research, each 

program seemingly must justify Its existence not only by Its scientific 
merit but also by Its cost effectiveness. The scientific merit of this 
program lies In Its attempt first to understand the physical processes 
active in thunderstorms In West Texas and second to determine If these 
processes can be altered to produce beneficial increases in rainfall for a 
region whose economy is strongly dependent on rainfall. 

The cost effectiveness of the experiment is discussed more fully in 
Chapter 6. However, it Is believed that the Investment of short-term 
research funds for an experiment such as this will eventually be highly 



202 
cost efficient. Expenditures for longer programs begun In the past 
without such Information have returned low benefits since statistically 
significant conclusions have not been produced. 

5 J iQCgtlon 
Research operations for the experiment will be conducted in West 

Texas within an area defined by a 150-km radius circle centered at Big 
Spring, TX (see Figure 2.1). The area coincides with the region used to 
develop the climatology of the experimental unit discussed in Chapter 2 
and has been seen to frequently experience the development of suitable 
cloud systems. The case studies of clouds discussed In Chapter 2 were 
performed using data gathered within the region, making the results of 
the analyses directly applicable to the design of this experiment. A 
serious weakening of these results could occur If they were applied to 
cloud systems In a different geographic area, unless clouds in both 
regions were similar. 

5.4 Operational period 
The field projects for the experiment will operate beginning on 1 May 

and ending on 31 August, Suitable cloud systems occur frequently enough 
during each of these four months to justify experimentation (Chapter 2). 

A four-month field project will be very taxing due to Its length. Any 
field project Is demanding of Its participants since extended periods of 
work often are required. Performance decreases and tempers flare during 
these times as people become tired. The result Is a poorly conducted 
experiment. Therefore, a one-week period during the early or middle part 
of July will be designated by the program director, on the 
recommendation of the project forecaster, as a vacation period for all 
participants in the project. This period is a climatological minimum in 
the frequency of occurrence of the experimental unit (see Figure 2,9) so 
few, if any, cases would be missed, The climatology of the experimental 
unit shows that the timing of this minimum varies from year to year. 
Therefore, an assessment of the probability of suitable cloud formation 
by the project forecaster is required. The vacation period occurs in 
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approximately the middle of the operational period and will give the 
participants In the project a time during which they can rest. 

5.5 Overview 

The experiment conducted during the program will have its activities 
concentrated on developing the portion of the physical hypothesis 
describing the natural precipitation mechanism in small, multiple-cell 
convective systems. The sampling experiment is designed to be 
completed in a three-year period (Figure 5,1), The experiment will 
consist of four-month field projects conducted during two consecutive 
summers designed primarily to collect the data necessary to refine the 
description of this process. In addition, some seeding activities will take 
place In order to assess the type and amount of seeding material most 
effective In treating the experimental unit. Preparations for the first 
field season will occur during January, February, March and April of the 
first year while the same period of the second year will be used to 
prepare for the second field season. 

The field activities of the experiment will be limited to two four-
month periods. The climatology of the experimental unit (see Chapter 2) 
shows that an average of 56 treatable cloud systems occur yearly. 
Further, the variability of occurrence of these systems Is small enough 
that a one-year field project would not be seriously affected If that year 
Is below average In activity. However, two field projects should be 
conducted since an assessment of Interannual variability could contribute 
a great deal toward understanding these systems. It Is advisable to limit 
the field activities to as short a duration as possible since, as will be 
seen later, they are quite expensive. 

Analyses of the data collected during the field project will follow 
immediately after the completion of each field project. However, it is 
unreasonable to expect that reliable results can be quickly produced. It Is 
estimated that a six-month period following the first field season is 
needed to develop the analysis procedures since cloud-modelling studies 
will play an Important role. Afterwards, the analyses should proceed 
quickly with results being Interpreted and utilized for evaluation and 
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FIRST J 
YEAR 

SECOND 
YEAR J 

THIRD J 
YEAR a 

Prepare Conduct Develop Conduct Design 
for field analyses analyses of 

field project exploratory 
project experiment 

Figure 5.1 Time table showing the tasks performed during each on the 
thirty-six months designated for the sampling program. 
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further analyses as they are produced. The complete modelling of the 
three-dimensional structure of two cases is a reasonable goal during a 
year. 

Some of the researchers performing the analyses need not be involved 
with the field work. Therefore, analyses can continue while the second 
field season is in progress (Figure 5,1), A dedicated team of scientists 
should be capable of completing the analyses during the months following 
the second field qeason. The experiment is completed by a period 
designated for refining the physical hypothesis and for designing the next 
phase—an exploratory experiment—once the results of the research have 
been assessed. 

5.6 Statistical design 

Flueck (1978) has noted the similarity of weather modification 
experiments to clinical trials used in medical research. The methodology 
of a clinical trial can easily be adapted to this program and appears to 
offer some distinct advantages. First, it allows some subjective 
Judgments to be made by the researchers, including altering the dosage of 
the treatment according to the characteristics of the experimental unit. 
For example, it would seem logical that a cloud with a greater liquid 
water content would require a larger dose of the seeding agent to freeze a 
significant portion of its liquid water than would a cloud with a smaller 
liquid water content. Second, the design of the experiment and its 
implementation may be changed over time, provided that these changes 
are reported when the results of the experiment are discussed. Third, the 
experimental units may accumulate over time as opposed to existing 
simultaneously. Therefore, the approach of a clinical trial will be used 
here. 

The randomization scheme used for the treatment decision will be 

grouped into blocks of twelve with the decisions divided as follows: one 

experimental unit treated with silver iodide, one experimental unit 

treated with dry ice and ten experimental units sampled but untreated. 

The blocks will be singly Interlarded, following the recommendation of 

the Statistical Task Force (1978). Interlarding "ensures that [successive 
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experimental units] are never in the same block, so that the blocking has 
no tendency to bias the probability that one treatment will be 
immediately followed by the other" (Statistical Task Force, 1978). An 
example of a sequence of experimental units blocked in singly interlarded 
blocks is shown in Table 5.1. 

5.7 Ecuipment and personnel 
Four areas of investigation must be addressed in order to more fully 

develop the physical hypothesis: 
1. What are the active mechanisms which produce precipitation In 

small, multiple-cell convective systems? 
2. What Is the structure (including both horizontal and vertical wind 

fields) of small, multiple-cell convective systems? 
3. If more than one process is capable of initiating precipitation 

development In these systems, under what conditions is each process 
favored? 

4. What is the most effective treatment to enhance rainfall for each 
observed process which initiates precipitation development? 

The equipment needed to acquire the data necessary to address these 
issues is concentrated in the aircraft and radar programs of this 
experiment. These two data types are believed to be the critical 
information necessary for a successful experiment. However, the surface 
program is also important since it will play a significant role in 
forecasting procedures and in the evaluation of the data. Any attempt to 
study convective systems must thoroughly consider the environment in 

which they form. 
The equipment and personnel required for the conduct of this 

experiment are listed in Table 5,2, while the location of their deployment 
is shown in Figures 5,2 and 5,3 (also see Figure 2.1). Every effort has 
been made to limit the cost of the program. However, it must be 
understood that an undertaking such as this one will be expensive. 

The aircraft program for the experiment will require three turboprop 
airplanes instrumented to measure both microphyslcal and state 
parameters and will be based In Big Spring at the project headquarters. 



207 
Table 5.1 An example of a sequence of experimental units blocked in 

singly Interlarded blocks of two (after Statistical Task Force, 1978). 

Experimental unit Block from which Treatment 
treatment decision (S=seed, 

is drawn C=control) 

1 1 S 
2 2 C 
3 1 C 
4 2 S 
5 3 S 

6 4 C 
7 3 C 
8 4 S 
9 5 C 
10 6 S 

11 5 S 
12 6 C 
13 7 S 
14 8 S 
15 7 C 

16 8 C 
17 9 C 
18 10 S 
19 9 S 
20 10 C 



Table 5.2 List of equipment and personnel required to conduct the 
sampling experiment. 
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Program 

Aircraft 

Radar 

Surface 

General 

Analysis 

1 

I 

1 

3 

3 
40 

200 
1 
1 

Eauioment 

low-level aircraft 
(altitude«3,000 m MSL) 

middle-level aircraft 
(alt1tude«4,500 m MSL) 
upper-level aircraft 
(altitude«6,000mMSL^ 

Doppler radars 

rawinsonde stations 
automatic reporting stations 
recording raingages 
digital fascimile machine 
satellite imagery receiver 

P$r 

3 
3 
6 
1 
2 
1 

1 
2-4 

sonnel reouired 

pilot 
data technician 
scientist 
pilot 
data technician 
pilot 
data technician 
scientist 
operators 
technicians 
operators 
technician 
operators 
forecaster 

data manager 
scientists 
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single Doppler coverage 

Dual Doppler coverage 

Triple Doppler coverage 

Fiaure 5 2 Location of the Doppler radars wUhin the research area and 
their area Of coverage. 
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y Rawinsonde station 

S Surface station 

Fiqure 5 3 Location within the research area of the rawinsonde stations 
and the automatic-reporting surface stations. 
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The state parameters of interest are temperature, dewpoint temperature, 
pressure, and wind speed and direction. The microphyslcal parameters 
common to the Instrument package on all three airplanes are cloud liquid 
water content, cloud (D<45 m) droplet spectra, large (D >30 um) droplet 
spectra and preclpltatlon-slzed (D>100 um) drop spectra. Ice particle 
concentrations and precipitation-particle habit are of interest for the 
middle and upper levels. Each airplane will be further equipped with 
video equipment capable of: (1) photographing the sky as seen by the pilot, 
(2) recording radio and intercomm conversations and (3) displaying 
selected microphyslcal and state parameters. These measurements will 
contribute both to the analyses of the structure of the systems and to the 
determination of the processes producing precipitation. The upper-level 
airplane must also be equipped for seeding using both dry ice and silver 
iodide (Agl) since limited testing of seeding material will occur. 

It is Imperative that sampling of the systems occurs simultaneously 
by all aircraft within the same cloud mass to assess the conditions 
throughout the depth of the cloud. Typically, the lower-level aircraft 
will be flown at an altitude between 2,700 and 3,300 m MSL (9,000 to 
11,000 ft MSL), the middle-level aircraft will be flown at an altitude 
between 3,900 and 4,500 m MSL (13,000 to 15,000 ft MSL) and the 
upper-level aircraft will be flown at an altitude between 5,200 and 6,400 
m MSL (17,000 to 21,000 ft MSL). Block altitudes such as these provide 
for safe maneuvering of the aircraft by maintaining a greater vertical 
spacing than the 1,000 ft required by the Federal Aviation Administration 
under instrument-flight-rules (IFR) conditions. Simultaneous aircraft 
sampling throughout the depth of the cloud produces the best possible 
data from which to study the precipitation process. 

The coordination of three airplanes will be a demanding task but will 
be facilitated by having aircraft with similar performance 
characteristics. Turboprop aircraft are ideally suited for weather 
modification experiments such as this one. They use fuel efficiently and 
can carry the extensive instrument system required for thorough 
microphyslcal measurements while maintaining both a good response time 
and a long on-station time. 
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It seems advisable to train the crews for the tasks required at each 

level in the cloud so that the absence of a crew member or the inability to 
fly one of the airplanes will not seriously affect the experiment. The 
most damaging loss would occur if the upper-level aircraft could not be 
flown since it Is the only one equipped for seeding. Therefore, 
randomization could not occur during a period when the upper-level 
airplane was inoperative. Sampling of clouds would continue, however, 
with analysis and evaluation of such cases being done separately from the 
randomized cases. 

Data technicians have been assigned to the crew of each of the 
airplanes to regularly calibrate instruments and to monitor and operate 
the data system during flights. This position is necessary on the middle-
level airplane because the pilot cannot simultaneously perform these 
duties and fly the plane. Data technicians are needed on the other 
airplanes for the same reason, but also because the scientists aboard the 
aircraft frequently are so busy with other responsibilities during a flight 
that they are unable to perform the duties needed to continually operate 
and monitor the data system. It is better to have an additional crew 
member on these planes than to risk a loss of data. A student with a 
minimal amount of training can perform such tasks so that the added cost 
to the program is minimized. However, one of the technicians should be 
an electronics technician capable of maintaining the instruments on all 
three aircraft. 

Three Doppler radars will be utilized for the radar program. They will 
be located at the project headquarters in Big Spring, 25 km northwest of 
Big Spring near Knott, and 30 km southeast of Big Spring near Forsan. The 
existence of local power supplies, easy access and suitable topography 
make these locations acceptable sites for radars. Doppler radars have the 
advantage of providing both standard meteorological (reflectivity factor) 
and particle velocity information while conventional weather radars can 
only supply reflectivities. The standard meteorological information will 
be used to guide aircraft operations, to compute storm rainfall volumes 
and to study the structure of the systems. The velocity information from 
a triple-Doppler system may be used to determine three-dimensional flow 
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fields in a system sampled where the coverage of the radars overlap 
(Battan, 1973). Two-dimensional wind fields can be resolved where 
dual-radar coverage exists (Battan, 1973). 

Cloud modelling has an important role in the analyses and evaluation 
of the program, as is discussed below. The information provided about 
velocities by a multiple-Doppler system can be used to judge the accuracy 
of the model. Further, while aircraft measurements of vertical velocity 
can be quite accurate, they are made in a small volume compared to the 
entire system and can be used to determine processes only in the 
sampling region. They do not record what Is occurring elsewhere In the 
system, especially in places within the cloud where the aircraft cannot 
be flown for safety reasons (e.g.. the core of the storm). The limited 
sampling volume of the aircraft instrument system is especially 
important when attempting to document downdrafts since they play a 
major role in the physical hypothesis. Vertical motions can be observed 
throughout the cloud by using a multiple-Doppler system. In this manner, 
an accurate description both of the dynamical processes In each element 
of the system and of the interactions between elements will result. A 
significant amount can be learned about the portions of the physical 
hypothesis which discuss the roles of the horizontal and vertical wind 
components by examining these radar-derived winds. 

The surface program in this experiment will require three rawinsonde 
stations, 40 automatic-reporting surface stations (capable of recording 
and reporting via satellite transmission temperature, dewpoint 
temperature, pressure, precipitation and wind speed and direction) and 
200 recording raingages. The rawinsonde stations will be located at 
Post, San Angelo and Midland. Sounding information is required to resolve 
the vertical structure of the atmosphere over the research area. This 
information will be needed to aid in forecasting, as initialization data for 
cloud models and In analyses of the structure of the storms. Perhaps 
more importantly, the rawinsonde data will allow project personnel to 
detect changes in the atmosphere throughout the day. These changes can 
often be dramatic, significantly altering the probability of suitable-cloud 
development anticipated from the morning forecast. The capability of 
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detecting the changes Is valuable when Incorporated into the decision
making process of the project director and will lead to a more efficient 
use of resources. 

The surface stations will aid forecasting efforts by providing timely 
information (through their automatic reporting capabilities) about the 
surface conditions in the research area. Further, moisture convergence 
below clouds may be calculated during the analyses and will help refine 
the physical hypothesis. Lastly, the recording raingages will provide 
"ground truth" measurements to assess the stability of the Z-R 
relationship. 

The field projects will also require standard synoptic data systems, 
such as facsimile and satellite products, and a forecaster, all located at 
the project headquarters. It is the responsibility of the forecaster both 
to predict the likelihood of suitable cloud formation given a set of 
atmospheric conditions and to monitor the situation throughout the day, 
updating forecasts as necessary. The information required to assess 
these conditions is best gathered from the synoptic data provided by 
standard facsimile products, from satellite images and from the 
mesoscale information provided by the rawinsondes and surface stations 
utilized during the experiment. 

A tremendous amount of data will be generated from the instruments 
utilized during this sampling experiment, even if the number of cases 
sampled is small. The management of such a large data supply is an 
important task since preservation of data quality is essential for good 
analyses, A data manager has been allocated for this experiment so that 
one person, preferably with a background In computer data systems, can 
oversee the quality control, storage and dispersal of all data. This 
position is not trivial since the results of the experiment depend to a 
great extent on the competent execution of this job. 

Finally, between two and four scientists have been assigned to the 
analysis program of the experiment. This statement is somewhat 
misleading since scientists involved In the field work will also 
participate in the analyses. However, the positions have been allocated to 
document the desire to have researchers participate In the data analyses 
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without necessarily being Involved in the field project. Analysis of the 

data collected during the first field project may continue while the 

second field project Is in progress, thus shortening the time required to 

complete the analyses. 

One of the positions is reserved for a statistician who will provide 
guidance throughout the program. This person will produce the 
randomization used during the field projects and will consult with the 
researchers performing the analyses. It will be the duty of the 
statistician to oversee the execution of the protocol so that proper 
statistical procedures are followed. Criticism of the program should be 
reduced to a minimum by such safeguards. 

Two of the positions are allocated to researchers involved in cloud 
modelling. These people do not need to be involved in the field work since 
most of their time will be spent interacting with supercomputers, a task 
more easily accomplished where the computers are located. However, 
cloud modelling is a significant element of this experiment and these are 
important positions. Three-dimensional cloud models allow investigators 
to simulate the processes occurring everywhere within the cloud and 
present unique opportunities for study. They allow investigators to 
isolate and assess the significance both of each process and of the 
interactions between processes. Additionally, cloud seeding can be 
simulated in the models and presents the only means of comparing storms 
identical in every aspect other than treatment. 

Significant improvements in the physical hypothesis are expected to 
occur from the modelling studies because of the physical insight they 
provide. However, the current models do not allow simultaneous, 
complete descriptions of both dynamics and microphysics. Models do 
exist which thoroughly deal with one of the elements while considering 
the other one to a lesser degree. Both types of models should be included 
in the experiment, with one research position being given to a person 
expert in each of the model types. 

Attempts to reduce the costs of the sampling experiment by 
eliminating personnel or equipment are strongly discouraged. Such 
reductions in previous experiments have resulted in findings which are 
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inconclusive and generally unaccepted by other scientists. However, 

limited reductions In project resources could be accepted if the full 

program could not to be funded. These cuts will reduce the amount of 

information gained by the sampling experiment, but will still increase 

knowledge sufficiently to make execution of the project worthwhile. The 

acceptable changes, and their consequences, are listed below in the order 

in which they may occur. 

1. Elimination of the raingage network and the operators necessary to 
maintain it. The stability of the Z-R relationship over time then could be 
investigated only from precipitation information gathered at the forty 
automatic-reporting surface stations. 

2. Elimination of one Doppler radar, one radar operator and one radar 
technician. Three-dimensional winds would no longer be available 
throughout the cloud mass, but would be confined to the region of the 
cloud sampled by the aircraft. 

3. Elimination of two rawinsonde stations and the five people 
necessary to operate them along with the relocation of the remaining 
station to the project headquarters. The project forecaster could then 
assume the responsibilities of one of the station operators. Less detailed 
coverage of the operational area would result from this loss and the 
assumption that a single rawinsonde station was representative of the 
area would need to be made. 

4. Replacement of the three Doppler radars and their crews with two 
conventional radars, two radar operators and two radar technicians. The 
ability to resolve the wind structure within the storm would be limited 
to the regions sampled by the airplanes as a consequence of this change. 

5. Elimination of one of the non-seeding airplanes, one pilot and one 
data technician. Less thorough sampling of clouds would result from 
these losses and the duties of the two remaining aircrews would 
increase. Sampling procedures would follow the scenario described below 
for two-aircraft operations. Most likely, flights could no longer be 
conducted around the periphery of the entire cloud at lower levels since 
sampling would quickly be continued higher in the cloud as its depth 
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increased. Therefore, the ability to investigate the role of convergence in 
physical hypothesis would be eliminated. 
Further reductions either in equipment or in personnel would be 
unacceptable. 

5.8 Conduct of the field nrnjert 

The daily activities during a field project will begin at 0930 CDT 
with the launching of rawinsondes from the three stations (Figure 5.2) so 
that their data may be available by 1030 CDT. Rawinsondes will be 
launched thereafter at the request of either the project director or the 
project forecaster. The information provided by these soundings will help 
the forecaster assess the likelihood of suitable cloud formation. 

By 1100 CDT, all synoptic and mesoscale data will be reviewed and a 
dally weather briefing provided by the forecaster to all available project 
personnel. A decision about the status of activity for the day will then be 
made by the project director (most likely the scientist aboard the 
upper-level aircraft) and any necessary preparations performed before 
suitable clouds form. If suitable clouds are expected to form, project 
personnel will be given a time by which all preparations for a sampling 
mission must be completed and they must be ready to perform their 
duties. If no suitable clouds are expected, project personnel will be 
released for the day. 

The central Doppler radar will begin monitoring the research area at a 
time judged to be well In advance of suitable cloud formation. Echo 
formation observed from this radar will be used to determine when and to 
what area the sampling aircraft will be launched. All Doppler radars will 
begin collecting data on magnetic tapes for later analysis once echoes 
have formed. It is not necessary to coordinate the scans of the radars in 
order to later reconstruct the wind field if some interpolation of the 
winds between the beginning and end of a scan sequence is acceptable 
(Battan, 1973). This technique certainly seems justified since it would 
be extremely difficult to coordinate three radars so that they are 
constantly monitoring the same volume of air. 
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Once echoes have formed in the research area, the radars will begin 

collecting data. The scan sequence will start at the 0^ elevation so that 
subcloud winds can be documented in precipitation regions. After the 
radar completes a 360° azimuthal scan, the tilt angle of the radar dish 
will be increased by ]^ and another 360<̂  scan performed. The tilt of the 
dish will be altered in this manner until an elevation of 17° Is reached. 
This volume-scan sequence is used so that radar sampling will document 
the structure and wind fields throughout most of the depth of the storm, 
even for storms as close as 25 km from the radar. Data collection at the 
radars will continue until the operators are instructed by the project 
director to terminate operations, usually after all sampled storms have 
dissipated or have moved outside the research area. 

The upper-level aircraft will be launched once echo development at 
the central Doppler radar indicates that the formation of a small, 
multiple-cell convective system is imminent. The first aircraft launched 
will be the upper-level airplane since its higher sampling level (between 
-8 and -10°C) requires the longest time to attain. The aircraft will be 
directed to an Initial sampling location near the developing cloud. Once 
the upper-level aircraft has reached its sampling altitude, the scientist 
aboard the airplane can visually assess the suitability of the clouds at 
the initial sampling location. The scientist can then request the 
launching of the other aircraft at an appropriate time or can terminate 
the mission if no suitable clouds can be located. 

If suitable clouds exist, the middle-level airplane will be the next 
aircraft launched since its sampling altitude (between -4 and -6°C) will 
require more time to reach than the lower-level aircraft. The scientist 
aboard the upper-level aircraft can then direct the maneuvering of the 
other airplanes in preparation for sampling. Every effort should be made 
to begin sampling with a cloud whose top does not extend above the 
melting level but is associated with a cloud mass containing taller clouds 
which appear to be developing into a small, multiple-cell convective 
system. Selection of this cloud will require coordination between the 
scientists aboard the lower- and upper-level airplanes and will need 
sound Judgment so that good cases are chosen without wasting resources. 
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In the Ideal situation, sampling of the cloud will begin from the 

lower-level aircraft (between cloud base and Ô C) after both scientists 
have agreed upon a suitable-looking candidate. This cloud most likely 
will be a developing tower either near a cluster of larger clouds or in a 
feeder line building into the primary cloud mass. Sampling will include 
the middle-level aircraft as clouds tops move up through the -4K level, 
with the pilots on the lower- and middle-level aircraft reporting cloud 
entry and exit. Coordination for additional passes will then be made by 
the pilots specifying rendezvous points and a radial of approach. 
Sampling will include the upper-level aircraft as cloud tops reach the 
-8°C level. Reporting and rendezvous procedures then will involve the 
three pilots. Sampling of the cloud with as many airplanes as its depth 
permits should continue as long as is safely possible. 

A different sampling procedure will be used If either the lower- or 
middle-level aircraft is inoperative. In this instance, the scientist 
assigned to the lower-level aircraft will fly aboard the remaining 
available aircraft. The upper-level airplane will be launched first, but its 
crew will assume the duties normally performed aboard the middle-level 
airplane when the cloud being sampled is below the -8°C level. The crew 
on the other airplane will perform the duties normally handled aboard the 
lower-level airplane. Coordination of the aircraft passes will be 
performed as described above. 

The information gathered below the freezing level becomes less 
important as the cloud being sampled reaches the -8°C level. Therefore, 
the upper-level airplane will be flown upward from its middle-level 
sampling position and its crew will assume their normal responsibilities. 
The airplane sampling at the lower level will be moved upward to the 
middle-level position after that airspace has been cleared by the upper-
level aircraft. Sampling of the cloud will then proceed at the middle- and 
upper-levels using the standard procedures. 

If the upper-level airplane is inoperative, it will be replaced in the 
two-aircraft scenario by the middle-level airplane. However, no seeding 
activities can occur in this case. Flight procedures will be conducted as 
discussed above for a two-airplane flight except that the scientist 
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normally aboard the upper-level airplane would join the crew on the 
middle-level airplane. In the unlikely event that two of the three aircraft 
are Inoperative, no aircraft operations will be conducted. 

Once more than one airplane becomes Involved in sampling a cloud, it 
is imperative that the sampling passes of the airplanes be coordinated so 
that they occur simultaneously through the cloud. A thorough assessment 
of the microphyslcal processes active in the clouds can only be made from 
data gathered In such a manner. The best possible way of achieving this 
coordination will be through practice on isolated tower cumulus clouds as 
early as possible during the field project. 

If a cloud becomes too intense for an airplane to safely penetrate but 
is still safe to penetrate by one of the other aircraft, the airplane unable 
to continue sampling will fly a pattern around the cloud at its sampling 
altitude. Wind fields near the cloud can then be determined. Pilots will 
have final authority over which clouds can be safely sampled and they 
may terminate sampling If they are concerned for any reason about the 
safety of the aircrew. 

The scientists aboard the lower- and upper-level airplanes are needed 
to select clouds which appear to be suitable for sampling and to maintain 
a log of selected cloud properties such as location, liquid water content, 
vertical velocity and precipitation-sized particle formation. These 
clouds should be developing convective clouds associated either with a 
small, multiple-cell convective system or with a cloud cluster expected 
to develop Into a small, multiple-cell convective system. It will be the 
responsibility of the data technicians to operate the instrument systems 
aboard the airplanes and to insure that data losses are minimized. 

The scientist aboard the upper-level airplane will also have the 
responsibility of conducting seeding when cloud treatment is desired. 
Some treatment of the clouds is advisable for a preliminary assessment 
of the portion of the physical hypothesis concerned with the effects of 
seeding. Particular attention will be given to the seeding agent (dry ice 
or silver iodide). A ratio of five sampled systems to each seeded system 
seems acceptable. Thus, the program remains primarily a sampling 
experiment but begins exploring the treatment of clouds. Needless to say. 
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the decision about which systems are seeded and what seeding agent is 
used should be selected at random so that any sampling bias is avoided. 

Both seeding agents must be loaded into the upper-level aircraft for 
each flight since the treatment decision is randomized. This task will be 
performed by the scientist and data technician of that aircraft while the 
pilot is performing his preflight checkout. Normally, thirty minutes 
should be allowed for this task. Maintenance of the dry ice supply will be 
the responsibility of the scientist aboard the upper-level aircraft. 

The request for a randomized decision will be made by the scientist 
aboard the upper-level aircraft after a pre-treatment pass has 
established that the cloud is suitable. The random decision will then be 
drawn from a sealed envelope by the scientist on the lower-level aircraft. 
The treatment decision will then be radioed to the scientist aboard the 
upper-level aircraft. 

In order for seeding to produce an effect in the dynamics of a cloud, 
the cloud must be growing vertically and must contain a sufficient supply 
of supercooled liquid water so that the latent heat released by its 
freezing Is some unspecified but sizable fraction of the natural latent 
heat release. Jurica and Woodley (1985) have selected minimal seeding 
criteria for small, multiple-cell convective systems to be an updraft of 
at least 5 m s"̂  together with a liquid water content of at least 0.5 g m"̂ . 
These values appear plausible and will be accepted as the seeding criteria 
for clouds in this experiment. 

The quantity of the seeding agent injected into the experimental unit 
has been a source of controversy for some time (e.g.. St. Amand and Elliot, 
1972; Woodley and Sax, 1976). It Is generally agreed, however, that the 
amount of seeding material distributed within the cloud should depend on 
the concentration of ice crystals desired in the cloud, the number of ice 
cr/stals produced per gram of seeding agent (its effectiveness) and the 
volume of the cloud in which the seeding agent is dispersed. The 
flexibility to alter the treatment dosage within a clinical trial will be 
utilized in this program. Experimentation will begin by using seeding 
rates typical of previous programs but may be altered as the researchers 
examine the results of the treatment. For sliver iodide pyrotechnics, the 
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Initial seeding rate will be one 20-g flare during each second when the 
seeding criteria are satisfied itQ^ Jurica and Woodley, 1987). For dry 
ice, the initial seeding rate will be 25 kg of pellets within a large tower 
(> 25 km )̂ in which the seeding criteria are satisfied and 5 kg of pellets 
within a small tower (~5 km )̂ in which the seeding criteria are satisfied 
( £ ^ Holroyd et al.. 1978). 

Researchers in the atmospheric sciences must consider the safety of 
the residents in their research area as they conduct their experiments. 
Seeding operations in a county during a severe weather warning (flash 
flood, severe thunderstorm or tornado) jeopardize the safety of these 
people since damaging storms exist within the region. Further, the 
impressions of the public, whether justified or unjustified, play a 
significant role in the operation of a weather modification experiment. 
Therefore, to eliminate any possible confusion about the activities of the 
researchers, all field operations, including sampling missions, will be 
terminated in counties under a severe weather warning. If severe 
weather watches exist for the research area, the project director and the 
project forecaster will decide If the conduct of field operations should 
continue or if they should be halted. 

Data gathered during the field project should be checked for 
completeness and quality as soon as possible. The data manager should 
assume this responsibility and should periodically update the project 
director about his findings. Some on-site computing capabilities appear 
to be necessary in order to monitor the data while the field project is 
occurring. 

The data systems used on airplanes should have a computer system 
capable of generating and reading magnetic tapes or disks. Such a system 
should be configured to process the data overnight. This task will be the 
responsibility of the data technicians aboard the aircraft. A quick 
examination of the data not only is advantageous since any weaknesses in 
the data archival can be quickly located and corrected but also because it 
allows the researchers to have a glimpse at the microphyslcal processes 
occurring in clouds which they have recently sampled. The radars should 
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be capable of replaying magnetic tapes which have been created by their 
systems and therefore provide a means of monitoring their data. 

An alternative method of checking the data would require direct 
access in the field to a computer system similar to the one used to 
finally process the data. This method would be required to examine the 
archived surface data. Unfortunately, only in rare circumstances does 
this option exist. It appears worthwhile, however, to make such 
arrangements given the apparent demand for such a system. 

Once the data have undergone the Initial quality control, all tapes 
should be shipped to a central location for archival, final editing and 
formatting by the data manager. Later requests for the data would then 
be directed to the data manager after the field work has been completed. 

5.9 Analvses and evaluation 
Randomization schemes are used for deciding which treatment is 

applied to an experimental unit so that biases may be removed from the 
selection process. Blocking is used in the randomization to remove some 
of the natural variation. In this experiment, for example, the blocking is 
intended to group experimental units which form close in time and is 
based on the idea that storms that occur on successive days are more 
similar than are storms which occur over a longer time span. 

As a result of both randomization and blocking, the basic character
istics of experimental units should be similar among the three treatment 
groups (not seeded, seeded with Agl and seeded with dry ice) prior to the 
treatment. However, the investigators must examine whether the 
treatment groups are Indeed similar. Characteristics both of the clouds 
and of the environment in which they developed should be considered 
since both factors are involved in the dynamic growth hypothesis. The 
comparison between treatment groups can be made by reporting simple 
statistics (number, mean and variance) for selected variables of each 
group. Cloud properties such as liquid water content, maximum updraft 
speed, ice particle concentration, precipitation particle concentration and 
maximum height should be reported. Environmental properties such as a 
measure of atmospheric stability (perhaps the lifted Index), the dynamic 
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growth potential estimated from soundings used as input to 
one-dimensional cloud models, surface moisture convergence below the 
cloud, a measure of the buoyant energy available to rising parcels and the 
mechanism initiating convection should also be reported. 

Evaluation of the sampling experiment will be undertaken with two 
types of investigations: case studies and statistical comparisons. Case 
studies will be useful in the investigation of both the natural-
precipitation and the effects-of-seeding portions of the physical 
hypothesis. They will piece together the processes active in the 
experimental unit from all available data sources. Modelling studies 
utilizing three-dimensional computer simulations both of seeded and 
non-seeded experimental units will play an important role in these 
studies, but will not be the only source of information. It is often true 
that the processes operating in a cloud and their causes may be more 
easily discovered from the output of simulations than from observations; 
however, it Is useful to have observations which may be compared to the 
computer output to verify the accuracy of the model Further information 
about the experimental unit can be gathered by observing processes 
occurring on scales unresolved in the model. The sophistication and 
quantity of equipment requested for this program reflect the need to 
acquire the data necessary to perform these tasks. 

The statistical comparisons will be used to evaluate the portion of 
the physical hypothesis concerned with seeding and its effects. 
Procedures such as an analysis of variance can be quite useful if simple 
questions are being examined. Such questions are the only ones which are 
capable of being answered In a period of three years at this stage in the 
program. 

The questions which follow should be transferable into hypotheses 
which may be tested with an analysis of variance: 

1, Does seeding with silver Iodide increase the concentration of ice 
particles in the updraft region when compared to natural ice-particle 
concentrations in that region? 

2, Does seeding with dry ice increase the concentration of ice 
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particles In the updraft region when compared to natural ice-particle 
concentrations in that region? 

3. Which of the seeding agents is more effective In increasing the 
concentration of ice particles in the updraft region? 

4. If more ice particles are produced as a result of seeding with 
silver iodide, do these Ice particles freeze the supercooled water in the 
updraft region? 

5. If more ice particles are produced as a result of seeding with dry 
Ice, do these ice particles freeze the supercooled water in the updraft 
region? 

6. Do the updraft speeds in a cloud increase following seeding? 
7. Are the maximum heights of seeded clouds greater than the 

maximum heights of unseeded clouds? 
The answers to these questions will aid greatly In assessing the 

accuracy of the physical hypothesis. More complex and perhaps more 
incisive questions will develop as the analyses proceed. The significance 
levels assigned to such analyses are often questioned since they no longer 
can be called simultaneous significance levels. Asking too many 
questions, however, reduces the number of observations used to answer 
individual questions and raises the issue now called "multiplicity." 
Researchers should not be reluctant to investigate questions which arise 
from prior analyses for fear of these complications. Understanding the 
processes occurring in the experimental unit is more Important in a 
pre-exploratory experiment such as this one than is the simultaneity of 
the significance levels for Its findings. However, the questions should be 
both well framed and limited to those which have scientific merit. 

Re-randomization (also called permutation) tests also offer a means 
of testing the hypotheses derived from the above questions. Such 
non-parametric methods offer the advantage of freeing the tests from 
assumptions of distribution and independence (Statistical Task Force, 
1978). Although the basic idea of re-randomization tests is well 
understood, little is known about the power of such tests or about the 
choice of a good statistic (Gabriel, 1979). Bradley and Scott (1980) 
suggest that "parametric analyses should be satisfactory for data 
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exploration" and would "reserve re-randomization calculations for 

confirmation of apparently interesting effects suggested by the 

parametric analyses." The recommendations of Bradley and Scott seem 

reasonable for this experiment since data exploration will occur. 

Therefore, the use of analysis of variance described above will be 

adopted. 

Reporting of the results of the evaluation should occur twice during 
the experiment. The first report should be made after the analyses have 
been developed (February of the second year). The information contained 
in this report should be: the protocol of the first field project, a summary 
of the data which were gathered, a description of the analyses which will 
be conducted, a comparison of the characteristics of the treatment 
groups, any completed preliminary analyses and any changes being made in 
the design for the second field project. 

The second report should be made at the completion of the third year. 
It will be more complete than the first report since it will represent the 
final report of the experiment. The information reported should be: the 
protocol of both field projects, any changes which occurred In the design 
of the experiment, a summary of all data gathered during the field 
projects, a comparison of the characteristics of the treatment groups, a 
description of the analyses performed, the results of these analyses, 
revisions of the physical hypothesis due to the analysis results and 
recommendations for any future experimentation considered to be useful. 

5Ji i Further experimentation 
The cloud sampling experiment outlined In this chapter is the initial 

stage of a multi-phase program divided into three experiments, each with 
its associated analyses. The first phase is the cloud sampling experiment 
discussed in this chapter. Its primary task is to more fully develop the 
portion of the physical hypothesis which considers the natural 
precipitation mechanism and to begin the investigation of the portion of 
the physical hypothesis which considers the effects of seeding on the 
precipitation process. The second phase is an exploratory experiment of 
the kind described by Flueck (1978). Its primary task is to develop the 
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portion of the physical hypothesis which considers the effects of seeding. 

A third phase, the confirmatory experiment, would follow the second 

phase only if the analyses of the second experiment indicated that a 

positive seeding effect was produced from the experimental unit. Its 

primary task is to confirm the results of the exploratory experiment in an 

independent investigation by assessing the effects of seeding in a strict 

statistical experiment. 

In principle, a confirmatory experiment should follow most 
exploratory experiments. However, it is difficult to imagine that a 
funding agency would provide funds for such an experiment if the 
preceding exploratory experiment did not indicate a positive seeding 
effect. For this reason, the exploratory experiment conducted as the 
second phase of the program should be prepared carefully utilizing the 
increased knowledge resulting from the sampling experiment. The 
designers should review the medical literature concerning clinical trials 
in preparing the protocol. The methodology of a trial appears to be 
suitable for weather modification research, as discussed previously. 
Particular attention should be directed to sequential designs since they 
can frequently reduce the sample size needed to find statistical 
significance (Flueck, 1978; Bross, 1952). A small required sample size 
would be an advantage for the exploratory experiment since the equipment 
and personnel needed for its conduct are at least as extensive as are 
needed for the sampling program. 

Research within the exploratory experiment should be directed at 
finding the seeding technique (amount of seeding agent, location of 
seeding within the cloud, timing of the seeding, etc.) optimum for 
enhancing the rainfall from the small, multiple-cell convective system. 
Analyses of the data gathered within and around the systems should be 
used to assess the portion of the physical hypothesis concerned with 
seeding and its effects. Changes in the hypothesis can then be made to 
make it more accurate and may even suggest changes in the design of the 

experiment. 
Randomization of the treatment decision must occur in the 

exploratory experiment, Covarlates and blocking factors should be 
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Incorporated Into the design since they may help to focus the experiment. 
Flueck (1978) noted that few weather modification experiments have 
utilized blocking. However, blocking can lead to a more efficient 
experiment if factors can be found which partition the experimental units 
Into groups which are more homogeneous within than among the blocks. 

Evaluation of the exploratory experiment may rely on parametric 
methods such as an analysis of variance or non-parametric methods such 
as re-randomization tests. The Statistical Task Force (1978) suggests 
that "The device of judging the strength of evidence offered by an 
apparent result against the background of the distribution of such results 
obtained by replacing the actual randomization by randomizations that 
might have happened [re-randomizations] seems to us definitely more 
secure than its presumed competitors, that depend upon specific 
assumptions about distribution shapes or about independence of the 
weather at one time from that at another." The previously discussed 
remarks of Bradley and Scott (1980) still apply for this experiment since 
its analyses are exploratory; however, statistical evaluations begin to 
become important In judging the success of exploratory experiments. It 
is recommended, therefore, that re-randomization tests be used in 
evaluating the experiment, particularly since such tests can now be 
performed In reasonable amounts of time on moderate mainframe 
computers (e.g.. Hamer, 1981). 

Other forms of statistical evaluation using parametric methods are 
also encouraged as are case-study evaluations. Model simulations of 
seeded and non-seeded cases may aid in refining the physical hypothesis 
by allowing investigators to alter cloud or environmental properties and 
then to observe the results of the changes. However, multiple analyses of 
the same data will raise questions of multiplicity which the researchers 
must address when reporting their results. 

A schedule for publicly reporting the findings of the researchers and 
any changes in the design of the experiment should be developed during 
the initial design of the experiment. Summaries of the data gathered, 
descriptions of the analyses applied and the results of the analyses 
should be thoroughly documented. 
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An independent experiment should follow the completion of the 

exploratory experiment in order to confirm its results. This experiment 
must be highly focused (ask only a few, highly-specific questions) and 
operate under strict procedures with a pre-established design and 
protocol. Flueck (1978) recognized that the design of the confirmatory 
experiment can be different from the design of its prior exploratory 
experiment, so long as they are identical in their "essential dimensions." 
He also noted that "it is generally preferable to perform the designated 
analyses only after the full data set is collected." Therefore, sequential 
analyses are inappropriate for confirmatory experiments. 

Re-randomization tests clearly offer a strong alternative to 
sequential evaluations since exact significance levels can be obtained for 
a test within a restricted population (Statistical Task Force, 1978). For 
example, consider a set of suitable randomizations (say 1000 in number) 
drawn prior to the start of the experiment and established for all time. 
One of these random sequences is selected (at random again) prior to the 
start of the experiment and is used in its conduct. Re-randomization of 
the results using the remaining 999 sets will lead to exact significance 
levels within the population defined by the data and the 1000 original 
random sequences. Such an approach is appealing since classic 
statistical techniques have not proven successful in other weather 
modification experiments. 



CHAPTER VI 
COSTS AND BENEFITS 

A budget for the sampling program described in Chapter 5 is 
presented in the first section of this chapter. Alterations which would 
reduce the cost of this experiment are also discussed since the entire 
budget may not be funded. 

An estimate of the benefits resulting from the successful completion 
of the experiment helps people not involved in the experiment realize why 
it is necessary to fund the program. Further, a periodic review of these 
benefits by investigators involved In the program reminds them of the 
larger goals for their work. It is easy to forget these goals when involved 
in a specific research task. The potential benefits of the sampling 
program are described in the second section of this chapter. 

6.1 Costs 
The estimated budget for the first year of the cloud sampling program 

is presented in Table 6.1 and is separated into budgets for the field 
project and for the accompanying analyses. A similar budget would be 
required for the second year of the program while the budget for the third 
year can be estimated by extending the analysis portion of Table 6.1 at 
the same rate to a twelve-month period. 

Every effort has been made to produce a realistic budget. In most 
instances, organizations have been contacted to supply bids for the 
equipment and personnel required. However, competitive bids were not 
solicited since they are not required at this stage of the design. 
Reasonable estimates of other expenses have been made based on budgets 
from similar experiments. 

The experiment described in Chapter 5 is clearly a major undertaking 
and is costly ($3,241,220 per year from Table 6.1). However, $491,600 
would be eliminated from the radar and surface programs if funding could 
be obtained from the National Science Foundation (NSF) since the 
equipment and personnel would be furnished by the National Center for 
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Table 6.1 Estimated one-year budget required to conduct the cloud 

sampling program described in Chapter 5. 

Field Project (4 months) 
Cost ($1,000) 

Aircraft Program 
Salaries 

Scientists 68.4 
Pilots and data technicians 99.4 

Equipment 197.0 
Flares 21.0 
Dry Ice 5.0 
Subtotal 390.8 

Radar Program 
Equipment 415.3 
Salaries 659.2 
Miscellaneous (Fuel, supplies, etc.) 275.4 
Subtotal 1,349.9 

Surface Program 
Rawinsondes 

Equipment 24.0 
Expendables lOOO 
Salaries 404 

Raingages 
Expendables 20.0 
Salaries 12.0 

Stations 
Equipment 342.6 
Expendables -̂8 
Salaries 216.9 
Miscellaneous — ^ 

Subtotal ^^"^^ 
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Table 6.1 Continued. 

Field Project (Continued) 

General 
Equipment 

Mobile operations center 
Equipment 
Salaries 
Miscellaneous 

Weather data 
Salaries (Forecaster, Data manager) 
Computing 
Miscellaneous 
Subtotal 

Total field project 

Aircraft Program 
Scientists 
Computing 
Subtotal 

Radar Program 
Scientists 
Computing 
Subtotal 

Modelling Program 
Scientists 
Computing 
Subtotal 

Analysis (8 months) 

Cost ($1,000) 

84.8 
65.0 

1.0 
10.0 
40.4 
5.0 

10.0 
2 1 « 

2,765.9 

Cost ($1,000) 

96.0 
10.0 

640 
90,0 

640 
150.0 

106.0 

154.0 

2140 



Table 6.1 Continued. 

Publications 
Subtotal 

Analysis (Continued) 
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Miscellaneous 
Data Manager 24 0 
Travel IO.Q 

Cost ($1,000) 

lOO 

Total analysis program 5130 

Grand total (analysis and field programs) 3,283.9 
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Atmospheric Research (NCAR). It is the policy of NCAR to reduce 
equipment rental rates for experiments funded through the NSF. 

Further reductions in the budget would result if the acceptable 
changes in other personnel and equipment discussed in section 5.7 were 
implemented. While these reductions are strongly discouraged, it is 
realized that they may be necessary for at least a core of the program to 
be conducted. The elimination of the raingage network and the operators 
assigned to it would reduce the budget by $32,000. The elimination of one 
of the Doppler radars would save an additional $770,500 A savings of 
$116,000 would be realized with the removal from the budget of two of 
the rawinsonde stations and five of the rawinsonde operators. (The 
forecaster would assume the duties of one of the rawinsonde operators 
and the launching site would be relocated to the project headquarters.) 
Replacement of all of the Doppler radars with two conventional radars 
would reduce the budget by $1,261,900 and elimination of one of the 
non-seeding airplanes along with its crew would save $98,800. 

An additional $80,000 could be removed from the analysis budget as a 
result of these changes since processing conventional radar data is not as 
costly as processing Doppler radar data. This savings appears to be the 
only one available In the analysis budget. Modelling studies should 
continue if the reductions are made in the field-project budget. However, 
elimation of the Doppler radars greatly decreases the observations which 
would be available for verification of model results. A total of 
$1,588,700 would be removed from the experiment's budget if all of the 
changes were made. 

Ultimately, the benefits of rainfall enhancement programs result 
from an increase in rainfall over an area; however, the cloud sampling 
program described In Chapter 5 does not directly ask questions about the 
efficacy of cloud seeding to enhance rainfall. Rather, it acts as a 
precursor to the program that addresses this question by gathering the 
data necessary to understand the processes operating in small, multiple-
cell convective systems. 
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The direct benefits of the sampling program are the increased 

knowledge gained through analysis of the data and, consequently, a 
sounder base for determining the possibility of rainfall enhancement. It 
is impossible to assign a monetary value to these Intangible benefits. 
However, it is possible to estimate the financial benefits of increased 
rainfall and thus to determine if the potential benefits justify the cost of 
the experiment. 

During the late 1970's, the Texas Department of Water Resources 
conducted an extensive study of the benefits resulting from increased 
rainfall In West Texas during the growing season from April to October 
(Kengla sLal-, 1979). Frequently quoted estimates of the potential 
increases from treating summertime cumulus clouds range from 10 to 
30% but may be as large as 70% (Weather Modification Advisory Board, 
1978). The study by Kengla et al. considered the economic benefits to the 
region's agricultural and livestock Industries caused by a 10% increase in 
rainfall over a 32,822 km^ area. Three favorable results would occur 
from the rainfall increase: 

1. extension of the lifetime of groundwater reserves; 
2. reduced irrigation costs to farmers and ranchers; and 
3. expanded dryland crop and livestock production. 
This same study then quantified the benefits of increased rainfall by 

estimating the changes in the regional income and output. It was found 
that a 10% increase in growing-season rainfall would increase regional 
annual output by $3.9 million and would increase regional annual income 
by $2.3 million. 

These estimates can be used as a starting point from which the 
benefits on a similar increase in rainfall over the operational area of the 
sampling program can be measured. The estimates of Kengla et al. are 
dependent upon the size of the target area, the period of seeding and the 
value of the dollar. An increase in benefit estimates resulting from the 
larger target area of this program (70,686 km )̂ is the ratio of the two 
areas (2.15) when the rainfall increase and corresponding economic 
changes are assumed to be uniform over the region. A decrease in the 
estimated benefit also results from the shorter duration during which 
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seeding would occur in this program (123 days in the period May through 
August versus 214 days in the period from April to October). This 
alteration corresponds to a scaling factor of 0.57 assuming that the 
benefits are distributed equally over time. Finally, the benefit estimates 
reported by Kengla et al. were based on 1977 prices and must be adjusted 
for the inflation of the dollar since then. Statistics reported by the 
Bureau of Labor Statistics show that $1.78 was required in December 
1986 to purchase the same amount of goods purchased with $ 1.00 in 
December 1977 (Bureau of Labor Statistics, 1987). 

A 10% increase in the rainfall within the target area of this program 
for the May-through-August period would therefore produce an increase in 
regional annual output of $8.6 million and an increase in regional annual 
income of $5.1 million. The ratio of the benefits produced by additional 
rainfall to project costs is 1.6:1 even if a project as extensive as the one 
described In Chapter 5 were needed to enhance the rainfall. This ratio is 
increased to 3.0:1 If the approved reductions in equipment and personnel 
discussed in section 5.7 are made. Clearly, rainfall enhancement 
programs in West Texas can be cost effective if rainfall can be Increased. 
The cloud sampling program plays an important role in developing the 
technology of rainfall enhancement by providing the data necessary to 
understand the processes which produce precipitation in convective 
clouds which form in the region. 



CHAPTER VI 

SUMMARY 

People living on the semi-arid High Plains of West Texas depend on a 
sparse, highly variable annual rainfall and on the groundwater reserves in 
the Ogallala aquifer to supply their water needs. The demand on the 
groundwater supply caused by the low natural precipitation and the needs 
of the area's residents has depleted the reserves of the aquifer and made 
precipitation Increasingly important. Rainfall enhancement through 
weather modification may offer the opportunity to augment this source of 
water. 

Research in weather modification has suffered because of the 
questionable claims and methods of some operators. However, sound, 
scientific Investigations have been conducted into the possibility of 
increasing growing-season (May through August) rainfall for West Texas 
since the early 1970's, The research presented in the preceding chapters 
contains original analyses of data collected during these experiments and 
reviews their results in order to assess what is known about rainfall 
enhancement In the region. This process was undertaken so that an 
experiment could be designed which would continue research in West 
Texas to Its next step based on a systematic, scientific approach. It is 
expected that these methods will provide the basis from which a 
controlled, rainfall-enhancement experiment will produce statistically 
significant findings. Only then can the argument about the effectiveness 
of weather modification In West Texas be solved. 

Jurica etal. (1983) and Pani and Haragan (1985) have indicated that 
convective systems occur in West Texas from which significant increases 
in rainfall may be possible. These cloud systems were called small, 
multiple-cell convective systems and were defined by radar echoes 
having multiple reflectivity maxima generally within a common echo 
boundary less than 100 km in dimension. Small, multiple-cell convective 
systems have been selected as the experimental unit for the experiment 
being designed. 
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Studies by Matthews and Henz (1977) showed that the atmospheric 
thermodynamic structure for the region frequently is suitable for 
enhancing the dynamics of these systems. Therefore, the method chosen 
to treat the experimental unit attempts to produce dynamic effects in the 
douds through the direct Injection of a glaceogenic agent. These effects 
include making the systems last longer, grow broader and/or taller and, in 
turn, produce more precipitation. 

Geostationary Operational Environmental Satellite (GOES) images of 
the southwestern United States were used to develop a climatology of the 
location and timing of the formation of the experimental unit within a 
150-km radius circle of Big Spring, TX. The study period was restricted 
to the years from 1979 to 1983 and the months from May to August to 
coincide with other data. This period was seen to be one of relative 
normality with respect to average rainfall but one of slightly lower 
variability than might be expected from climatic history. 

An average of 227 suitable systems formed during the May-through-
August period and presented 56 opportunities for treatment. (A 
treatment opportunity was considered to exist for the first suitable 
system observed to form after 1900 GMT.) The development of suitable 
systems increased in frequency from an average of 39 initiations in May 
to an average of 88 initiations in August. Treatment opportunities 
averaged 12 systems in May and increased to -19 systems in August. No 
area of preferential development appeared to exist within the study 
region despite the existence of an escarpment in the terrain. 

The structure of the environment in which the experimental unit 
forms and the microphyslcal properties of the clouds were examined from 
the synthesis of other, individual studies and from new case studies 
developed from available data, The data were gathered during the field 
projects of the 1979 and 1980 Texas High Plains Cooperative Program 
(Texas HIPLEX) and the 1983 Texas Experiment In Applied Seeding 
(TEXAS). Particular attention was given to the environmental 
thermodynamic structure represented by profiles of equivalent potential 
temperature (0g) and to microphyslcal properties such as cloud liquid 
water content, cloud droplet distributions and particle size and phase. 
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It was found that small, multiple-cell convective systems formed in 

a moist, conditionally-unstable atmosphere and were initiated by weak 
forcing mechanisms. Precipitation appeared to be produced Initially by 
either the cold or the warm rain process depending upon the strength of 
the vertical motions within the cloud. The cold rain process dominated 
precipitation development during the later stages of the cloud system's 
Hfecycle. Observed cloud droplet concentrations and distributions 
displayed characteristics typical for continental airmasses. However, 
the total droplet concentration was near the lower limit of 
concentrations typically reported for distributions in continental 
airmasses. Also, more larger droplets existed in the distributions than is 
typical for these airmasses. This phenomenon may have resulted either 
from sampling occurring high in the cloud or from condensation occurring 
on an aerosol distribution containing a mixture of particles from both 
maritime and continental sources. 

The microphyslcal characteristics of the clouds were seen to be 
highly variable, even for clouds which formed within 30 min of each other 
and which were separated in space by only 35 km. It was concluded that a 
significant amount remained to be learned before the precipitation 
mechanism in West Texas was sufficiently well understood to be altered 
In a verifiable manner. Unfortunately, the data do not exist to conduct the 
analyses which would produce this increased understanding. 

The relationship between rainfall rate (R) and radar reflectivity 
factor (Z) In small, multiple-cell convective systems was examined using 
data gathered during the 1979 and 1980 Texas HIPLEX field projects. This 
investigation was performed to allow a weather radar to be used for 
estimating storm rainfall volume. Radar estimates of rainfall are not as 
accurate as raingage estimates, but are less costly to produce. Realistic 
methods of handling the problems of evaporation and transport of the 
rainfall below cloud base were sought. For West Texas, Z=260R^^2 ̂ 3̂5 
found to produce the best radar estimate of overall mean rainfall volume 
when compared to raingage estimates. However, Ẑ ISSR -̂̂ ^ worked best 
for small, multiple-cell convective systems. The subcloud transport of 
rainfall by wind was important in estimating rainfall volumes, but 
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subcloud evaporation was found to be insignificant in estimating rainfall 
volumes when l°-elevat1on radar data were used. It was also found that 
practical limits exist In attempts to account for the physical processes 
which contribute to the errors In radar-derived estimates of rainfall. 

From these results. It was concluded that a cloud-sampling program 
would be the appropriate next step to further rainfall-enhancement 
efforts in West Texas. The program would supply the data necessary to 
more fully understand the processes active in small, multiple-cell 
convective systems and would provide the basis from which sound 
judgements could be made about the methods which would produce 
additional rainfall. 

More than one weather regime appears to affect convection in West 
Texas during the late spring and summer. Typically, convection during the 
late spring and early summer develops with a continental alrmass aloft 
and a maritime alrmass at lower levels. Convection during the late 
summer often entirely occurs in an maritime alrmass. An experiment 
conducted under these conditions must be restricted to one of these 
regimes or must be designed to use different treatments dependent on the 
regime in which the convection Is occurring. The cloud-sampling 
experiment was restricted to the two-airmass regime since it occurs 
more frequently than the regime having only a maritime alrmass. 
Inclusion of both regimes in the experiment would Increase the length of 
time required to reach conclusive results about both regimes. 

A conceptual model for the two-airmass regime was developed to 
describe both the sequence of events producing precipitation and the 
effects of seeding. The conceptual model (or physical hypothesis) serves 
only as a guide for the initial research efforts since important elements 
in the description of the natural precipitation mechanism were derived 
from either inference or conjecture. 

Much of the physical hypothesis reflects classical understandings of 
convection and of the microphyslcal processes which produce 
precipitation. However, substantial portions of the hypothesis depart 
from the classical scenario because of specific processes unique to 
convection in the area or to the chosen method of treatment. 
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One of these elements considered the processes which resulted from 
the initial droplet distribution produced by condensation on the cloud 
condensation nuclei (CCN) spectrum exhibited in the regime selected for 
the sampling experiment. At high supersaturatlons, this CCN spectrum 
was seen to contain concentrations of nuclei typically associated with 
continental airmasses while, at low supersaturatlons, it contained nuclei 
concentrations usually associated with maritime airmasses. The 
existence of a significant number of soluble salt particles and giant or 
ultragiant insoluble particles was hypothesized to produce the large 
droplets required to begin the coalescence process. Precipitation 
particles then were initiated by the warm rain process In cases where 
updrafts were strong. Otherwise, the precipitation development required 
the coexistence of ice particles and supercooled water drops. This cold 
rain process eventually dominated precipitation development later in the 
Hfecycle of the clouds. 

Ice multiplication processes frequently were observed or were 
possible after graupel particles formed. The existence of these processes 
explained the large Ice concentrations observed In the clouds and 
indicated that seeding to increase the dynamics of the clouds was more 
appropriate than seeding to increase their microphyslcal efficiency. The 
effects of seeding were hypothesized to result from increased buoyancy 
in the clouds. Downdrafts played an important role in the hypothesis, 
producing the additional convergence needed to make the system last 
longer and grow taller and/or broader. 

Weaknesses in the conceptual model were identified as existing in 
two areas: (1) understanding of the microphyslcal properties of the clouds 
and (2) understanding of the role played by vertical motions when seeding 
for dynamic effects is intended. An experiment was described which 
would remove these weaknesses by guided sampling of clouds and limited 
seeding tests. The experiment relied heavily on programs using Doppler 
radars and instrumented aircraft to supply the data necessary to 
strengthen the problem areas in the conceptual model. This experiment 
was designed to be conducted during a three-year period. After that time, 
enough information would have been gathered both to make an accurate 
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physical hypothesis and to develop a sound approach for altering the 
clouds to increase their rainfall. Further experimentation would consist 
first of an exploratory seeding experiment to more fully test the portion 
of the physical hypothesis concerned with the effects of seeding and 
second of a confirmatory experiment run under strict statistical 
procedures to test the results of the exploratory experiment. 

Needless to say, this multiphase program will be costly to run. The 
yearly budget for the sampling experiment was estimated to be 
$3,283,900 This sum could be reduced to $1,695,200 with the 
elimination or alteration of certain aspects of the experiment. However, 
these reductions are strongly discouraged. The potential benefits to the 
residents of West Texas which would result from even an Increase of only 
10% In growing-season rainfall are $5,100,000. 

The scientific merit of this program is twofold. First, it Increases 
understanding of the physical processes active in thunderstorms in West 
Texas. Understanding the thunderstorms will not only help efforts in 
weather modification but will also contribute to other areas in the 
atmospheric sciences. Second, the program attempts to determine if 
these processes can be altered to produce beneficial increases in rainfall 
through a systematic, scientific approach. Therefore, since the program 
is both cost efficient and scientifically worthy, it should be conducted. 
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