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EXECUTI VE su\fllAny 

This Report. presents an assessment of five years of cloud seeding 
operations, conducted by under cont.ract wit.h the Clt.y of San Angelo, Texas, by 
North American Weather Consul tant.s (1985 t.hrough 1988) and by Atmospherics, Inc. 
(1989). The period of operat.ions was 15 Apri I through 15 Oct.ober in 1985 through 
1989. The progra:n WliS based on dyna'111 c seed I ng concepts (e. g. Wood I ey, et. al., 
1982; Gagin, et. al., 1986; Rosenfeld and Woodley, 1989) and had as Its goiiTsthe 
replenishmen-t-oT surface reservoirs, channel dams and surface aquifers and 
increased precipit.l<tio!'l over the residential areas to reduce residential demand 
for municipal water. It was recognized that Increased rainfall also would 
benefit. t.he farming and ranching conmunities. 

In conducting the seedings, all suitable clouds were to be treated with a 
si lver Iodide (AgIl nucleant while they were over t.he San Angelo watershed. 
Primary seeding emphasis was placed on clouds within 30 n.ml. of Twin Buttes and 
O.C. Fisher reservoirs t.hat are located Imnediat.ely southwest and northwest of 
the City, respectively. 

Many of the seedings were at cloud top using droppable Agl flares. The 
mmber of flares used was a function of the suitability of a part.icular cloud 
syst.em. SClITlC of the seedings, part. icularly t.hose at night, t.ook place at cloud 
base, using ei ther wing-tip Agl-acetone generat.ors (1985 through 1988) or AgJ 
flares affixed to racks on each wing (in 1989). Cloud-base seeding was the 
preferred mode of treatment, when large highly-organized cloud systems traversed 
the target. area. 

When conducting the "classical" mode of dynamic seeding, vigorous individual 
cloud towers, growing within the convective cells that make up all cloud systems, 
were seeded near their tops. Typical t.ops height.s at. seeding were 5.5 t.o 6.5 km 
and t.op t.emperat.ures were -80 C to -120 C. The seeding devices were droppable 
flares that produced 20 ~ of silVer iodide (Agl) snoke during their 1.5 km free
fall through the upper portion of the cloud. An average of 2 to 3 flares were 
eject.ed per cloud tower in the updraft portlons of t.he cloud pass. "'hen the 
Johnson-Wi II iams liquid wat.er inst.rtlnent.atlon aboard the aircraft was activated, 
the flare releases were made In regions in which there was coincidence of updraft 
and supercooled liquid water. 

These operational seedings were done in the context of the conceptual model 
t.hat guided the dynamic seeding experiments In the Florida Area Cumulus 
Experiment (FACE) (Woodley et. al., 1982) and is guiding the current. experiments 
of the Southwest Cooperative Program (SWCP). The evaluation period for each year 
of operat.ionl<l seeding encompassed t.he five months May t.hrough Sept.ember. April 
and October were not included in the analysis, because only half of these months 
had seeding (i.e. t.he last. half of April and the first. half of Oct.ober). Because 
the oUicial rainfalls for many of the st.attons used In the evaluation were 
report.ed only on a monthly basis, it. would not have been possible t.o determine 
how much of the April and October rainfalls could be ascribed to the period of 
seeding. 

During the 5-year progra'TI, the wettest. May t.hrough Septeni:>er pertod, bot.h 
within and outside the target area, occurred tn 1986. The May t.hrough Septeni:>er 
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periods in t.he remaining four years, ranked by decrel1sing wet.ness, were 1987, 
1988, 1985 and 1989. The rainfalls in all years, except 1989, were above the May 
through Septeni>er seasonal normals. It was dry in 1989, especially in t.he 
southwestern portion of the t.arget and to its south and west.. 

Dud ng the progra'l1 11 lot.a I of 125 kr,m of Ag I were expended dur ing t he course 
of 2,315 separate seeding event.s. Most of the seedings took place within 30 
n.mi. of San Angplo as int.ended, primarily to t.he west and southwest. of the City. 

Assessment. of the eflect. of seeding made use of target-control regressions 
that had been derived from historical rainfal I records. Historical mont.hly 
precipitation data were accunulat.ed for long-term rainfall stations within the 
target and out.side to the west. and to the south. The period of record was 1960 
t.hrough 1984 inclusive. Six control st.at.ions (Midland Airport., Penwell, :'tfcCamey, 
Bakersfield, Ozona and Sonora) and nine target st.ations (Garden Cit.y, Sterling 
City, Cope Ranch, Wat.er Val ley, Water Valley 10 NNE, Funk Ranch, San Angelo, 
Eldorado, and Mert.zon and/or .~Iertzon 10 NE were used in the analysis. Potential 
control st.at ions to the nort.hwest and north of t.he San Angelo target were not. 
used because of possible contamination by seeding during the Colorado River 
Municipal Water District operat ional seeding program, which was operat ive unti I 
19118. 

The unalysis proceeded in t.he following st.eps: 

1. A I inear regression relat ionship betwt:·en the average, seasonal (~Iay t.hrough 
September) target and control rainfalls was derived. In a variation of t.his 
basic analysis, regression equations between mean seasonal control rainfall 
and the t.ot.al seasonal rainfall for each t.arget. station were derived. This 
analysis produced ten separat.e equations, one for the overall target. and one 
each for the nine t.arget st.ations. 

2. The regression equations were then used to evaluate the five years of 
seeding. The observed mean cont.rol rainfall for the six control stations 
was substituted int.o t.he regression equations, and the overall target. 
rainfall and the rainfall for each station were predict.ed for each year. 

3. TIle predicted rainfalls were compared to t.he observed rainfalls to obtain an 
estimat.e of the effect of seeding for each year. Combination of t.he yearly 
result.s provided an est.imat.e of t.he effect of seeding for all five years. 

The correlations between individual target. stat.ions and the mean control 
rainfall range bet.ween O.5B and 0.84. The overall correlat.ion between mean 
target. and mean control rainfall is 0.77, indicating that. t.his derived l\near 
equation can be used t.o predict. t.he yearly target rainfall in t.he absence of 
seeding. 

The analysiS suggests a positive effect. of seeding (i.e. more rainfall) in 
each of t.he five years. The probab\l ity of this happening by chance is only 3%. 
In ot.her words, t.here is a 97% like I ihood rha t seed i n~ was respons i bl e for the 
apparent increases in rainfall. 

The results of the analysis suggest. an overall effect. of . seeding of about 
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+17% for t.he target for all years of operation. In addition, the area closest to 
San Angleo, where most of the seeding took place, had larger apparent seeding 
effect.s ranging bet.ween +27% and +42%. The mean increases in rainfall for this 
region, closest to the San Angelo reservoirs, average between 3 and 5 Inches per 
season nlay t.hrough September). 

Sensitivity t.ests are an important. component. of any analysis. To test. the 
sensitivity of the San Angelo result.s the following procedure was applied: 

1. The 25-year base period (1960-1984) was divided int.o five 20-year blocks. 

2. Linear regreSSion equations relat.tng cont.rol t.o t.arget rainfalls w\!re 
derived for the five 20-year base periods. With t.he derivation of each 
regression equation, the remaining 5-year period was set. aside as a 
hypothet.ical period of seeding. As an example, the period 1965 through 
1984 was used to derive the target vs. control relationship and the period 
1960 through 1964 was set. aside as a period of hypothet ical seeding. 

3. A seeding effect was then calculated for each 5-year period of hypothetical 
seeding and for the 5-year period (1985 through 1989) of actual seeding. 
The "seeding effects" were then compared. 

The analysis reveals that. in each 5-year period, the apparent effect of 
act.ual seeding for the years 1985 through 1989 exceeds the "effect" In each 5-
year period ot hypothetical seeding. In every Instance the ratio of observed to 
predicted rainfall for the actuul period of seeding is > 1, whi IE' only three of 
the five years is > 1 for the period of hypothet ical seeding. The probabil tty of 
of t.he seeded evp.nt. happening by chalice is only 3%. The magnitudes of the 
apparent posl t·tve seeding effects for t.he ent Ire traget range from a mlnlnnm of + 
14% to a maximum of +20%. These values bracket the point estimate of +17% that 
was obtained in the basic analysis. 

This sensiUvity analysiS supports the interpretation that Agi seeding Is 
responsible for the apparent increases of rainfall over the San Angelo watershed 
for t.he period 1985 t.hrough 1989. The magnitude of the seeding effect for the 
overall target likely ranges between 14% and 20%. 

Upon asseSSing all of the evidence, we conclude that seeding has increased 
the rainfall over t.he San Angelo watershed. Among all of the evidence 
conSidered, lYe consider the following some of t.he more convincing: 

1. In the statistical analysis an apparent positive seeding effect Is evident 
in each of the five years of operational seeding. The probabi Ilt.y of this 
happening by chance is 3?":" The apparent overal I area-wide effect is +17%. 

2. The apparent effect of seeding is strongest over regions where most of t.he 
treatment took place during t.he 5-year program, especially near and to the 
west (upstream) of the reservoirs serving San Angelo. ECCect.s In this 
region range between +27% and +42%. 

3. The apparent eCCect. of seeding is still evident sUer sensit.tvity testing. 
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4. The resul ts of research in West. Texas to date under auspices of the the 
Southwest Cooperative Program (SIYCP) indicate that seeding in West Texas is 
effective in increasing the rainfall from individual convective cells by 
over 100% and that seeding promotes the merger of adjacent clouds, leading 
to larger and longer-Iast.tng raining clouds. The results of the San Angelo 
operational program are consistent with the results of this research 
project. 

5. Analysis of the IS-year operational cloud seeding program of the Colorado 
River Municipal Water District (CRMWD) by Jones (19S5, 1988) Indicates that 
seeding has increased the rainfall over their target by about 11%. This 
result also is consistent with the results of the San Angelo program. 

A detailed analysis of the benefit to cost ratio of the San Angelo seeding 
program is beyond the scope of this report. It Is possible, however, to make a 
"ballpark" estimate of this important paramet.er. Factors t.hat. should be 
considered In such an analysis are the cost. of the program, the apparent 
increases In rainfall, what happens t.o the rainfall after it reaches the ground 
and the value of the increased water. The analysis herein suggests a beneftt. to 
cost ratio of at least 10 to 1 for the San Angelo Rain Enhancement Program, 
suggesting that the effort was highly cost effective. 

The San Angelo Rain Enhancement Program appears to have accanpllshed Its 
primary objective of Increasing the water supply over the wat.ershed serving San 
Angelo. The reservoir levels were higher at the conclusion of the 5-year effort 
than at the outset, and the analysis indicates that seeding played a significant 
role in the improved water levels. 
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1.0 INTRODUCTION 

1.1 The Need for Water in Texas 

Texas is a largc state with a growing population and a diverse and viable 
economy. The State has a total land area of 693,233 ~2 (267,339 mi 2 ) and had a 
1980 population oC about 14.2 million people. The State's population is 
projected to grow t.o 17.8 million by 1990 and 20.9 million by t.he year 2000. It 
is a state that has long recognized the value oC Cresh water, as evidenced by its 
ex tens i ve wa te r managemen t programs, which inc I ude i rr i gation project.s and 
conservation eCCorts. 

Texas has a huge t.hirst for water. Approximately 2.37 x 10 10 rn3 (19.2 
million acre-Ceet) of Texas water (one acre-Coot is 1,235 m3 or 325,851 gallons) 
are used each year to meet the needs oC households, industry, irrigation, ste~ 
electric power generation, mining and livestock. Nearly 70 percent ot the total 
water available each year, 1.62 x 1010 m3 (13.1 millIon acre-teet), is consl.med 
by tarmers and ranchers Cor irrigation to produce tood and tiber to meet the 
demands of both the State and the Nation. By the year 2000, it is projected that 
2.75 x 1010 m3 (22.3 million acre-teet) oC water will be needed to meet the 
demands of the State, assuming that agricultural water use is held at 1.62 x 1010 
:n3 ). Virtually all of this water is produced ult.imately by precipitation and by 
pumping from ground storage. A map of the Texas average annual precipitation for 
the years 1950 through 1980 is provided in Figure 1. Annual precipi t.atlon 
increases tram near 8.0 inches in the west to over 56 inches in the east. 

Although Texas' supply ot tresh water is usually sufficient to meet current 
leeds, its areal distirbution does not correspond to the areas of greatest need. 
If additional water sources are not Cound in some regions of the State, serious 
'later shortages wi 11 adversely affect. the local economies. This is especially 
rue in the CerttIe but semiarid Texas High Plains area where the Ogallala 

lquifer, the major source of municipal and irrigation water, is being exhausted. 
:urrentJy, the Ogallala supplies irrigation water for 23,900 km2 (5.9 million 
.cres). At present annual use trends, however, it is estimated that by the year 
000 the Ogallala will be able to supply water to only 9,000 km2 (2.2 million 
cres). Not only is water becoming more scarce, it is also becoming more 
xpensive to obtain, as the water table decl ines and energy costs to pimP the 
ater continue to rise. 

When droughts are factored int.o t.he Texas water equation, the potential for 
~rious water problems is increased. The recent history of Texas drought has 
~en addressed by Riggio et al., (1987), and it brings the ill1>ortance oC adequate 
"ecipi tat ion into sharp rocus. Riggio et al. note that at least one serious 
"ought has plagued parts of Texas in everY-decade of the 20th century. The most 
ltastrophic Texas drought was the stat.e-wide dry spell that began in 1949 and 
lded In 1957. Wells ran dry, rivers stopped Clowlng and ranchers and farmers 
ruggled to survive during this drought. 

Drought.s of shorter durations and severity have plagued various at"ca:> .:.! the 
ate since then. In the Edwards Plateau portion of the state that Includes Tom 
een Count.y and the City of San Angelo, other drought periods have included the 
ars 1933 & 1934, 1947 & 1948, 1962 through 1964, and 1982 through 1984. It was 
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Figure 1 

Mean Annual Precipitation 

in Inches, 1951-1980 
(From Riggio et al., 1987) 

'1 
,~ 

i , . 



,ry dry over the southern portion of the Edwards Plateau in 1989, including the 
'ea just to the south of San Angelo. This is not a temporary aberration but the 
'ginning of yet another drought period. 

In order to meet the water needs of Texas, and specifically in the Texas 
gh Plains, additional and cost effective fresh-water supplies must be 
veloped. A potential technique for providing additional fresh water is to tap 
e moisture available in the atmosphere which does not fall as rain naturally. 
e value of this potential additional water has been demonstrated by exploratory 
udies of the Texas Department of Water Resources (Allaway et al., 1975; Lippke, 
76; and Kengla et al., 1979). These studies indicate that; cloud seeding in a 
,000 km2 (8.1 million acres) project area of the southern High Plains, yielding 

percent additional rainfall during the growing season, would result in an 
erall expansion in regional output of approximately $3.68 million and a similar 
pansion in regional income of $2.30 million. 

Studies such as these, showing the value of increased water, explain why 
xas has a history of both meteorological research and cloud seeding efforts to 
hance the natural precipitation. The most relevant recent programs are the 
xas High Plains Experiment (HIPLEX), the operational seeding program of the 
lorado River Municipal Water District (CRMWD) and the research effort under the 
spices of the Southwest Cooperative Program (SWCP). These programs serve as 
e backdrop for the operational seeding program of the City of San Angelo that 

the focus of this paper. 

1.2 Texas HIPLEX 

Research into rainfall enhancement in Texas expanded rapidly during the 
70's with the Texas High Plains Experiment or HIPLEX. The HIPLEX effort was 
Jnted by the Federal government in the U.S. High Plains, in cooperation with 
= states of Kansas, Montana and Texas, to better understand the phYSical 
)cesses in growing-season convective clouds in this region and the response of 
3se clouds to seeding. This ambitious program of weather modification research 
3 part of the U.S. Department of the Interior's "Project Skywater," which was 
signed to develop an effective technology for precipitation management to help 
)plement the nation's fresh water supply needs. 

The Texas HIPLEX Program was intended as a long term multi-phase research 
~ort to develop a technology to augment West Texas summer rainfall. Due to 
leral funding cutbacks, however, Texas HIPLEX was limited to its initial phase 
175 through 1980), which included the collection, processing and analysis of 
;eorological data in order to better understand the cloud systems of West 
(as. The data collected during the six summer field programs included surface 
I upper-air observations, and cloud phYSics, radar, satellite and raingage 
.a. Of most relevance to the San Angelo program, the HIPLEX studies revealed 
It the larger and better organized convective systems produce the bulk of the 
.nfall in West Texas (Riggio et aI., 1983; Matthews, 1983). This finding has 
. obvious implication that operational seeding must act to stimulate these 
'ger cloud systems if it is to be effective in augmenting regional rainfall. 
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1.3 T:-!e Operational Rain EnhHncemellt Program of the Colorado River 
Municipal Water DistrIct (CR..WvD) 

The operational seeding progrnm that Is most relevant to the San Angelo 
effort. is the convective cloud seeding program, sponsored by the Colorado River 
~unicipal Water District (CR\l\m) in Big Spring, Texas, which ran continuously 
[ran 1971 through 1988 (18 years). The twoCold purpose ot th is program was to 
increase precipi tat ion runoff for storage in the cru~-\'D reservoirs and to increase 
rainfall for use by agriculture. Seeding during this program was done primarily 
at cloud base using silver Iodide (Agl) acetone generators. 

In assessing the apparent ettect ot seeding in the CRMWD program, Jones 
(1985 and 1988) made use of the historical rainfall record (1936-1970) to 
calculate percent of normal rainfall at target and control stat ions. He also 
used these data t.o develop t.arget-cont.rol regressions, which were used t.o predict. 
rainfall in the seeded period (1971-1988). The predicted and observed target 
rainfalls were then compared. The percent-of-normal analysis indicates 30% above 
normal rainfall in the center ot the target while the regression analysis 
suggests t.hat seeding Increased the rainfall about 11% in the target area. 

A second analysis by Jones (1988) oC the yields of unirrigated cotton in and 
around the target since seeding began In 1971 indicates Increases of cotton 
production of 48% and 45% in the target and downwind of the target., respectively, 
while the increase in cotton production in the same time period in the counties 
upwind of the seeding was only 8%. I( one aSSLmeS that rainfall has been the 
major control of cotton production over the entire region, this result might be 
interpreted as further evidence for seeding-Induced rain increases. 

1.4 The Southwest Cooperative Program (SWCP) 

The Southwest Cooperative Program (SM::P) of Texas and Oklahana is a joint 
e(fort to develop a scientifically sound and socially acceptable appl ied weat.her 
modification technology for increasing water supplies in this region. The 
sponsors of the Texas effort. are the Texas Water Comnission, the U.S. Bureau of 
Reclamation, the Colorado RIver Municipal Water District in Big Spring, Texas, 
and the City of San Angelo, Texas. Experimentation was conducted from a base In 
San Angleo, Texas during portions of the summers of 1986, 1987 and 1989. 

The CORE component. of the Texas SI\\:P Is the stat ist ically randomi zed seeding 
effort aimed at detennlnlng the potential of stimulating additional rainfall from 
clusters ot convective clouds in West Texas through the application of "dyna~ic" 
seeding techniques to individual convective cells that make up the cloud system. 
All aspects of the SWCP through 1987 are addressed in the paper by Rosenfeld and 
Woodley (1989). Dynamic seeding is discussed in the next section. 

The SWCP experiments have been conducted in accordance wi t.h the Sl\t;P Des ign 
DocLment. (Jurica and Woodley, 1985) and SWCP Operat ions Plans (Jurica et al., 
1987) over the area between San Angelo and Big Spring in West Texas. In every 
case, the experimental unit was the small multiple-cell convective system within 
a circle having a radius of 25 ~ and centered at the location of the convective 
cell which qualified the unit for treatment. The treatment decisions were 
randomized on a unit-by-unit basis and all suitable convective cells within the 
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unit received the same t.reatment -- silver iodide (Agl) in the case of a seed (S) 
decision or simulated Agi in the case of a no seed (NS) decision. 

During the actual randomized experimentation, suit.able supercooled 
convective cloud towers within the convective cells received either sirn.llated Agi 
treatment. or actual Agi treat.ment. near their tops (typical top heights of 5.5 t.o 
6.5 Ian and top t.en-peratures -BoC to -12 0 C). The seeding devices were droppable 
flares that produced 20 gm of Agi smoke during their 1 Ian free-fall through the 
upper portion of t.he cloud. Between 1 and 10 flares normally were ejected during 
a seeding pass, but more were ejected in a few instances in especially vigorous 
clouds. The flare eject. ion button was pressed approximately every second wlli Ie 
the cloud 1 iquid wat.er reading was greater than 0.5 g/m3 and the updraft. exceeded 
1,000 ft Imin. In the s ilTUla ted seed ing passes no (lareS-were actually ejected 
when the button was pressed, but the event was still recorded in the aircraft 
data system. 

In the SWCP design, therefore, the treatment units are the convective cells 
which contained cloud towers that met the liquid water and updraft requirements. 
It is the cell that receives the treatment, and any effect. of seeding should 
mantfest itself first on this scale before it is seen in the experimental unit 
that contains the cells. 

The inferred seeding effect.s were to be interpreted in the context of the 
conceptual model that has guided the dynamic seeding experiments in the Florida 
Area Cu'TIUlus Experiment (FACE) (Woodley et. al., 1982) and in the SWCP of West 
Texas. A discussion of this conceptual model and the results of the SWCP to date 
are presented by Rosenfeld and Woodley (1989). A brief s~lmary is presented in 
section 3.4. 

2.0 THE SCIENTIFIC BASIS FOr. CLOUD SEEDING IN ~~ST TEXAS 

One major general premise of cloud seeding is that the introduction of ice 
nuclei into a nuclei-deficient supercooled cloud will improve tts precipitation 
efficiency, leading to more precipitation. Relatively small numbers of ice 
nuclei (1 to 10 per liter) are thought to be needed t.o improve precipitation 
eUiciency. This approach to seeding has been called "stat ic" because the 
seeding concept. is to add small conccnt.rations of ice nuclei. to clouds, whose 
precipitation efficiency has been degraded by a deficiency of such nuclei. The 
nucleated ice crystals will then grow in size by diffusion and deposition until 
they fall fran the cloud as precipitation. The release of fusion heat during the 
gradual glaciation process is thought to be ~on:paratively small and unin~ortant. 
An excellent discussion of the "static" approach to seeding is provided in a 
review paper by Silverman (1986). 

A second premise of cloud seeding Is that massive glaciation of a super
cooled cloud wi 11 lead to substantial releases of the latent heat of fusion, 
leading t.o Increased cloud buoyancy and greater cloud growth. These larger 
clouds wi 11 last iOllger and process more water, leading to more precipitation on 
the ground. This approach is comnonly called "dynamic seeding". because the 
intention \s to invigorate the cloud's internal circulations to promote larger 
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clouds. Orville (1986) provides a corrprehensive discussion of the "dynamic" 
approach to cloud seeding. 

A compl ication for both approaches to cloud seeding Is the tendency for 
secondary Ice production in supercooled clouds with base terTl>eratures warmer than 
about 100 e (see Hallet and Mossop, 1974; Mossop, 1976; Mossop, 1978a, 1978b; 
Yardiman, 1978 and Mossop, 1985). In wann-based clouds, the coalescence of water 
drops Is a dominant precipi tat ion-forming mechanism. "'nen these precipi tation
sized water drops are carried to the supercooled portion of the cloud, a few of 
them freeze, releasing ice splint.ers in the freezing process. Silverman (1986) 
points out that other factors, such as liquid water content, cloud droplet 
concentration, cloud depth, and updraft speed are also ifl'l)ort.ant factors in this 
secondary ice production. The major determining factor, however, apparently Is 
cloud base temperature. Johnson (1982) indicates that +100 C is the critical 
cloud-base temperature threshold for natural ice multiplication. 

Artificial nucleation may not be necessary in ciouds with an active 
coalescence process. It may be counterproductive in sane cases, because the 
cloud may already contain enough natural ice for maximum preCipitation 
efficiency. This may be a greater problem for the "static" approach to cloud 
seeding than for the "dynamic" approach. Large effects of dyna."nic seeding have 
been shown in both Florida (SI~son and Woodley, 1971; Gagin et. al., 1986) and 
Texas (Rosenfeld and Woodley, 1989), and in virtually every inStance the seeded 
clouds had base temperatures > +100 C. 

Both the "static" and "dynamic" approaches 1 ikely are relevant. to the clouds 
)f West Texas. The static seeding approach may work best on cold-based ctmUli 
md on highly organized convective systems, while the dynamic seeding approach 
'Ii 11 be most appl icable to warmer-based convect. ive clouds that have not yet 
leveloped massive stature. In most cases, the response of a cloud to seeding is 
, mixture of both static and dynamic eftects. Which etfect dominates probably 
lepends on the Initial conditions of the cloud and envirorvnent when seeding is 
nitiated and on the amount of nucleant introduced into the cloud • 

. 0 DESIGN AND roNDUcr OF THE SAN ANGELO RAIN ENHANCEMENT PROGRA.'1 

3.1 Background 

During the latter stages of the 1982-1984 drought that affected San Angelo, 
he City Council and Manager of the City investigated the potential of cloud 
~eding for mitigating the drought over the city's watershed. Aware of the 
~sul ts of 'the long-tenn CRMWD program and ot cont inuing progress in cloud 
~eding research, the Counci 1 issued a solicitation for a qual Hied weather 
ldification contractor on November 8, 1984. North American Weather Consultants 
~AWC) answered this solicitation and was selected t.o conduct the operational 
oud seeding program through the summer of 1988. Atmsopherics, Inc., conducted 
Ie program in 1989. Annual reports on t.he seeding operations have been prepared 
. Gtrdzus and Griffith, (1986); Griffith and Girdzus, (1987); Risch and 
iffith, (1988); Girdzus and Griffith, (1989); and Woodley ~ !!.(1989). 

The San Angelo program was based initially on dynamic seeding concepts and 
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results from Florida (Woodley, et al., 1982; Gagin, et al., 1986). Later 
positi ve research results for West Texas (Rosenfeld and Woodley, 1989), obtained 
during the course of the Southwest Cooperative Program (SWCP), provided 
additional justification for the operational seeding effort. In both the SWCP 
and the CRMWD efforts, however, it appeared that "static" seeding effects might 
have been operative as well to increase the precipitation. "Static" and 
"dynamic" seeding concepts are discussed in sections 2.3 and 3.4. 

3.2 Objectives 

The San Angelo rain enhancement program was designed to use state-of-the-art 
aircraft, radar and instrumentation systems to recognize and act upon seeding 
opportunities for rain enhancement over the target area shown in Figure 2. The 
primary objective of the program was the enhancement of rainfall over the 
watershed that feeds San Angelo's two main reservoirs, Twin Buttes to the 
southwest and O.C. Fisher to the northwest of the city. Seedings were to be 
concentrated in suitable clouds within 30 n.mi of these reservoirs to increase 
runoff in streams and channel dams supplying the reservoirs and to increase 
precipitation directly into the reservoirs themselves. Seedings at greater radii 
were approved in instances when the seeded cloud systems were expected to move 
toward the storage reservoirs. In meeting the primary objective, recharge of the 
area's shallow aquifers would be accomplished as well. A secondary objective of 
the program was to increase the rainfall in residential areas in order to 
decrease the demand for municipal water. 

The program sponsors understood clearly that cloud seeding in West Texas 
would not "break" droughts, but that it likely·would be effective in augmenting 
the rainfall during periods of natural rainfall. Whether this has been the case 
during the five-year ~eeding program is the focus of this paper. 

3.3 Facilities and Their Use 

The San Angelo rain enhancement program made use of twin-engine, turbo
charged aircraft, silver iodide (AgI) pyrotechnic flares and solution-burning 
seeding generators, C-band operational radars, and raingages. All randomized 
seedings were conducted over the target area in Figure 2. 

Aircraft 

The primary fUnction of the aircraft was to accomplish the seeding of 
suitable convective clouds using fixed or droppable 20-gm silver iodide 
pyrotechnics. The base of aircraft operations was Mathis Field in San Angelo, 
Texas. The cloud seeding aircraft were a Cessna 340 (in 1985, 1987 and 1988), a 
Beechcraft Duke (in 1986) and a Cessna 421 (in 1989). 

All seeder aircraft had weather radar and seeding systems. The former was 
used primarily to ensure the safety of the aircraft and crew during seeding 
penetrations and the latter were used to carry out eithc:- ::m-top or cloud-base 
seedings of convective clouds. Under the belly or tail sections, the seeder 
aircraft carried flare racks that held up to 200 20-gm silver iodide pyrotechnic 
flares (TB-1 formulation). These flares normally burn for about 45 sec and fall 
up to 4,500 ft when ejected at altitudes of 20,000 ft in still air. In addition, 
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the seeder aircraft had either wing-tip, AgI-acetone generators (1985 through 
1988) or AgI flares affixed to racks on each wing (in 1989). Each genera tor 
usually produced about 2 gms of AgI per minute of operation, while the fixed 
flares produced about 3 gms of AgI per minute for each 20-gm flare that was 
burned. Total burn time for each fixed flare was about 6 minutes. 

Radar 

The San Angelo operational radar was a C-band Enterprise system in all 
years. In 1985 through 1988 the radar was an Enterprise WR-100-2 and in 1989 it 
was an Enterprise WR-100-5. In some years the radars had L-band aircraft 
transponder display capability which was used for coordination of the seeding 
flights. The radars were located at Mathis Field near San Angelo, Texas at 310 
21.5' Nand 1000 29.7'W. The airport elevation is 1916'. 

The radar operator was charged with assessing echo top height, reflectivity 
values and echo patterning. Operation of this radar system was usually manual. 
During the course of operations, PPI scope paper overlays were prepared at 15-30 
min intervals, showing echo positions, top heights, reflectivities and motion. 
As the seeder aircraft climbed to altitude, the radar operator closely observed 
the field of echoes to determine cell vigor, organization and lifetime. This 
information was radioed to the aircrew to assist with the selection of suitable 
seeding targets. During operations the radar operator monitored the weather-data 
system for NWS severe storm warnings specific to the echoes being worked by the 
aircraft and assessed any severe echo development via direct radar measurements. 

Raingages 

Rainfall information for this study was obtained from long-term raingage 
sites that included Garden City, Sterling City, Cope Ranch, Funk Ranch, Water 
Valley, Water Valley 10NNE, San Angelo, Mertzon, Mertzon 10NE, Eldorado and 
Ozona. It should be" noted that the Eldorado gage site was 11 mi. NW of the city 
through June of 1981 and 2 mi. SE of the City from September 1981 to the present. 
The Mertzon site ceased operation in 1987, whereas the Mertzon 10NE site began 
its operation in 1977. These stations figure prominently in the assessment of 
seeding effects. The gage observations are discussed extensively later in this 
report. 

3.4 Seeding Methods and Their Rationale 

In conducting the seedings, all suitable clouds were to be treated with a 
silver iodide (AgI) nucleant while they were over the watershed shown in Figure 
2. Primary seeding emphasis was placed on clouds within 30 n.mi. of Twin Buttes 
and O.C. Fisher reservoirs located immediately southwest and northwest of the 
city, respectively. 

Many of the see dings were at cloud top using droppable AgI flares. The 
number of flares used was a function of the suitability of a particular cloud 
system. The basic rationale for this approach to seeding is presented in section 
2.4 and is discussed further in this section. Some of the seedings, particularly 
those at night, took place at cloud base, using either wing-tip AgI-acetone 
genera tors (1985 through 1988) or AgI flares affixed to racks on each wing (in 
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1989). The AgI-acetone generators produced more effective nuclei per gram of AgI 
at -100C, averaging between 10 14 and 10 15 nuclei per gram of nucleant, than the 
droppable or fixed flares, which averaged between 10 12 and 10 13 effective nuclei 
per gram of nucleant. Cloud-base seeding was the preferred mode of treatment, 
when large highly-organized cloud systems traversed the target area. 

3.4.1 Seeding Near the Tops of Growing Cumulus Towers 

When conducting the "classical n mode of dynamic seeding, individual cloud 
towers, growing within the convective cells that make up all cloud systems, were 
seeded near their tops. Typical top heights were 5.5 to 6.5 km and top temper
atures were -8oc to -12oC. The seeding devices were droppable flares that 
produced 20 gm of silver iodide (AgI) smoke during their 1 km free-fall through 
the upper portion of the cloud. An average of 2 to 3 flares were ejected per 
cloud tower in the updraft portions of the cloud pass. When a Johnson-Williams 
liquid water instrument aboard the aircraft was activated, the flare releases 
were made in regions in which there was coincidence of updraft and supercooled 
liquid water. -

These operational seedings were done in the context of the conceptual model 
that guided the dynamic seeding experiments in the Florida Area Cumulus 
Experiment (FACE) (Woodley et. al., 1982) and is guiding the current experiments 
of the Southwest Cooperative Program. Ideally, according to the initial steps 
in this conceptual model, the seeding should produce more rain from individual 
cells and groups of cells through the following steps: 

1. Intensive AgI-seeding of the updraft portion of a vigorous supercooled clOUd 
tower rapidly converts the supercooled water to ice. 

2. The released latent heat due to freezing and deposition increases the 
buoyancy of the cloud tower, increases the updraft and causes the cloud to 
grow taller. 

3. The cloud tower produces more rainfall by virtue of its gre~ter height. 

4. Enhancement of the rainfall from the treated convective elements, leading 
to enhanced water loading which, in conjunction with increased entrainment 
of drier environmental air into the cloud, invigorates the downdrafts. The 
enhanced downdrafts interact with the subcloud ambient winds to increase 
convergence and trigger more neighboring cloud growth. Some of these new 
clouds will in turn produce precipitation, resulting in the expansion of the 
cloud system. This effect is often referred to as the "areal effect". 

This conceptual model is backed by the observations that taller convective 
ce lIs precipi ta te more. Observations of natural convective rain clouds in 
Florida (Gagin et. al., 1985) indicate that an increase of cell top height by 20% 
nearly doubles its rain production. If a seeding-induced enlarged cloud behaves 
as a natural cloud reaching to the same top height, the rainfall of the treated 
cloud will be increased accordingly. It should be noted that the "areal effect" 
is conditioned on a significant primary effect of the seeding on the 
individually-treated convective cells. 
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A review of the status of seeding from dynamic effects as of 1986 has been 
provided by Orville (1986). A recent paper by Rosenfe ld and Woodley (1989) 
indicates that AgI seeding of convective cells in West Texas was effective in 
increasing the areas, durations and rain volumes of the cells. The radar~· 
estimated rainfall volume at the bases of the AgI-treated cells was more than 
double t.he rain volume from the cells that received simulated treatment. This 
resul t is significant at the 3% significance level using re-randomization 
procedures. The apparent effect of seeding and its significance increases 
slightly when control cells are incorporated into the analysis. The effect of 
treatment on maximum cell height, as measured by radar, generally averaged less 
than 5%. 

In moving from the cell scale to the larger scales, 
merger occurred twice as often in the AgI-treated cases. 
nounced for cells treated early in their lifetimes with 
The merger results are highly significant. 

it was found that cell 
Merging was most pro-

9 or more AgI flares. 

Given that seeding produces a large effect on the convective cells of West 
Texas, the next question is how this effect spreads to the larger scales during 
the operational seedings. It is expected that cell mergers, leading to larger 
and more clustered areas of precipitation, play a major role in this transfer. 
The strong evidence for increased merging of the seeded cells in West Texas 
supports this speculation, as do the results of other investigators. It has been 
well documented, for example, that the merger of convective cells or elements can 
affect the future development of a cloud mass, leading to taller, larger and more 
intense convective systems that produce more rainfall (Simpson and Woodley, 1971; 
Lemon, 1976; Houze and Cheng, 1977; and Wescott, 1977). 

Because vigorous cell mergers usually take place in regions of strong 
convergence of moist air beneath the clouds, one is left with the suspicion that 
seeding enhances the surface convergence. How this takes place is still a matter 
for conjecture, but the most likely process is enhanced downdrafts following 
seeding as postulated by Simpson (1980) and modeled later by Tao and Simpson 
(1988). Uncertainties such as this are the reason for continuation of research 
programs, such as the Southwest Cooperative Program (SWCP). 

Despite its apparent value in augmenting rainfall, dynamic seeding may not 
always be the appropriate seeding approach in West Texas. When additional cloud
growth potential is low and the natural clouds are expected to be very tall, 
dynamic seeding may actually decrease precipitation. The large number of 
additional nuclei, injected neal' cloud top, may make the natural preCipitation 
process less efficient. This is especially likely when the cloud bases are 
relatively high and cold (i.e. < +100 C) and the water contents at seeding level 
are rather low (i.e. < 1 gm/m3). Introduction of high concentrations of ice 
nuclei into such conditions may result in local "overseeding" whereby there are 
too many nuclei for the available water content. On the other hand, cloud-base 
seeding under these conditions may be effective in improving precipitation 
efficiency, if the natural ice crystal concentrations are relatively low (i.e. < 
1 per li tel' ) • 
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3.4.2 Seeding at Cloud Base 

Seeding at cloud base in updraft regions is another proven method of seeding 
clouds. Targeting and timing of the nucleant into the supercooled region is more 
uncertain with cloud-base seeding than with ontop seeding, because of the 
distance between the seeding and the desired region of nucleation. On the other 
hand, tests have shown that the nucleant does reach the supercooled region of the 
cloud in most circumstances. Spiraling in the updraft while seeding at cloud 
base also ensures a steady stream of nucleant moving up through the cloud. This 
is important when doing static seeding to improve the efficiency of the precip
itation process. 

An important question is whether cloud-base seeding can be used to produce 
rapid glaciation, increased buoyancy and additional growth of the treated clouds. 
Such effects should be possible when the nucleant plume is carried rapidly upward 
from cloud base into the supercooled region of the cloud, where glaciation can 
take place before natural ice processes can become operative. Although targeting 
of the nucleant into the appropriate supercooled cloud region is certainly more 
difficult with base seeding, the higher yields of nuclei from the AgI-acetone 
generators may still make dynamic effects possible, even if a large fraction of 
the nuclei generated at cloud base never finds its way into the most seedable 
region high in the cloud. 

Upon interviewing individuals in the private meteorological firms that 
acutally conducted the seeding in the San Angelo project, there was a general 
belief that base-seeding likely produced dynamic effects in the treated clouds. 
There is no proof, of course, since no program in Texas has demonstrated such 
effects with this mode of seeding. One has to admit, however, that base-seeding 
for dynamic effects should be possible in Texas under the right circumstances. 

In summary, it must be noted that the seeding approach is not a matter of 
whim. What is done depends on the weather conditions. When the cloud bases are 
high and cold, base-seeding is probably the appropriate seeding approach. The 
cloud precipitation-forming mechanism is normally quite inefficient under these 
conditions, and the addition of a few ice nuclei per liter should result in the 
formation of ice crystals that will grow to precipitation size. On other days 
under more "tropical" conditions with high dewpoints, the cloud bases are low and 
warm. Such clouds may precipitate before they reach the -10oe level, as a result 
of an active coalescence process. There is, however, opportunity for the 
stimulation of the dynamics of such clouds, leading to larger and longer-lasting 
rain systems. 

On some days, when the cloud bases are neither distinctly cold nor warm, 
either approach may work for the production of additional rainfall. In truth, 
however, exactly how the seeding works to stimulate more rain under these 
circumstances is not understood. This is the reason that cloud seeding research 
in West Texas must continue in parallel with the operational seeding efforts. 
Only in doing so can additional progress be made in the development of an 
effective cloud seeding technology for the state. 

12 



3.5 Weather During the Program 

Dur i n~ the 5-year program, the wet. t.es t. May through Septeniler per i od, bot.h 
within and outside the target area, occurred in 1986. The May through September 
periods in the remaining four years, ranked by decreasing wetness, were 1987, 
1988, 1985 and 1989. The rainfalls in all years, except. 1989, were above the May 
through Septeniler seasonal normals. It. was dry in 1989, especially in the 
southwestern portion of the target and to the south and west of the target.. 

3.6 Seeding Operations 

A sumnary of seeding operat. ions for the five-year operat ional program is 
presented in Table 1. The nunber of seeding days and the nunber of seeding 
flights are not correlated with the total rainfall. For eXlIflllle, 1989 ranked #2 
in the nunber of seed days, #1 in the nunber of seeding flights, and #1 In the 
amount of seeding agent expended. It. ranked last, however, in total rainfall. 
Seeding activity alone does not guarantee high rainfall totals. 

Table 1 S~~RY OF SEEDING OPERATIONS 
May through Septeniler 

1985 through 1989 

Year # Seed Days # Seeding Fl ights Amt. AgI· 
(kgrn) 

1985 31 39 18.0 

1986 26 35 31.4 

1987 34 37 28.3 

1988 27 35 9.4 

1989 33 50 37.9 

Totals : 151 196 125.1 

A plot of each seeding event in the May through September period since the 
program began in 1985 is provided in Figure 3, where a seeding event. is defined 
as the activation of at least one ejectable or end-buring flare. Examination of 
Figure 3 reveals that most of the 2,315 plotted seeding events took place within 
30 n.mi of San Angelo, primarily to the west and southwest. In a later section 
it will be noted that the highest incidence of seeding coincides with the region 
of highest apparent seeding effect. This i~ iUS it should be if, indeed, Agi 
treatment is responsible for the increased rainfall. 
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4.0 ASSESSMENT OF THE EFFECT OF SEEDING 

4.1 Approach 

Evaluating the effect of seeding in an operational seeding program is 
essential if the effort is to have long-tenn credibility. Unfortunately, this is 
not an easy proposit.lon. The treatment has not been done on a random basis, and 
there are no control days to serve as an objective basis of comparision for the 
days that have been seeded. It is possible, however, to make an aSSeSS!'Tlent of 
the effect of seeding, using target-control regressions that have been derived 
!rom historical raln!all records. Flueck (1976) outlines this procedure and 
discusses its advantages and its limitations. The basic requirements are that 
the target and control rainfalls be correlated, that the rain!all at the control 
stations not be contaminated by the seeding in the target and that the derived 
relationship between t.he control and target stations is valid for the period of 
seeding. 

Our approach to the assessment of seeding effects is simi lar --- at least 
initially --- to that of Girdzus and Griffith (1989). Historical monthly 
precipit&t.ion data were accU"Tlulated for long-tenn rainfall stations within the 
target and outside to the west and to the south. The period of record was 1960 
through 1984 inclusive. These stations are shown in Figure 4. Six control 
stations (Midland Airport, Penwell, McCamey, Bakersfield, Ozona and Sonora) and 
nine target stations (Garden City, Sterling City, Cope Ranch, Water Valley, Water 
Valley 10 NE, Funk Ranch, San Angelo, Eldorado (11 NW and 2 SE), and Mertzon 
and/or Mert.zon 10 NE were used in the analysis. Sheffield, Texas, was considered 
as a control station, but its record had too many gaps to permit its use. 

Having select.ed the target. and control stations, the analysis proceeded 
along the following steps: 

1. A linear reg~ession relationship between the average, seasonal (May through 
September) target and control rainfalls was derived. In a variation of this 
basic analysis, regression equations between mean seasonal control rainfall 
and the total seasonal rainfall for each target station were derived. 

2. The regression equations were then used to evaluate the five years of 
seeding. The observed mean May-September rainfall for the six control 
stat.ions was substituted int.o the regreSsion eqUations, and the overall 
target rainfall and the rainfall for each station was predicted. 

3. The predicted rainfalls were c~ared to the observed rainfalls t.o obtain an 
estimate of the effect of seeding. This was done for each year and tor all 
five years of the progra~. 

This analysis is only as good as the input data; the quality of the raingagc 
records had to be addressed before any analyses could begin. All raintall 
observations, except for those from the Mertzon 10 NE stat.ion, were provided by 
the National Climate Data Center in Asheville, North Carolina. Overall, the 
station record is fairly cOl1l>lete, but missing records were a problem for sane 
stations. Table 2 lists the data avallabll tty for the target and control 
stations for the base period (1960 through 1984) and for t.he project period (1985 
through 1989). It is based on the mmber of station-months that had to be 
edited. Each station-month requiring any intervention, whether one day or the 
entire month, is noted. 
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Study of Table 2 reveals that four stations (San Angelo, Water Valley, Cope 
Ranch and Midland) had a perfect record. With the exception of Sheffield (and 
perhaps Mertzon), the interpolations for missing data were minimal for the other 
stations. Sheffield was dropped from consideration because of large gaps in its 
record. Mertzon appeared to be acceptable. All of the editing necessary to 
complete the study with the remaining stations is documented in Appendix A. 

In the cases of Eldorado and Mertzon, the gage sites at each location 
changed during the report period. Eldorado had no overlapping record for its two 
sites. The records for Mertzon and Mertzon 1 ONE, however, overlapped from 1977 
through 1986. It was possible, therefore, to determine the relationship between 
the two stations. The results, which are presented in Appendix B, indicate that 
the rain measurements at the new Mertzon site (i.e. Mertzon 10NE) are low 
relative to the old site. Use of the new site for a portion of the treatment 
period will tend to underestimate the apparent effect of seeding. The 
alternative is to use the regression relationship of Appendix B to adjust the 
readings at the new site to the old. In view of the uncertainties involved, we 
decided to pursue a conservative course of action and to make no adjustments. 

TABLE 2 
NUMBER OF STATION-MONTHS· EDITING NECESSARY PRIOR TO REGRESSION ANALYSIS 

Base Period 
(1960-1984j 130 months) 

Stn 

Midland 
Penwell 
McCamey 
Bakersfield 
Sheffield 
Ozona 
Sonora 

Garden City 
Sterling City 
Water Vly 
Water Vly 10NNE 
Cope Ranch 
Funk Ranch 
San Angelo 
Mertzon 
Mertzon 10 NE 
Eldorado" 

0 
6 

1 
17 
3 
0 

1 
4 
o 
4 
o 
3 
o 
9 

2 

Project Period 
(1985-1989; 25 months) 

Control Stations 

Target Stations 

o 
o 
o 
o 
2 
o 
3 

o 
5 
o 
1 
o 
o 
o 
1 (record ends in 1987) 
o (1987 through 1989) 
o 

• A station is said to have one station-month of editing, if the record for 
only one day or as many as all days for that month was (were) missing • 

•• The record for Eldorado included Eldorado 11 NW from 1960 through most of 
1981 and Eldorado 2SE from September 1981 through the project period. 
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A listing of the data used for this preliminary analysis of seeding effect 
appears in Table 3, which appears on the next page. These are the input data for 
the regressions to be discussed in the next section. Documentation of all data 
editing and interpolations is presented in Appendix A. 

4.2 Results 

A listing of the regression equations relating target to control rainfalls 
and the resulting correlation coefficients is presented in Table 4. Note that 
the correlations range from a maximum of 0.84 to a minimum of 0.58. The overall 
target vs control correlation is 0.77. A complete correlation matrix among all 
stations can be found in Appendix C. 

It must be emphasized that no search was made to find the "best" stations or 
"best grouping of stations" for this analysis. Such a search must have a 
physical basis, and we could find no physical reason to modify our initial 
selection of stations. In truth, we have used all of the candidate control 
stations that had a long-term rainfall record. In the case of the target 
stations, we used all stations within the target that had a complete or nearly 
complete record for the period of analysis. 

TABLE 4 

Control vs 
Control VB 
Control VB 
Control VB 
Control VB 
Control VB 
Control VB 
Control vs 
Control VB 
Control VB 

REGRESSION EQUATIONS AND CORRELATION COEFFICIENTS 
RELATING TARGET TO CONTROL RAINFALLS 

FOR THE SAN ANGELO RAIN ENHANCEMENT PROGRAM 
(Period of Record 1960 through 1984) 

Correlation 
Coefficient 

Target 0.77 TR 
Garden City 0.65 GR 
Sterling City 0.64 SR 
Cope Ranch 0.66 CR 
Water Valley 0.63 (WV)R 
Water Valley 10NNE 0.60 (WV·)R 
Funk Ranch 0.67 FR 
San Angelo 0.63 (SA)R 
Mertzon 0.58 MR 
Eldorado 0.84 ER 

18 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Equation 

3.67 + O.814CR 
3.83 + 0.738CR 
4.32 + 0.774CR 
4.03 + 0.735CR 
4.19 + 0.826CR 
4.64 + 0.806CR 
3.75 + 0.817CR 
2.70 + 0.832CR 
4.51 + 0.734CR 
1.05 + 1.067CR 



TABLE 3 TIJE SAN ANGELO RA IN ENHANCEMENT PROGRAM 

MAY TO SEPTEMBER YEARLY RAINFALLS FOR TARGET AND CONTROL STATIONS 

Control Stations Tara:et Stat.lons 
Pre-Treabnent Period 

Yr MAF Pnwll MeOny BkrsCld Ozona Sonora Mean Grdn String Wtr Wtr Cope Fnk SJT Eldrdo Mrt.zon Mean 
Cty Cty Vly Vly Rnch Rnch 

10NNE 

60 7.81 7.86 8.21 6.90 7.09 5.13 7.17 8.17 6.53 6.20 5.43 6.21 7.19 5.24 5.23 4.98 6.14 

61 15.65 5.21 5.65 3.82 13.98 11. 97 9.38 17.33 16.42 12.01 18.45 12.21 16.52 13.23 17.84 17.77 15.75 

62 10.81 9.74 5.55 6.66 ".9" 12.43 8.36 9.45 8.35 4.91 4.66 6.83 6.87 5.40 9.00 6.16 6.85 

63 8.03 7.15 6.17 6.66 6.55 8.47 7.17 8.70 8.88 7.75 9.97 10.20 8.91 9.37 7.87 9.52 9.02 

64 5.55 3.83 12.23 5.67 9.17 16.29 8.79 9.78 13.58 8.53 8.34 9.38 7.47 5.19 9.19 8.51 8.88 

65 8.01 6.95 8.35 6.08 9.34 9.57 8.05 10.75 14.73 11.09 14.89 14.40 9.91 9.82 7.86 8.05 It. 28 

66 12.60 8.18 8.33 11.12 12.72 10.21 10.53 6.53 11.70 13.13 11.76 11.52 15.72 10.42 14.68 11.82 11. 92 

67 5.13 8.27 6.74 6.90 7.39 12.26 7.78 10.96 13.93 13.13 12.48 16.01 13.47 13.55 12.52 13.42 13.28 

68 10.48 8.67 11.29 9.82 12.26 10.33 10.48 11.07 9.04 9.96 9.85 5.91 12.02 11.60 10.33 9.41 9.91 

69 8.55 5.47 7.41 8.08 10.92 8.26 8.12 12.00 15.86 15.23 11.80 7.12 14.48 12.78 10.34 9.56 12.13 

70 4.27 5.03 8.65 10.66 6.19 8.73 7.26 9.02 6.38 7.07 9.63 8.07 8.11 6.97 9.81 7.94 8.11 

71 10.45 11.16 7.06 9.16 22.75 18.73 13.22 14.01 15.84 19.19 19.90 11.01 17.12 16.70 16.77 22.13 16.96 

72 8.33 11.44 11.15 11.14 19.62 20.99 13.78 14.84 17.22 16.06 20.38 14.64 16.20 18.23 13.65 14.69 16.21 

73 5.02 6.31 5.42 10.37 10.69 11.23 8.17 6.53 6.95 12.03 13.62 7.72 15.00 9.82 11.11 9.65 10.27 

74 11.94 12.11 18.38 29.73 20.83 23.30 19.38 13.26 16.41 18.20 20.80 17.41 19.24 15.01 22.12 17.62 17.79 

75 18.34 13.26 11.13 11.70 9.48 14.10 13.00 16.39 15.50 15.21 13.91 15.87 11.76 12.87 10.96 12.35 13.87 

76 8.87 8.90 11.37 16.94 17.10 24.08 14.54 16.80 14.74 14.60 12.52 18.17 12.33 11. 76 19.38 12.41 14.75 

77 2.27 4.39 4.79 3.94 5.85 7.03 4.71 6.95 7.01 10.28 10.06 10.49 6.22 3.78 6.29 5.11 7.36 

78 11.66 10.06 15.70 15.29 9.10 15.94 12.96 9.35 12.70 13.79 11.17 14.19 8.10 9.33 15.37 10.27 11. 59 

79 9.42 7.23 5.85 7.31 8.96 8.77 7.92 12.49 6.85 9.24 9.83 12.54 10.48 6.36 9.36 7.54 9.41 

80 14.07 13.30 10.29 8.56 11.94 14.00 12.03 19.05 17.43 22.58 17.42 14.15 20.01 22.49 13.07 17.20 18.16 

81 8.08 5.39 7.01 7.29 10.61 13.95 8.72 9.27 11.75 11.56 11.50 11.91 9.42 13.30 7.80 16.14 11.41 

82 9.95 7.58 2.73 7.47 8.88 8.56 7.20 10.30 14.89 17.83 18.08 10.76 9.18 11.08 8.26 16.11 12.96 

83 1. 74 2.15 1. 72 2.05 5.01 8.13 3.13 2.19 5.84 7.43 7.84 5.28 5.34 5.45 5.97 8.81 6.02 

84 10.73 11.43 8.03 7.63 5.53 6.06 8.24 7.59 5.28 6.12 5.31 5.31 8.77 7.21 7.57 11. 83 7.22 

Treabnent Per 100 

85 8.08 7.29 10.00 7.20 15.83 11.98 10.03 13.58 11.82 9.70 9.51 10.70 12.39 12.5" 12.02 22.08 12.70 

88 19.49 17.36 12.88 7.07 13.88 11.87 14.89 13.90 17.88 20.26 28.65 31.34 15.92 21.35 15.65 18.00 20.33 

87 9.32 12.49 9.99 15.00 13.50 15.03 12.58 11.02 16.05 20.30 21.51 10.40 14.37 20.51 17.83 13.29- 18.12 

88 16.49 10.83 7.88 8.41 15.30 13.92 12.1" 18.13 15.79 13.35 12.78 14.l1 12.57 10.79 15.28 24.49- 15.25 

89 5.87 6.65 5.29 5.91 3.39 3.95 5.18 10 .• 1" 7.70 13.19 13.51 3.67 7.33 9.8" 7.70 11.19- 9.36 

- The gage totals for 1988 through 1989 are [ran Mertzon lONE (sec Appendix A [or details) 



The equations of Table 4 were used to predict the overall target rainfalls 
and the rainfall at each target station for each of the five years of seeding 
operation. The results in terms of ratios of observed to predicted rainfalls are 
presented in Table 5 and in terms of differences between observed and predicted 
rainfalls (units: inches) are presented in Table 6. If seeding has increased the 
rainfall during the program, there should be a preponderance of ratios and 
differences> 1. That they do, in fact, exceed 1 does not of itself prove the 
effectiveness of seeding in increasing rainfall. It is, however, a big step in 
that direction. 

TABLE 5 

RATIOS OF OBSERVED TO PREDICTED RAINFALLS FOR TARGET STATIONS 
BY YEAR AND FOR ALL FIVE YEARS OF OPERATIONAL SEEDING 

Station 1985 1986 1987 1988 1989 All Years 

Grdn Cty 1 .21 0.94 0.84 1.42 1.33 1 .12 
StrIng cty 0.98 1 • 13 1 • 14 1. 15 0.93 1.07 
Wtr Vly 0.78 1.23 1.39 0.94 1.56 1 • 16 
Wtr Vly 10NNE 0.75 1.72 1.46 0.89 1.53 1.28 
Cope Ranch 0.94 2.09 0.78 1.09 0.47 1.16 
Funk Ranch 1.04 1.00 1.03 0.92 0.92 0.99 
San Angelo 1.14 1.41 1.56 0.84 1.40 1.27 
Mertzon 1.86 1.17 0.97 1.82 1.35 1.42 
Eldorado 1.02 0.92 1.22 1.09 1.17 1.07 
Target 1.07 1.29 1.16 1. 13 1.19 1 .17 

TABLE 6 

DIFFERENCES BETWEEN OBSERVED AND PREDICTED RAINFALLS FOR TARGET STATIONS 
BY YEAR AND FOR ALL FIVE YEARS OF OPERATIONAL SEEDING 

(Units are inches) 

Station 1985 1986 1987 1988 1989 All Years 
(avg.value) 

Grdn Cty 2.35 -0.92 -2.08 5.34 2.49 1.43 
StrIng Cty -0.25 2.05 2.02 2.09 -0.62 0.93 
Wtr Vly -2.77 3.77 5.74 -0.87 4.72 2.12 
Wtr Vly 10NNE -3.21 12.01 6.75 -1.64 4.69 3.77 
Cope Ranch -0.70 16.37 -2.86 1 .16 -4.17 2.96 
Funk Ranch 0.45 0.00 0.36 -1.10 -0.65 -0.18 
San Angelo 1.50 6.26 7.36 -2.01 2.83 3.19 
Mertzon 10.21 2.56 -0.44 11.07 2.88 5.26 
Eldorado 0.27 -1.29 3.18 1.26 1. 12 0.91 
Target Average 0.87 4.54 2.23 1.70 1.47 2.16 
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The real challenge is interpreting the results of Tables 5 and 6. The 
regression equations for individual stations have correlations that range between 
0.84 and 0.58, so they are not perfect predictors of target rainfalls. It would 
be a mistake, therefore, to interpret the results of Tables 5 and 6 as proving 
that seeding either increased or decreased the rainfall at a particular station 
in a particular year. 

Overall impressions, however, may have validity. Approaching the results in 
this way, one notes immediately that there is a preponderance of ratios and 
differences> 1 in both tables. This is especially true for the stations closest 
to San Angleo (i.e. San Angelo and Mertzon), where most of the seedings took 
place (see Figure 3), and for all years combined. The overall target variable 
has ratios and differences > 1 for all 5 years of operation. Assessment of the 
significance of this result is possible if one views the result for a particular 
year as a random event, much like the flip of a coin. The probability that a 
particular year will have a target ratio or a rainfall difference> 1 is 1/2 or 
50%. This is the same probability of obtaining "heads" (or "tails") upon a 
single flip of the coin. The probability of two years in a row > 1 is 25%. 
Finally, the probability that 5 years in a row will be > 1 is about 3% (i.e. 
(0.5)5). Thus, there are 3 chances in 100 that the results for the San Angelo 
operational seeding program are due to chance and a 97% probability that they are 
due to seeding intervention. 

Figure 5 shows a "scatter plot" of the seasonal (Hay through September) 
target and control values that went into the base period regression. In 
addition, the points for the five seeded seasons have been added to the plot 
(i.e. the larger dark circles). Note that all five points lie above the base
period regression line. Further, there is no obvious relationship between the 
size of the effect and the amount of control rainfall. This is in contrast to 
the results for the CRHWD effort (see Jones, 1985 and 1988) in which the effect 
of treatment seemed to increase with an increase in the control rainfall. 

These results certainly suggest an overall effect of seeding of about +17% 
for the target for all years of operation. In addition, the area closest to San 
Angleo had apparent overall effects ranging between 27% and 42%. The mean 
increases in rain amount for this region closest to the San Angelo reservoirs 
average between 3 and 5 inches per season (Hay through September). 

Plots of the all-years results of Tables 5 and 6 are provided in Figures 6a 
and 6b. The obvious "clinker" in the results are the ratio and rain-difference 
values for Funk Ranch. No effect, either positive or negative, is indicated at 
this site, even though the stations around it suggest appreciable effects of 
seeding. We have no explanation for the results for this station at this time. 
It certainly is an anomaly, but such anomalies are not ususual for this type of 
analysis. 

4.3 Sensitivity Tests 

Sensitivity tests are an important component of any analysis. To test the 
sensitivity of the San Angelo results the following procedure was applied: 

1 • The 25-year base period (1960-1984) was divided into five 5-year blocks. 
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Figure 5 Scatter plot between the seasonal (May through September) mean cont.rol 
and mean target ralnralls ror the base period 1960 through 1984. The 
solid line h t.he least.-squares best rH. The dashed lines are 90 ... R:'1d 
95% conUdence Intervals. The values ror the rive seeded seasons art' 
plotted as large black dots. 
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2. Linear regression equations relating control to target rainfalls were 
derived for the five 20-year base periods. With the derivation of each 
regression equation, a 5-year period was set aside as a hypothetical period 
of seeding. As an example, the period 1965 through 198~ was used to derive 
the target vs. control relationship and the period 1960 through 196~ was set 
aside as a period of hypothetical seeding. 

3. A seeding effect was then calculated for each 5-year period of hypothetical 
seeding and for the 5-year period (1985 through 1989) of actual seeding. 
The "seeding effects" were then compared. 

If seeding indeed has been responsible for increased rainfall, one would 
expect the apparent seeding effect to be evident in each of the five sensitivity 
tests. Further, one would expect the apparent effect in the period of actual 
seeding, to be greater than the "effect" for each 5-year period of hypothetical 
seeding. These expectations are realized as is obvious by examining the 
presentation in Table 7. 

TABLE 7 

APPARENT SEEDING EFFECTS' IN PERIODS OF ACTUAL AND HYPOTHETICAL SEEDING 

Base 
Period 

1965-198~ 

'960-196~ 
+ 

1970-198~ 

1960-1969 
+ 

1975-198~ 

1960-197~ 
+ 

1980-198~ 

1960-1979 

1960-198~ 

Regression 
Equation 

Hypothetical Seed 
Period 

Y : ~.52 + 0.75QX 
r : 0.805 

Y : 3.03 + 0.862X 
r : 0.80~ 

Y : 3.79 + 0.797X 
r : 0.656 

Y : 3.32 + 0.876x 
r : 0.753 

Y : 3.66 + 0.788x 
r : 0.78~ 

Y : 3.67 + 0.81~X 
r : 0.765 

1960-196~ 

1965-1969 

1970-197~ 

1975-1979 

1980-1984 

---------

Seeding 
Effect 

0.87 

1.09 

1.02 

0.90 

1. 13 

Actual Seed 
Period 

1985-1989 

1985-1989 

1985-1989 

1985-1989 

1985-1989 

Seeding 
Effect 

1.15 

1.18 

1.18 

1.14 

1.20 

1985-1989 1.17 

The seeding effect is defined as the ratio of observed to predicted rainfall 
for particular period of real or hypothetical seeding. 
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Note that in each 5-year period, the apparent effect of actual seeding for 
the years , 985 through , 989 exceeds the "effect" in each 5-year period of 
hypothetical seeding. In every instance the ratio of observed to predicted 
rainfall for the actual period of seeding is > " while only three of the five 
years is > 1 for the period of hypothetical seeding. 

The "effect" of hypothetical seeding in the period 1980 through 1984 
presents the biggest challenge to the period of actual seeding with a ratio of 
observed to predicted rainfall of 1.13 as compared to 1.20 for the actual seeding 
period. A year-by-year closer look produced ratios of observed to predicted 
rainfalls for the period of hypothetical seeding of 1.30,1.08.1.39,0.98, and 
0.71. The ratios for the actual period of seeding are 1.10, 1.32, 1.20, 1.15 and 
1.21. Again, all of the yearly ratios are> 1 for the actual seeding period, 
whereas only three of the five yearly ratios are > 1 for the period of 
hypothetical seeding. As discussed earlier in the text, the probabil1 ty 0 f 
obtaining ratios > 1 five years in a row is only about 3J, suggesting that 
seeding might have been responsible for the apparent effect. On the other hand, 
the probability of obtaining three of five ratios> 1, as is the case for the 5-
year period of hypothetical seeding, is about 13J. 

This sensitivity analysis supports the interpretation that AgI seeding is 
responsible for the apparent increases of rainfall over the San Angelo watershed 
for the period 1985 through 1989. It does not, however, prove that is the case. 
Only by evaluating all of the evidence might one be justified in reaching such a 
conclusion. 

5.0 DISCUSSION 

Given that seeding has increased the rainfall over the San Angelo watershed, 
the question becomes how the increases were produced. A good start to answering 
this question are the research results presented by Rosenfeld and Woodley (1989), 
which show that seeding doubled the rainfall from individual convective cells 
(i.e. increases of over 100J. Because convective cells are the building blocks 
of all convective weather systems, there is every reason to expect that an effect 
that begins on the scale of the building block of a rain system will be 
manifested on the scale of the system itself. 

It must be pointed out, however, that Rosenfeld and Woodley (1989) were not 
able to explain completely how the cell rain increases were produced in West 
Texas. It did not appear to be the "classic" dynamic-seeding response whereby 
the AgI-treated cell first grew explosively in the vertical before expanding 
laterally. Although the seeded cells were slightly taller (5 to 10J) in the mean 
than those cells that did not receive treatment, vertical growth of the cells was 
not the dominant response. Expansion and merger of the seeded cells appear to 
have been more important. How this took place is not known at this time. 

Rosenfeld and Woodley (1989) noted several other apparent effects of seeding 
that are of relevance to the interp~etation of the San Angelo operational seeding 
effort. The ir seeded ce lIs showed at least two growth pulses during their 
lifetimes, while those that were not seeded typically pulsed only once. This 
means that the seeded cells lasted longer than the unseeded cells. This suggests 
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that dynamic effects were operative. 

On the other hand, there was a stronger "bright band" phenomenon near the 
freezing level in the AgI treated cells. This suggests more snow crystals with 
slower fall velocities in the seeded clouds relative to the unseeded clouds. 
This implies that static effects were operative in the seeded cells as well. 

Based on the Rosenfeld and Woodley (1989) study, therefore, it seems likely 
that the response of the treated clouds in the San Angelo program was a mixture 
of static and dynamic effects. This makes sense, and it may explain why apparent 
seeding effects were evident in 1988 when most of the seeding was done at cloud 
base. Such seeding is normally used to produce static effects, although, as 
discussed earlier, one could certainly make the case that the high-output seeding 
generators used by North American Weather Consultants in 1988 may have produced 
dynamic effects as well. When conducting base seeding in regions of strong 
updraft, it is likely that fairly high concentrations (i.e. > 100 1-1) of nuclei 
were carried upward in the strong updraft cores. Such concentrations of nuclei 
might have produced the rapid glaciation thought necessary for dynamic effects. 

Without supporting physical measurements, one must be con tent with the 
circumstantial evidence for increased rainfall in the San Angelo program. 
Although this evidence is strong, it is not conclusive. The apparent positive 
effects in each of the five years of the program certainly suggest an effect of 
seeding. That the area of greatest apparent effect nearly coincides with the 
region that received the most seeding is a strong indicator of seeding effects. 
Finally, the finding that seeding effects are indicated after sensitivity testing 
also supports an interpretation of positive seeding effects in the San Angelo 
program. 

More research is needed under the auspices of the Southwest Cooperative 
Program (SWCP) to resolve these important uncertainties. In the current austere 
funding situation it is not clear when such studies will be funded. In the 
interim, the results of the San Angelo Rain Enhancement Program appear to justify 
continued use of this cloud seeding technology to enhance rainfall in West Texas. 
If the increases in rainfall are indeed on the order of 3 to 5 inches per season 
over the San Angelo watershed to the immediate west and southwest of the city, it 
would be foolish not to continue the seeding program. 

The benefit to cost ratio of such an effort should be enormous. The cost of 
the current seeding program has averaged about $200,000 per year while the 
increase in water volume over the half-circle having a radius of 30 n.m1. to the 
west of San Angelo is on the order of 300,000 acre-feet (assuming an increase of 
about 3 inches over the area). Even if an acre-foot of water were worth only 
about $10, the benefit to cost ratio would exceed 10 to 1. Much of this 
increased water supply does not, however, reach the reservoirs serving San 
Angelo. Some of it undoubtedly goes to groundwater, to evaporation and to 
greening the rangeland and watering the trees within the watershed. Exactly what 
happens to the apparent increases in rainfall from seeding is beyond the scope of 
this study. It is certainly worthy of further study. 
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6.0 CONCLUSIONS 

Upon assessing all of the evidence, we 
the rainfall over the San Angelo watershed. 
we consider the following most convincing: 

conclude that seeding has increased 
Among all the factors considered, 

1. In the statistical analysis an apparent positive seeding effect is evident 
in each of the five years of operational seeding. The probability of this 
happening by chance is 3%. The apparent overall area-wide effect is +17%. 

2. The apparent effect of seeding is strongest over regions where most of the 
treatment took place during the 5-year program, especially near and to the 
west (upstream) of the reservoirs serving San Angelo. 

3. The apparent effect of seeding is still evident after sensitivity testing. 

4. The results of research to date within the context of the Southwest 
Cooperative Program (SWCP) indicate that seeding in West Texas is effective 
in increasing the rainfall from individual convective cells by over 100% and 
that seeding promotes the merger of adjacent clouds, leading to larger and 
longer-lasting raining clouds. There is good reason to expect, therefore, 
that seeding will produce operational increases in rainfall. 

5. Analysis of the 18-year operational cloud seeding program of the Colorado 
River Municipal Water District (CRMWD) indicates that seeding has increased 
the rainfall by about 11%. This result is consistent with the results of 
the San Angelo program. 

The overall apparent effect of seeding (May through September) for the five 
years of seeding operation is + 17%. This resu lt has high statistical 
significance. In the area closest to the storage reservoirs the apparent effect 
of seeding ranges between 27% and 42%, amounting to 3 to 5 inches of additional 
rainfall per year of operation. 
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APPENDIX A 

DOCUMENTATION OF STATION DATA EDITING PRIOR TO REGRESSION ANALYSIS 

This Appendix provides documentation of the editing and interpolations that 
were necessary t.o !i 11 in gaps in the stat. ion rainfall records for the base 
period (1960 through 1984) and (or the period of seeding operation (1985 through 
1989). The records for four stations (~lIdland, Cope Ranch, Water Valley and San 
Angelo) are complete and required no data interpolations. 

MIDLAl'.'D 

The station record for Midland is complete for the period 1960 through 1989. 

PENWELL 

1. A total of 30 days were missing from August and September 1963. The missing 
records were estimated by summing the rainfall totals for the missing days at 
Midland and at Bakersfield and t.hen using these sumned values to int.erpolate a 
value for Penwell for the missing days. This summed interpolated value (1.18 
in.) was then added to the existing observations at Penwell for August and 
September 1963 to provide totals for the two months. Five~nth totals (i.e. May 
through Sept.ember) were then calculated. 

2. The record for September 10 t.hrough 30, 1965 was missing. As in 1. above, 
the records for Midland and Bakersfield were used to obtain the summed inter
polated rainfall (0.67 In.) for Penwell for the misSing days. 

3. The record for Sept.ember 9 through 30, 1966 was missing. The protocol 
described in 2. above was used to obtain an interpolated value of 0.69 in. for 
the missing period. 

4. The records for August and September 1971 were missing. The monthly records 
for Midland and Bakersfield were used to interpolate the missing total (5.74 in.) 
for Penwell. 

1. The record for July 1980 \\las missing. 
interpolated fram the July 1980 values for 
interpolated value was 0.06 in. 

BAKERSFIELD 

The misSing monthly value was 
Midland and Bakersfield. The 

1. The record for May 1971 and all but t.he last 4 days of June 1971 were 
missing for Bakersfield. The monthly records for Mccamey and Sheffield (except 
for the last 4 days of June) were used to int.erpolate a value of 2.25 in. 

OZONA 

1. The record for the period 1 July t.hrough 8 August 1978 is missing fer Ozona. 
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Sheffield and Sonorn Wf're used to interpolate a SlLm1Cd rainfall vodue for the 
missInG period. The interpolated value is 1.21 In. 

2. TIle record for May 1983 was missing. As in 1. above, Sherfield and Sonora 
were used to interpolate the missing monthly value. The interpolated value Is 
1.81 in. 

SONORA 

1. The period from 18 through 31 August 1985 is missing. The record for Ozona 
and for Humble Pump was used to interpolate the rainfall for the missing period. 
The in t e r po I at ed r a i n fa I I IsO. 17 in. 

2. The period from 8 through 14 September 1987 is missing. The record for 
Ozona and Humble Pump was used to interpolate the rainfall for the missing 
period. The interpolated rainfall is 0.33 in. 

3. The following periods are missing in 1988: 15 through 19 May, 3 June and 25 
through 28 June, and September 16. Humble Pump and Ozona were used to 
interpolate the missing values. 

GARDEN CITY 

1. July 1982 is missing from the record for Garden City. The records for 
Midland and Sterling City for July 1982 were used to interpolate a value of 
Garden City. The interpolated value is 1.80 Inches. 

STERLING CITY 

1. September 1963 is missing from the Sterl ing Ci ty record. The records {or 
Garden CI ty and Water Val hiy for Septenber 1963 were used to interpolate a value 
of 0 in. {or Sterling City. 

2. May 1961 is missing {rern the Sf.erl ing Ci t.y record. The records for Garden 
City and Water Valley were used to Interpolate a value of 2.88 in. {or May 1961 
for Sterling City. 

3. Fifteen days are missing from the Septenber 1963 record for Sterling City. 
The records {or Garden City and Water Valley were used to interpolate values {or 
the miSSing days. The interpolated value is 0.36 tn. 

4. TWo days in August 1984 are missing {rom the Sterling City record. Readings 
from Garden City and Water Valley were used to interpolate values for the miSSing 
days. The missing values are O. 

5. The record for ~~y through September 1986 for Sterling City is missing. The 
readins {or these months for Garden City and Water Ve!!ey ~re used to obtain a 
May through September value for Sterling City. The interpolated value is 17.88 
in. 
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hATEfl VALLEY 

The station record for Water Valley is cocrplete [or the period 1960 through 
1989. 

WATER VALLEY 10NNE 

1. 
The 
the 

Fourteen days are 
records for Water 
missing 14 days. 

missing from t.he July 1962 record for Water Valley 10NNE. 
Valley and Robert Lee were used to Interpolate values tor 
The surnned interpolated value Is 0.63 in. 

2. The record for June and July 1964 is missing from the record for Water 
Valley 10NNE. The records for Water Valley and Robert Lee were used to 
Int.erpolate values for t.he missing two months. The stnmed interpolated value is 
1.04 In. 

3. The record for September 1965 Is missing from the record for Water Valley 
10NNE. The records Cor Water Valley and Robert Lee were used to Interpolate a 
value for the missing month. The interpolated value is 1.78 In. 

4. The record for September 1970 Is missing from the record tor Water Valley 
10NNE. The records for Water Valley and Robert Lee were used to Interpolate a 
value for th misstng month. The interpolated value is 2.87 tn. 

5. June 17, 1985, is missing from the record tor "ater Valley 10NNE. The 
records for Wat.er Valley and Robert Lee were used to interpolate a value ot 0.65 
in. for the missing day. 

COPE P.ANCH 

TIle statton record for Cope Ranch is complet.e for the period 19GO through 
1989. 

FUNK RANCH 

1. The record tor May 1966 Is missing trom the record for Funk Ranch. The 
records for Cope Ranch and San Angelo were used to Interpolate a value of 1.65 
in. tor the mtsslng mont.h. 

2. The record for August 1971 is missing from the record for Funk Ranch. The 
records for Cope Ranch and San Angelo were used to interpolate a value of 6.14 
in. for the missing month. 

3. The record Cor July 1975 Is missing fro~ the record for Funk Iwnch. The 
records for Cope Ranch and San Angelo were used to Interpolate a value oC 2.21 
In. for the missing month. 

SAN ANGELO 

The station record for San Angelo Is complete for the period 1960 t.hrough 
1989. 
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1. Twenty-eight days are missin~ from July fwd August InG3. The records for 
funk Ranch 8.:1d for Eldorado lIN\\' y','ere used to interpolate values (or the missing 
day 5 • The i n t e r po I ate J val u e i s 1. 9 2 in. 

2. The record for :\lertzon for July 1965 is missinri. The records for Funk Ranch 
and for Eldorado 11 NW were used to interpolate a value of 5.63 in. for the 
missing record. 

3. The record for Mertzon for August 1969 and one day in September 19G9 are 
missing. The records for Funk Ranch and for Eldorado 11 NW were used to 
interpolate a value of 5.38 in. for the missing records. 

4. The record for Mertzon for SepterrtJer 1970 is missing. The records for Funk 
Ranch and for Eldorado 11 NW were used to Interpolate a value of 3.00 in. for the 
missing record. 

5. The records for Mertzon for May and June 1971 are missing. The records for 
Funk Ranch and for Eldorado 11 NW were used to interpolate a value of 3.71 in. 
(or the missing records. 

6. TIle record for Mertzon for August 1972 is missing. The records for Funk 
Ranch and for Eldorado 11 NW were used to interpolate a value of 4.57 in. for the 
missing record. 

7. The record for \~rtzon for 5 days in June 1975 is missing. The records for 
Funk Ranch and for Eldorado 11 ~v were used to interpolate a value of 0.27 in. 
for the missing record. 

8. The record for Mertzon for 15 days in July 1983 Is missing. The records for 
Funk Ranch and for Eldorado 2SE were used to interpolate a value of 0.05 in. for 
the missing record. 

9. The record for ~~rtzon for 18 days in July and September 1984 is missing. 
The records for Funk Ranch and for Eldorado 2SE were used to interpolate a value 
of 4.06 in. Cor the missing period. 

10. The record for ~~rtzon in June, July and September 1987 is missing. A 
second Mertzon station that is 10 mi. NE of Mertzon was used as an estimator of 
the rainfalls for the missing months. 

11. The ~~rtzon station record was intermittent In 1987. The original Mertzon 
record was used for ~~y and September 1987, and Mertzon lONE was used for June, 
July and August of that year. Mertzon lONE was used as an estimator of t.he 
Mertzon rainfalls in May through September In 1988 and 1989. A regression 
analysis that. relates th" \1ertzon and Mertzon lONE stations to one another Is 
presented tn Appendix B. According to the regression, use of the Mertzon lONE 
staUon as an estimator of the \1ertzon rainfall will tend to underestimate its 
rainfall. This, in turn, will tend to underestimte the apparent effect of 
seeding at this st.ation. 
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ELDORADO 11NW and 2SE 

1. The record for Eldorado 11M .. ends after June 19B1 and the ne .... Eldorado 
station (i.e. Eldorado 2SE) was not yet in operation. The records for July and 
August 1981 at Ozona and Menard were used to int.erpolate a value of 3.41 in. for 
the missing Eldorado record. In September 1981 and thereafter, th4~ new Eldorado 
station (Eldorado 2SE) was used for the Eldorado rainfall record. 

2. In August. and Septerrber 1989, Eldorado 2SE was not in operation. The 
readings fran a project station installed in Eldorado proper were used for the 
missing months. 
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APPENDIX B 

ClXt1PAR I SON OF SEASONAL RA I NFALL RECORDS FOR 11-IE MERTZON SITES 

This section describes the relationship between the rainfall records at t~u 
sites maintained near Mertzon, Texas, ~Iich were used in analyzing the 
operational seeding program conducted for the City of San Angelo from 1985 
through 1989. Mertzon is located in a high priority portion of the overall 
project target area, about 30 mi. southwest of San Angelo and its reservoirs. 
Thus, it is an important. site to the analysis. 

The original Mertzon site record, dating from 1941, provided stable and 
fa i r I y c~lete ra in fal I records for t.he pre-project (base) per iod used in the 
analysis. Unfortunately, its record ends on August 31, 1987, when the 
cooperative observer left the area. This circunstance jeapordized t.he analysis, 
since the seeded period Included 1985 through 1989. However, investigation 
revealed that another individual, a now-retired FAA employee, has maintained 
quality rainfall records since 1977 at a site approximately 10 miles northeast of 
the original sit.e. After some discussion with t.he "new" observer regarding the 
raingage type and its exposure, observation intervals and data logging 
procedures, as well as data completeness and availability, it was determined that 
the records would be suitable for use in the analysis. 

Because of t.he interest in using the new records to preserve the continuity 
of the Mertzon record and because of the distance between the Sites, the 
relationship between the sites had to be determined. Forl.unately, the sites' 
periods of record overlap from 1977 through August 1987, allowing a quantative 
comparison. A simple I inear regression was run using the t.wo si tes' data, 
employing season total values (May-September) from 1977-1984. Because seeding 
began over t.he wat.ershed in 1985, the overlapping ~lertzon records from 1985 
through 1987 were not used in the comparisions to avoid the possibility of 
seeding contamination. 

The cOlTparison shows t.hat. t.he sHes' seasonal dat.a were reasonably well 
correlated (r = 0.78), but that the new site's values are consistently lower than 
those from the original site. The regression analysis yielded the equation 
Y (orig) = 1.66 + 1.091X (new). As an example of the Indicated difference 
according to the regression equat.ion, a seasonal rainfall of 10 in. at the new 
site would correspond to an amount of 12.57 In. at the original. 

As Is discussed in t.he main t.ext., the decision wus made to adopt. a 
conservative approach in combining the sites' records, using the new site's 
values with no adjustment, ~len the readings from the old site are no longer 
available. This obviously has the effect of reducing the apparent seeding effect 
at Mertzon. The relat.ionship is documented here, so that others may apply it in 
their own assessments if desired. 
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