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INTRODUCTION

Man's desires to control the weather have existed through the ages. In
recent years there have been breakthroughs in the understanding of climatic
processes and technological development designed to alter the naturally
occurring weather events. Whether technology for weather modification at
present produces significant or predictable alterations of the naturally
occurring phenomenan remains a scientific uncertainty and controversy.

The potential for weather control today is, hdwever, within the realm of
feasibility and thus the potential effects of weather modification on the
economy and the environment gain importance. Possible outcomes of precipita-
tion enhancement on the hydrology of Kansas are investigated in this report.

The term weather modification is rather vague. One definition for
clarity is "the object of weather and climate modification is concerned
with any artificially produced changes in the composition, behavior, or
dynamics of the atmosphere. Such changes may be deliberate or inadvertent,
they may be transient or permanent, and they may be manifested on any
scale from the microclimate of plants to the macrodynamics of the worldwide
atmospheric circulation" (31, p.1).

Deliberate weather modification efforts can increase or decrease
precipitation, suppress hail, dissipate fog, mitigate hurricanes, prevent
frost, and alter the radiation balance. The objective of weather and
climatic control is "to produce deliberate beneficial changes in the
environment and to bring under control, or avert, changes damaging tao
society" (31, p.2). The levelling of natural variations in climatic

conditions could increase productivity and reduce the failure risk of the



affected area. To be free of the consequences of a regional crop failure
in important production areas, such as the recent Soviet wheat crop failure,
is a dream of all mankind. The potential benefits of controlling severe
storms are incalculable. Man's ability to initiate these changes is still
limited and uncertain, but the potentialities offer incentive for continued

research.

HISTORY

The hydrologic cycle involves many complex variables whose interrela-
tions may never be completely understood. The role of precipitation as
we accept it today was first recognized by Marcus Vitruvius Pollio in
1000 B.C. However it was not until Leonardo de Vineci (1452-1519) that the
modern view of the hydrologic cycle was developed (14). In the prescientific
era of weather modification, it was thought that rain could be controlled by
great noises, explosions, and great fires (4). The weather control was
basically superstitious, involving ringing of church bells, ceremonial dances
or rituals, or periodic cannon fire to ward off evil spirits, appease rain
gods or drive away violent rain and hail storms. Gradually, scientific
investigation has resulted in improved understanding of weather phenomena,
although even today our understanding is limited.

In 1819, the United States Surgeon General of the Army started a program
to measure precipitation. The records are currently being kept by the
National Weather Service. It was not until 1888 that the U.S. Geological
Survey began systematic streamflow measurements of the Mississippi River.

The establishment of a record keeping division of government is a milestone,

since long continuous environmental data collections are essential in



establishing accurate probabilities for design and in forecasting events.

James P. Espy, an advisor to Congress on meteorological problems
from the War Department (later from the Navy), proposed in 1851 what
could have been the first fedérally financed large scale modification pro-
gram. Espy proposed the production of rain by fire. His plan was based on
his view that "all precipitation and the other aspects of storms are
explained as direct consequences of convection and the release of latent
heat of condensation" (4, p.6). He proposed to simultaneously set fire to
40 acre parcels of timber spaced at twenty mile intervals along a north-
south line in the western states at regular seven day intervals. He believed
that this holocaust would initiate a "rain of great length" (4, p.6). The
plan was not endorsed by Congress but not because of doubts about Espy's
theories. His views on atmospheric static stability in vertical convection
do contain important elements of storm mechanisms. Espy's fire proposal was
discounted in 1871 after the Chicago fire, when a heavy rain fell under
very adverse conditions according to Espy's theories (7).

In the period of time from 1875-1933 significant elements of the
scientific framework for weather modification were established. In 1875
and 1879 accurate explanations of mechanism were advanced by Coulier and
Aitken (7). In 1930 and 1938 Tor Bergeron and Walter Findeisen advanced
the theory of rain based on coexistance of ice crystals and super-cooled
droplets in clouds at the same temperature, and on the rapid transfer of
vapor from droplets to crystals. This work formed the basis for artificial
modification of clouds. Bergeron founded the basis for cloud seeding with
silver iodide in the early 1930's (4).

During this time period weather modification demonstration tests were

also being conducted. In 1880, General Daniel Ruggles was granted a



patent on his scheme of using balloon carried explosives to cause rain
(4,7). 1In 1890 and 1891 at Washimgton, D.C., and later in Texas, General
Robert Dyrenforth conducted tests using Ruggle's scheme. The tests were
regarded as unsuccessful, but it was the first federally funded project
supporting weather modification through the Department of Agriculture. In
1891, Louis Gathman conducted tests to produce rain by exploding shells
containing liquified carbenic acid at cloud height. In 1961 Soviet
scientists were using the same method to dissipate clouds rather than
produce precipitation (7). There were a variety of field tests at many
different locations with the results varying from inconclusive to successful.
Tests were also directed in the areas of tornado dissipation and fog
dispersion,

The modern era of weather modification began in 1946 when Schaefer,
Langmiur, and Vonnegut completed the first laboratory verification of the
atmospheric ice crystal formation process. Schaefer completed the first
field demonstration of large scale modification of super-cooled clouds by
seeding them with dry ice from an airplane. With this successful demon-
stration, weather modification claimed a foundation in scientific theory
(4,7,19).

Langmuir, the director of the crystal formation study, influenced
the Defense Department to support Project Cirrus. This project (1947-1951)
demonstrated the possibilities in modifying, dissipating, and causing
precipitation from super-cooled clouds. The project was instrumental in
establishing the methods of investigation still being followed in present
experiments.

Immediately following these studies a flurry of commercial seeding

activities began and soon reached a maximum coverage of approximately



10% of the land area in the United States (13). The decline of these
enterprises began in the mid-50's. The intense activity in cloud seeding
resulted in the formation of the President's Advisory Committee on Weather
Control in 1953. The committee’s primary goal was to assess the effective-
ness of cloud seeding efforts. The committee reported in 1958 that

seeding was producing an increase of 10-15% in winter snowfall in the
western United States mountains (21,23). Their major recommendation was

to increase substantially the support for research into all aspects of the
atmospheric sciences. The National Science Foundation (NSF) was given a
lead role in directing this research. NSF was directed by Congress to
initiate and support a program of study, research, and evaluation in the
field of weather modification. In the years following, many research pro-
jects and field experiments were conducted at various locations throughout
the world, and research is still continuing. These tests added greatly

to the fundamental knowledge of cloud seeding. Although the effectiveness
of seeding is still difficult to evaluate, understanding is improving due
to increased knowledge of cloud physics, more stringent statistically
designed control tests, and more and better radar and raingage network
observation (l4). In 1966, The National Academy of Sciences, (NAS)
published a report presenting conclusions based on 41 projects involved in
seasonal operation for winter orographic seeding and 14 operational projects
in which cumulus clouds were seeded. The programs were designed as randomized
experiments to test if ice-nuclui seeding increased precipitation. NAS
concluded "...there is increasing but still somewhat ambiguous statistical
evidence that precipitation from some type of clouds and storm systems can
be modestly increased or redistributed by seeding techniques. The implica-

tions are manifold and of immediate national concern" (31, p.4). A report



published by NSF, complementary to the NAS conclusions, reassessed projects
involved in weather modification and recommended continued financial support
for research of weather modification in order to increase the scientific
base from which decisions can be made (30).

Numerous agencies are now involved in work or provide funds for
continued research (22). The Bureau of Reclamation funds approximately
one-third of all activities. The Bureau is primarily concerned with pre-
cipitation enhancement in the water short western United States. NSF funds
studies for all types of weather modification. Other governmental agencies
fund studies within their concern. The Forest Service is interested in
research of lightning suppression. The Department of Transportation through
the Federal Aviation Administration funds fog clearance experiments. The
Defense and Agricultural Departments, as well as other state and local
governmental agencies, provide research funding.

This effort has resulted in significant progress since 1966. The pro-
gress, in summary by Kostecki (13, p.7) is '"l) in understanding the weather
and how it might be changed by man, 2) in ability to affect changes in
clouds and weather, and 3) in capacity to measure both natural and modified
conditions of the atmosphere.'" This progress prompted a further assessment
of weather modification technology by NAS in 1973. This publication pointed
to increasing water demands, extremely limited water resources at various
locations, and increased vulnerability of urbanized and industrialized area
to weather phenomena in emphasizing the need for economic justificiation of
continued development of our weather modification capabilities. The report
noted, "it is essential that there be expanded research programs to develop

the knowledge base from which more reliable technological assessments can



be made" (33, p.16). The 1973 report summarizes findings of past and

current studies.

OBJECTIVES

In response to operational weather modification programs which have
been known to make overly optimistic claims of success without well-
documented evidence, several studies and experiments have been undertaken
to answer the question of social and economic impact. One of these is
sponsored by the Kansas Water Resources Board. It is a multi-year, inter-
disciplinary study to evaluate the potential impact of a full-scale opera-
tional precipitation enhancement program on the agriculturally-orientated
economy of Kansas. Particular attention is being directed to the possible
responses of agriculture as a result of assumed alterations in the precipita-
tion pattern which might result from weather modification activities (1).

The objectives of the project are ambitious. They involve disciplines
studying environmental factors including effects of modification on insects
and disease in relation to crop production, and plant species distribution
and production. The study also considers possible economic alterations,
such as changes in farm resource inputs, farm outputs, organization, and
other economic conditions. The project is obtaining data to aid future
evolution of weather modification activities by gathering meteorological,
ecological, and crop phenological data.

The objective of this particular report is to evaluate the effects

of altered precipitation pattern upon the hydrology of the state.
PROCEDURE

The Model.--A modified version of the Kansas Watershed model (KWM)

was used in thils study to simulate the response of a watershed to enhanced



precipitation. The general concepts of KWM are described by Smith and

Lumb (20). In addition the new evapotranspiration (ET) function descrip-
tion, included in the modified program, can be obtained in a report by
Zovne and Nowaz (32). The model uses daily maximum and minimum temperatures
and daily (or hourly) precipitation data read from magnetic tape containing
the historical data record for the particular watershed. The ET is calcu-
lated using average monthly values of relative humidity, percent sunshine,
wind speed, and solar radiation (6,24). The program also requires input
watershed parameters that describe its physical characteristics. KWM can
be generally described as follows: 1) it is a continuous model that
generates daily flows, 2) it is a lumped-parameter model, which means
average watershed properties are used without regard to spatial distri-
bution, and 3) it is designed to model as completely as possible the land
phase of the hydrologic cycle. A generalized flowchart of KWM is presented
in Fig, 1.

Precipitation Enhancement.--In this study three Kansas watersheds were

tested for streamflow pattern changes due to a precipitation enhancement
program, assuming that cloud seeding can produce additional precipitation.
Since the program monitors other information in addition to streamflow,
comparisons of ET and general observations of soil moisture changes and
recharge can be made.

Historical precipitation and stream flow records were used to match
simulated and natural streamflows as closely as possible. The portions
of the land phase of the hydrologic cycle were checked to make certain
they were within reasonable limits for the conditions present at each
watershed location. The historical precipitation record was then modified

based on the enhancement expected from current available technology. The
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possible enhancement programs for representing modification effects were
discussed with many researchers and commercial operators (1). Eventually,
Model B, as shown in Table 1, developed by Changnon and Huff (2), was
selected as the best estimate of the possible effects of an operational
seeding program for Kansas.

Smaller rainfall events are greatly enhanced by cloud seeding, assuming
the seeding beneficially aids the efficiency of the clouds. Larger events

are naturally more efficient and seeding is sometimes evidenced to interfere

TABLE 1.--Model B Precipitation Enhancement Program

Actual Amount of 24 hour

Centimeters Inches 4 Increase
0.25 or less 0.10 or less 75
0.26 to 1.27 0.11 to 0.50 30
1.28 to 2.54 0.51 to 1.00 10
over 2.54 over 1.00 =10

with this natural efficiency, thus reducing the magnitude of the event.
Model B represents the average expected results in large-scale operation.
Individual seeding events would experience large variations from Model B
increases. Model B also accounts for inefficiencies arising from the
technical inability to detect and seed every seedable cloud, especially
at night.

Model B applies only to convective clouds that produce most of the
precipitation in Kansas. Since winter clouds in Kansas are usually of non-
convective origin, the Model B enhancement schedule was not applied to
rainfalls occurring in winter months. Two schemes were actually used which
were designated B-ZERO and B-TEN, respectively. Both schemes used Model B
applied to rainfalls experienced during the seven-month growing season

from March through September. The rainfall producing clouds during this
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season are predominantly convective. In Model B-ZERO, the winter precipi-
tation during the months of October through February are left unaltered,
thus assuming a seeding operation confined to summer convective cloud
season. . In Model B-TEN it was assumed that seeding operations were con-
tinued in winter but that the basic Model B alteration scheme in Table 1
would not apply. Since there is little experience in seeding non-convective
clouds on the Great Plains, a simple alteration scheme was applied in which
all winter rainfalls were increased a uniform 10%, hence the term B-TEN.

The Watersheds.--The watersheds studied are the Black Vermillion,

South Fork Sclomon, and Beaver Creek drainage basins (Fig. 2).

The Black Vermillion basin (Fig. 3) is located in northeastern Kansas
near the Nebraska border. It is the smallest of the three watersheds
studied, draining 1067 km2 (412 miz). The watershed lies in three counties,
Marshall (74.75%Z), Nemaha (24.27%), and Pottawattomie (0.97%). The stream-
flow has been gaged continuously since 1954 at Frankfort. The area is
located at the western edge of the Central Lowland physiographic province
and is largely contained in the Dissected Till plains subdivision.

This portion of the subdivision is further classified as the Kansas drift
plains, due to the area being covered with deposits of till and loess. The
till is a heterogenous, unstratified, and unsorted mixture of clay, silt,
sand, and pebbles, and boulders deposited by glacial ice up to thirty feet
thick. The loess is wind deposited silt. The area is a dissected plain
with relatively broad gentle slopes, except where streams cut deeply into
the thick glacial till deposits. The total relief is approximately 96.26 m

(283 ft).
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The area is predominantly agriculturally oriented with the principle
crops being wheat, sorghum, corn, soybeans, and alfalfa. The majority of
the area is devoted to pasture land. The average annual precipitation
is 79 em (31 in.) and the majority of the precipitation falls within the
growing season. The growing season averages 173 days in length. The mean
annual temperature is 12°C (54°F) with summer temperatures rising to over
38°C (100°F) and winter temperatures falling below -18°C (0°F),

Most wells in the region are used for municipal and domestic supply.
The watershed has characteristicly low well yields generally below 16
liters per sec (250 gallons per minute) (lps, gpm). The depth to ground-
water in the major valleys is generally less than 6 m (20 ft) while in the
upland areas selected locations may be 30.5 m (100 ft) to water. The
saturated thickness of the principle water-bearing formation is from 12 to
24 m (40 to 80 ft) (12,15,18,29).

The Beaver Creek and South Fork Solomon basins, in contrast to the
smaller rounded Black Vermillion watershed, are long, narrow watersheds.

The South Fork Solomon watershed (Fig. 4) is located in the second
layer of counties from the northern Kansas border. The drainage area
covers 2694 km2 (1040 miz) with 467% in Graham county, 34.9% in Sheridan
county, 18.9% in Thomas county, and the remaining 0.2% in Rooks county.
Rooks county contains the gaging station which is located above Webster
Reservoeir.

This watershed is located within the area known as the High Plains
section of the Great Plains physiographic province. The region generally
slopes eastwardly at a rate of 0.28% (12 ft/mi). The western end of the

basin, consists mainly of nearly flat to gently rolling upland broken by
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relatively shallow valleys. The upland areas of the basin are not always
well drained because of the extreme flatness and the presence of shallew

depression areas. In contrast, the eastern end of the watershed is well

drained, sloping ground that is moderately to well dissected.

The basin is underlain by Pierre shale which is impervious to water
from the water-bearing formation above it. The Ogallala formation rests on
the Pierre shale. It averages 50 m (165 ft) thickness in the west but thins
to almost nothing in the east. The Ogallala is the primary groundwater
source. The well yields range from over 63 Ips (1000 gpm) in the west to a
few liters per second on the east. The Ogallala is overlain by unconsoli-
dated deposits of silt or loess. This deposit is usually around 12 m (40
ft) thick and is above the water table.

The area is primarily agricultural with wheat being the main crop. The
wheat-fallow rotation accounts for 50%Z of the cropland use. Pastures cover
40% of the area and the remaining land is largely devoted to sorghum, although
other small grains and corn are present. The climate can be described as
subhumid to semiarid. The average annual temperature is 12°C (53°F) with
extremes recorded from -31°C (~24°F) to 47°C (117°F). The average precipi-
tation is approximately 48 em (19 in.) with extreme variations of 17 to 100
cm (7 to 39 in.). The average growing season is about 162 days (5,8,9,11,12).

Beaver Creek basin (Fig. 5) is located mainly in extreme northwestern
Kansas. It drains 4190 km2 (1168 miz) but 761 km2 (294 miz) of which are
probably non-contributing. The gaging station is located at Cedar Bluffs in
Decatur county. The watershed lies in Kit Carson county, Colorado (20%),
Sherman County (including a portion of Thomas, 31%), Cheyenne county (16%),

and Decatur county (including Red Willows County, Nebraska, 6%).
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The area is also located in the High Plains section of the Great Plains
physiographic province. The upland areas are flat to gently rolling terrain
and characterized by having numerous shallow undrained depressions. The
watershed slopes eastwardly at a rate of 0.23 to 0.27% (12 to 14 ft/mi).

The uplands are moderately dissected by small drainage ways. The areas
bordering streams tend to be gentle until the stream becomes major in size
when the slepe then becomes more rugged and steeper, especially along the
south side of Beaver Creek. The area of dissection extends 3 to 5 km (2 to
3 mi) either side of the streams and the flat valley floor may be 61 m (200
ff) below the upland plateau.

The basin is underlain by Pierre shale. It outcrops in only a few
areas where the younger formations have eroded away. The Ogallala formation
overlies the Pierre shale and is nearly 91 m (300 ft) thick in places. 1In
other areas it is very thin or completely removed by erosion. The Ogallala
outcrops along many stream valleys but it is generally covered by a 15 m
(50 ft) thick deposit of wind-blown loess. The soils of the region are
deep, well-drained, nearly level or gently sloping silt loams of the upland.
The valley terraces are covered by deep, well-drained, strongly sloping
loams.

The area is predominantly agricultural with wheat, sorghum, barley,
corn, and pastures being the main crops. Summer fallowed areas are also
present., Irrigation was increasing during the final years of the test
period. The region is semiarid with a mean annual temperature of 12°C
(53°F) with extremes of over 38°C (100°F) to less than 18°C (0°F). The
rainfall also varies extremely from the average annual amount of 43 cm (17

in.). Test well yields range from 9 to 58 lps (130 to 900 gpm). The depth
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to water for the upland wells is generally more than 30 m (100 ft) while in
the valleys the depth can be as little as 3 m (10 ft). The saturated thick-
ness of the water-bearing deposit range from less than 6 m (20 ft) in eastern
Rawlins county to almost 60 m (200 ft) in Sherman county. Generally the

thickness is over 30 m (100 ft) (10,13,16,17).

Model Calibration.-~The Kansas Watershed Model is calibrated by

comparing the calculated streamflows to observed stream flows. Coefficients
are adjusted until long term observed and caléulated sreamflows agree,

as shown in Table 2. 1In the calibration process, elements of the budget
such as interception, evapotranspiration, and soil moisture variations

are similarly adjusted to yield reasonable values for the particular
location. The correlations listed in Table 2 are the average of the
monthly coefficients (rz) computed from daily values of observed and

calculated streamflows.

TABLE 2.--Observed and Modeled Accumulated Streamflows

Simulation Observed#® Modeled Average
Watershed Period Flow Flow Correlation (r™)
Black Vermillion 1954-1967 142.65 144.04 .731
(56.16) (56.71)
South Fork Solomon 1948-1961 47.78 46. 40 677
(18.81) (18.23)
Beaver Creek’ 1947-1965 11.68 12. 34 711
( 4.60) ( 4.86)

AFlows are in centimeters (inches)
4+Flows for Beaver Creek exclude 1957 and 1960.
Two problem years, 1957 and 1960, were encountered in calibrating the
Beaver Creek model. The program substantially underpredicted the flow
for these two years. The observed flow was gaged at 15.82 cm (6.227 in.)

for the 1947-1965 record period but KWM predicted only 13.27 ecm (5.233 in.).
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This is under-estimation of almost 16%. A check of the climatological data
records and streamflow records (28,26,27) did not reveal any inconsistencies
in the information recorded on the magnetic tape used as input for KWM. The
model simply did not predict the extremely high May, 1957 flows. KWM tends
to underpredict the peaks of extreme runoff events. For this particular
event, however, the recorded precipitation could not have produced a runoff
event of the observed magnitude, although there are damage accounts for the
flood that occurred in May of 1957. This region'typically experiences
spotty high intensity storms. It is possible for a storm of sufficient
magnitude to have occurred in the gaps of the rain gage network. Of the
nine stations used in the program, four experienced a relatively large
storm, two light to moderate, and three recorded no precipitation, which may
explain the difficulty.

The 1960 streamflow difficulty was due to a very cold winter in which
snow accumulation occurred from mid-January to mid-March. Several north
western stations reported 68 consecutive days of snow cover. The low
temperatures prevented most snowmelt until mid-March when above normal
temperatures caused rapid melt and high runoff. KWM contains a simple snow
acculmulation and snowmelt éubroutine, which is uncalibrated due to the
infrequency of substantial snow accumulations in Kansas. The extreme
conditions of this winter were not modeled accurately by this subroutine.

Since the two years accounted for most of the underprediction of
the total flow measurement, they were not used in comparing the effects
of weather modification. The years are included in figures only to
provide a continuous record. Computed averages, percentages, or

deviations exclude these years.
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RESULTS

The assumed modification schemes, B-ZERO and B-TEN, result in increased
precipitation, streamflow, and runoff. There are some interesting effects

resulting from applying B-ZERO and B-TEN assumptions to these watersheds.

Precipitation.--The Black Vermillion Watershed experienced an average

of 5.36 cm (2.11 in.) per yvear of additional rainfall for the fourteen
year test period due to B-ZERO modification. B-TEN caused an average
increase of 6.81 cm (2.66 in.} per year. South Fork Solomon average in-
creases were 5.54 cm (2.18 in.) and 6.27 em (2.47 in.) per vear. Beaver
Creek experienced increased precipitation averaging 5.52 cm (2.18 in.) and
6.10 cm (2.40 in.) per year.

In the summaries presented in Tables 3, 4, and 5, the climatic difference
between the subhumid Black Vermillion and the semiarid South Fork and
Beaver Creek region are apparent. Although all these watersheds had similar
absolute increases in precipitation under B-ZERQO, the Beaver Creek, percentage
increase over natural ormal precipitation was twice that of the Black Vermillian.
South Fork experienced a similar result.

The effects of B-TEN modification were similar to B-ZERO, except that
B-TEN is always somewhat higher. The Black Vermillian watershed showed the
most significant increase in winter precipitation as a result of the B-TEN
program. Since winter modification assumes a uniform percentage increase,

a larger abhsolute increase in precipitation would be expected in the

wetter region.

Runoff.--B-ZERO modification resulted in reduced streamflows for five
years for the Black Vermillion, two years for the South Fork Solomon, and

one year for Beaver Creek. There is quite a difference in streamflows for



22

{seyour) saslswizuad U saaq@nul [[y :3I0N

. . - - . . & - . u@&ﬁﬂﬂ
EE°Q 90°0 LE'T £9-°¢8 ££°98 688 g0 %1 17°ET 88771 onT 00T 00T 197Em %
00°s 85y i SE°DT 0L°6 e 15°8 L9 -— aseaIduy ¥
(ott-o0 } (1o ) (1E£%°0=) (0ez°62) (ETT"62) (8£8°47) (E6L°% ) (SEv'% ) (1%0°% ) (€T°v¢ ) (Lsgg ) (9%°1C ) sFe10ay
6420 £60°0 €60°T — LirAd 14 LY6 €L 60L°0L LT T $97°1T 06201 £9'98 Pl T6°6L
(e€s°T ) (00E'0 )  (v£0°9-)  (zzz-e0v)  (785"low)  (BZL 68E) (801°£9)  (060°29)  (01£°9S) {98°LL7) (867697  (0%°0%w) ——
768°¢ Z9L°0 9zZE"G1- Y% 6E0T BSZ GEDT 606686 ¥4y 0LT 60L°L5T £90° 99T 9L €TZT SLTEBTT 298111
(vee z ) (159°T ) (6£E£°7 ) (96%°0¢) (60€"08) (€00°82) (685°6 ) (LT6°S ) (£28°S ) (10°6€ ) (6£°8€E ) (81°9€ ) 1961
FAS A S YEL'Y w6°s 097 LL 586°9¢ IR YA 981 °%T 6SL°ET T08°%T 60°66 1846 06°16
(Lzv %-) (926°6-) (0£8°€-) (901°£2) (z16°97) (sLev2) (ogg"z ) (zre*z ) (16v°2 ) (10°5Z ) (0L°%T ) {(70°€T ) 9961
SY¢ 11  TOSTTII- 8Tl 6 — 6%8789 9cE"89 £16°19 8T6°% cL8°¢8 IzZe"9 £6°E9 99 FAS: 19
(91%°5 ) (16075 ) (59€°€ ) (90Z"0¢8) (STT-0€) (918*82) {L61°9 ) (29676 ) (v08°G ) (Z8°1% ) 8T°1% ) {(90°8€ ) So6T
ISL°eT TE6°ZT L%5°8 £TL79L 1Z6%°9¢ SHEEL o%L°ST £61°6T Lyl 7Z2°901 09°%01 L9796
(v0£°0 )} (9120 ) (66L°0 ) (yeeL-6z) (66€°67) (1£6°92) (6ZE€'% ) (z6T°% ) (£9L°% ) (ge've ) (zé'te ) (05°zE ) 06T
ZLLT0 6750 620°2 669Gl €L9° %L s0%°89 96%°0T T06°0T 860°2T Lz 18 9T°98 304
(oss-g-) (8v°8-) (60€°6=) (695" 1¢€) {z86°1¢) (81¢ "0£) (y70°C ) (€6£°T ) (€0T°T ) (v0°'5Z ) (v2vz ) (11°22 ) €96T
L1L°T2-  L6S°TZ~ w9 €Z- £81°08 796 °64 800°LL TR1°C LTty Z08°¢Z 09°€9 78°Z9 91°9¢
(% z-) (9vt-7-) (ZeL"1-) (v16°0E) (096°0¢) {zrL00g) (L0S°8) (6Lt ) (¢87°¢ ) (9£°9¢ ) (10°9¢ ) (ve°vg ) 7961
0969 - Sl6°9 - 66L°Y = VL9 BL 829°8L 191784 809°12Z 65L°61 REY LT FASE X1 L7 16 7248
(182°% ) (L8L°% ) (18€°% ) {9¢Z"0E) (T1Z708E) (£S8°67) (91172 ) (18279 ) (068°% ) (€1°2% ) (0 1% ) (€162 ) TO6T
Y9121 6s1°tl 87111 66L79L 9EL79L £z8-st SL0°BT 696°ST v ¢l T0° 40T 06°%0T 6t "66
(805°€-) (€£99°¢~) (Zzh'z=) (Lz8'62) (Z6L°62) (16€°%2) (5%8°¢ ) (1ey°% ) (1E€°2 ) (91°2¢ ) (9718 ) (0g°%2 ) 0961
0T6°8 = 79L°9 = 2€1°9 - T9L°6L TL9°6L £S6°9 9%8° %1 96¢°1T 126°S 69°18 61708 el
(€ze"y ) (¥8s°% ) (5E6°€ ) (255°0€) (ETY*0€) (9%Z62) 9Lz ) (0Ew°L ) (1L6°L ) (5T°€% ) (w9 2% ) (L1°1% ) 656T
086° 0T £¥9°11 96676 097 LL 69T LL 68T %L TZ0°TZ 2L8°8T 9kz 02T 09°60T 08°L0T LS %0T
(L9L°€ ) (089°¢€ ) {(9i2°v ) (17e°67 ) (086782 ) (TET"92) (€659 ) (895°9 ) (29¢°L ) (8965 ) (9268 ) (86°LE ) BCET
8956 LYE"6 198701 SivyL 609°5L ZLET99 94791 £89°9T 107761 6L700T 19766 £5°96
(8T1E°9 ) {£8'¢ ) (e e ) (6097427 (tos-£z ) (81£°L7) {too'v ) {/89°¢ ) {Lze e ) (€828 ) {%0°LE ) (ny've ) 1S6T
8%0°91 9ZR YT L9%°6 718°69 898°69 07569 £9T°0T G9E 6 0C6°8 60796 80°%6 8% L8
(106°2-) (%6£7E-) (0ET"9=) (€L9°%Z ) (geL'vz ) (E5L°€7) (89%°T ) (09E°"T ) (g08°0 ) (vZ2°€2 ) (€Lzz ) {(€£70Z ) 9csT
69E°L - T¢9°Q - (yyLt01~ 699°29 676779 ECET09 6ZL°€ Yoy g 760°¢ £0°65 6L LS 69° TS
(sev z-) (eBLT-) (%0Z"%-) (T10°42 ) (958792 ) (9%L°52) (o%L°1 ) (859°'T ) (81%°T ) (zer9e ) (gL°sT ) (Z0°€2 ) cceT
S8BI'9 - 690°L - 849701~ 809°89 917789 S6E°C9 ozy'y Y1y ¥SL°E 899 cE 59 L%°8S
(t6£°1-) (vy6°1-) (6zT°c-) (1Z0"0E )  (S/8°6Z )  (L56°82) (880'c ) (990"t } (69672 ) (9e°76 ) (86708 )  (08°8T ) ve6T
¥9G6°% - BEte"% - 8%76°L — E5Z°9L £g8°sL IG5CEL w98°L 989°L 625°L €976l 69°8L [ 64 ¥
NIL-€ 044z2-4d
Ndi-d ouaz-9 TemIoy RAI-H oddz-4 TEuioy NHI-® OdHZ-4 TEwIoN POH POH Temion aeax
28uey) a8exo3sg uofidaozalur 9 ¥l J3ouny uoTjelfdioeag

Aleumng poysIaley

UOFTTFIIR) HIeTg--"E FTEVL



23

*(S3YOUL) SI9IBWIIUID UT SIIqEAY [TV  ZION

9971 Byl 0T TL'68 9€°06 99°Z6 Sy°g LTAN FAd 001 oot 00T 328png g

-— -— — oy 8 [9:09] -— L Ly ZT°LE e 00°2T 65°0T = aspaiduy ¥
(¢ger0 ) (ovg0 ) (01Z°0 ) (#%9°02) (085 °02) (180°6T) (vze T )  (98L°T ) (zoe'tr ) (9%0°€z ) (wiL'2z ) (%65°0Z )

€670 ¥98°0 ££6°0 796°TS €L2°28 99%° gy 189°% 9EC "y LOEE 885785 9v8° 1S 60£°25 oBeasay
(79€°9 )} (1eL°% )  (e%6°Z ) (T14°687)  (L1T1°882)  (%€1°£92) (v£6°97)  (666°%7)  (ZET°8T) (€6-zee)  (vg-g1e)  (1E°887) Tesag
§Z9°¢1 LI0°TT SivL 998°9€( L18°T8L 0ZG*RL9 21089 L6%°E9 60E 9% ¥Z°0I8 $8'608 1€ Z€6L
(s29°7 ) (gzLiz ) (g01°2) (€21 €T) (z8%°€7) (£€9°7T) {s9z2°z2 ) (8v1°z ) (5%t ) (19797 ) (s£°8Z ) (91°9Z ) 196T
£99°9 y16°9 LvE°g 95209 w99° 65 86%° LS £62°9 95y ¢ ¥65°¢ t9-zt 10774 $%°99
(018°'0-) (£89°0-) (£¥S~ -) (80Z°17) (vee"12) (BTE£°02) (s%1°¢ ) (1087 ) (8Z0°1 ) (vs'€T ) (g6'zT ) (o08*0Z ) 096T
£50°7 - GEL°T - 6LE°T = 898°ES 881745 809° TS 98a" L SHRS T19°C 6L°65 6Z'8¢ £€8°Z¢
(sve"0 ) (szo'0 )  (8i9°0 ) (95£°€2) (6£9°z72) (esv°02) (€g8°0 ) (LLL°0) (96570 ) {ts vz )y (€1°%z ) (£L°72 ) 6S6T
9.8°0 19070 TZL°T 9T% 65 £05°LS 156° 16 060°Z Y61 PIS°T %°79 67°19 61755
(sze"T ) (6%€°T ) (949°0 ) 9y 1) {96£°12) (£85°02) (106°z ) (909°z ) (g8e-1) (69°sz ) (sg£-9z ) (v3°%T ) g6t
99¢ "¢ :TA Ad 3 (AT LTASE 19 9yEHg 182°75 69€ "L 61979 8IS°€ $7°59 6E %9 T5° LS
(198'¢ ) (969°¢ ) (5.0°T ) (g v2) (ove"vz) {£8Z°€T) {(zs6"1 ) (s¥6°T1T ) (650°T ) (¢1°0e } (es'6z ) (z¥Liz ) 166T
L08°6 89€°6 1Lzs 91819 Ti5°19 641" 66 8569 w6y 0£T"S 85°9L 06°5¢ £9°69
(¢zott-)  (190°T-)  (9€T°T1-) (9L%°2T) (8yz°zT) (T0L°0T) {z9z'0 ) (ovzo) (g£61°0 ) (tes1t )} (oS 11 ) (o6 ) 9c6T
609°7 - G69°7 - goo-z - 6997 1F LET° T 18T LT $99°0 099°0 06%°0 vL6T 17762 60742
(15570 ) (Z69°0) (9€L°'D ) {999°¢T) (06E°SD) {101 %1) (9ty'0)  WBE'DD  (BLE'D ) {€9*91 ) (8%'9T ) (T2°6T) cceT
0% T BSLT 698°1T 7647 6E T60"6€ LT8°SE L1501 800" T 096°0 9T % 98 1% £9°8¢
(1e%'2-) (159°z~) (esz'z-) (956°81) (015°8T) (z19°91) (8970 ) (1z9'0) (BIS'0 ) (69791 )  (6€°9T ) (T1L£°%1) we6T
SYy L - WEL'9 - £7L°C ~ YT 8y 9L LY 989" 1% 56571 LSt 9T€ "1 67°T% £9'TH 9 LE
(zoo'z ) (818°T ) (£70°CT ) (EEL°RT) (89%°81) (€£%°9T) (€T9°1) (5z9'0) (pZs 0 ) (1€°1z ) (1602 ) (86°8T ) BT
S80°% 819" % 6%1'9 786" 1Yy 6069y ovLt 1y S€9°0 8851 TZE'T 8L7%¢ T1°€5 TZ'8Y
(ve1°9-) (0tg %-)  (6£5°%-) (9££°81) (£££°91) {ovL79T) (€I 1)  (T€€'T )  (669°C ) (09°s1 ) (w-s1 ) (L8z1) Z66T
£59°0T-  %%['0T- 675 1T~ 5.9 9y 1999y aTs v 686¢°¢ 18€°€ 669°T 79°6€ 6T 6€ 69°Z¢
(goe°z ) (osz'z ) (910°%) (7E% ' vZ) (71v°¥vZ) (£89°€2Z) (cet'8 ) (6zL*L ) (98€°9 ) (66°%¢ ) (6£°%¢ )  (mo°cg ) TCET
ST0'9 CTL*9 102 0T 790°z9 1107279 #CT709 €080z 7E9°6T 8[9°€T 18°88 Leg8 20'vg
(og6°0-) f(ote*0-)  (6£0°0-) (0LT°7T) (%96 12) (219°81) (68€'z ) (zse'z ) (ziv'z) (gs'cz ) (gv'ez ) (I1°12 ) 0c6T
68%°Z - T9E°T 660°0 - ZIE 95 68L°¢S LTy iy 890°9 0509 6129 6865 6466 79°€%
{s16°7 ) (gg9°z ) (v11" ) (Z6T°%T) (75T %2} (€%9°€0) (ToT*T ) (ws0°T ) (8870 (oz*gz ) (¥8°L2 ) (v9°wz ) 66T
LAY T0L°9 06Z°0 8%%° 19 I5E°19 £50°09 L6L°Z 1192 0522 £€9°TL wL*0L 65729
{(989°0-) (606°0-) (5i6°0-) {66%°12) {(Lwy°1T) (TL9 6T) (£z8*0 ) (ez8"0 ) (v0L°0 ) (v9°1z » (e'Tz )} (0T°6T ) av6T
YT -  96T°C - L'y - £09" %S SLyHS 95k 6y 1012 060°Z 88L°1 L6°YS - TAR 19 L8y

NAI-€ o¥azZ-g
NAL-g ouEzZ-4 TEmIoN NAL-9 oydZ-1 TemIoy NAL-g 0¥9Z~4 TemIoy POR POH TEBIoN R0 4
2Bueyy =8evi1o3g uopideozajul 9 €3y FFouny GOTIRITATIRAL

Azeumng dowoTog

H104 YInog--*4 ATAVL



24

83Y3UT) $1212W[ITID UT SIaqunw TTV  $2L0M

0ET ZE°T Lt z6'€6 [LALT 816 Ty Sty 99°1 oot 0071 00T 22dpng 3

— — - 16°6 T8 - Lz'eze 61" 18T — 76°El 19°zt — @8wa330] I
(%¥sz°0 ) (9sz'0) (zsz7D) (8Lg°81) (RLZ8T) (1Ze 91} (tz6'0 )  (fov 0 ) (982'0) (561 )  (SE'6L )  (LT°LD ) sTwisay
§v9°0 059°0 049'0 089°9% 979 v gy ez ovo°zZ 9740 Ty TRy 16°€n
(6ze'y ) (nse'y ) (v8z'y ) (6zZw'ziE)  (ECLUOTF)  (BSE'%8Z)  (569°6T)  (269°€T)  (sAE'y ) (v9-2e€)  (26°8ZE)  (66°16Z) 270
966701 650" 1T 108-01 0L5°€6L 7977 68L ST0'ZTU $96°6€ 919" 9% [A15541 16°778 977568 ES TR TFpL
(n0€°9 ) (z61°9 )  (zs1°¢ ) (£og 07) (765°02) (YEETRT) (h9e'z ) (096°L ) (957D ) (9067 ) (1L'8z )  (zE'Lz )

Z10°9T  szl*st 931°81 a0¢ “ 25 t0z°7s BOT"6Y 1675 96" €9 1 18°6L 76721 169 S56%
{s8s°z=) (905°7-) (Be0°E -) (S6T7°91) (607°9T) [CLia4b] (RE°0 ) (6270 )  (v9z70 ) {zo'wr ) (Z6'ET ) (99721 )

9969 -  BOS'9 -  69B°L ~ 68C 17 7w TSHHE Z8L70 (L7001 190 T9°5E 9f. "€ 597 1€ et
(P19 1-)  (L6T°T-)  (ZSE'T-) (891°02) (»50°02) (LzeR1) (€1z°r)  (600°T ) (£92°'0) (t6'6T ) (L6t ) (29°L1) c961
T6S°C - W6TE - yEY'E - LTT°18 LE6°0S L9g Ly 180°€ £95°2 L1970 zL°0S zz'os sL'oy
9550 ) (10570 )  (0:8°T ) (L6 02) (zwa-07) (9ua*61) {toez ) (ssL'T )  (168'0 ) (ee'wz ) (vi'wZ ) (s-zz ) 2961
BS1°1 €L 0secy LT ES 070° €S 0Y%°08 nE"L #8679 ez 08°19 2E°TY ££°¢5
(Ls6°T ) (%02 ) (Ls0°1 ) (£€6°6T) [CLTA Y] (S$vL°BY) tive'o ) (21s°0 )  (9Lz°0) (€9 zz ) (ov-zz ) (m0'0Z ) 1961
1676 66175 §89°Z 0E9°0§ 607708 [AC AR ] z88° 1 00€° 1 10470 87" L5 06795 00'1€
(zve°1-) (zTv°1=) (9500 ) (£5e°81) (60£°81) (L50° (1) (zo6'z ) (s6z°'T ) (uet-p) (zg"61)  (BI'AT )  (SZ°Z1) 0981
BUYE = Z19°C =  ZYI°0 ELET9Y 505" 97 STE'EY WE"L 6ZB'S 8% 0 v 05 zL8Y I8°cY
(E1T°1-) (991°7-)  (ss1°0-) (804°61) (996 61) (A9 LT) {1vs'0 ) (Z1v'0 ) (Lz1°0) (y1°61 ) (6£°8T ) (L0°91) &2ET
LIB°Z - T96°L - LOLAL 850°0§ 17967 056° %% e T 9701 €280 7978y €Ly z8-0%
(sz@°z ) (19672 ) {165°1) (957" 07) (612°07) (1R0"AT) (zpz 1)  (B18°0) (5270 ) {(ze"wz ) (so'wz ) (ge'0Z ) —
9LT L st o'y 05y 1§ 90y 1§ Y9y gy SSIE BL0'z 879°0 Le°19 60719 9T1°€g 3
err-w 3 (992°7 ) (zeL'1) (185-02) (7L2°02) {£00°02) (zez'o) (182°0) (1%z°0) (te'sz ) (zr'sz ) (w0'zZ ) 66T
$62° 11 1eg-or 14194 LYEARL] 966° 1§ 808705 91L 0 LATA] 71970 6Z°%9 08°E9 86755
(9z1't ) (mmo'r ) (sve'o ) (09g°21) {60z°21) (L0801} (gor'o ) (go1'o ) (ss0°0 ) (09°6T ) (9C°€1 )  (%2°T1) 9c6T
0982 259°2 78870 STr 1t T10°TE oSy Lz L2 AL] L7340] €1z°0 55" Y€ £6°€E $5°82
(656°0-) (165°0-)  (550°0-) (s9L°€1) (682°€1) (€vg 1) o0 ) (seoto ) (1900 ) (w6727 )  {i£°zZv ) (58701 ) Eckt
9z -~  106°'T - 07lD - £96' 7 wSL'EL e Lt 9610 16170 T FLAN4S "o oTE 9512
(sze°€-)  (hRw’E=)  (48%°1-) {£80°s10) (186°71) (s5670T1) oirro) (s01°0) (6R0'0 ) (y 1T ) (81T )} (956 ) 56T
7976 - S9N6 - L77d A 0LT"BE T60'8E 978" L2 6770 %Lz o 6970 80°67 $9°8Z 8772
(961°0 ) (9se'0 ) {09z'0 )} {6%Z°L1) (142°LT) (£96°491) {gvz'0) (1v¢’0) (L6070 ) (6921 ) (90741 ) ZE'ST ) £S6T
86%'0 v06°0 04%°0 zig" BOR'EY 1107 8€ s19°0 71970 Y€z 0 £ 60°% 16"8¢
(918°€=) (sweg=)  (ZT1°€E-) (Lol Ln) (T89°L1) (916°51) gvL1)  (ov9't ) (BS1'D ) (L9°sT ) (8°ST ) (66°2T ) 256t
SYHT6 - ZTE'6 =  OE6TL - T S% zT6° Y LTy 0y uyyy 991y T07°0 0B 6E 15" 6E 63'Z€
(vor°c ) (se'e ) (ovy'e ) (602°02) (60L°02) (195°61) {8z7°1) (evz'1 ) (15970 ) osrzz ) (se°sz ) (59°ET ) 1661
s%6°8 £0Y°8 8EL'8 Toy- 7§ 109°26 549767 LI9°E TLT'E ¥e9°1 51°LS 9g 7Y L0°09
(059°2-) (s¢9°7~)  (yIv°g~) (z60'61) {556°8T) (991°L1) {(3mc 0 ) (9sE'0 ) (oL170 ) (€8°9T )  (v9°9T )} (6I°%L ) P
1€L°9 - 668/9 = 0l6°L - 767 8Y 918" z09'EY 086°0 v06°0 ZER"0 sLezhy I A4 %0'9E
(69s°Z ) (oes"z )  (915°1T ) (869°12) (188°12) (691°12) (0s£'T ) (fei'T ) (92270 ) (6z-9z ) (s0'9z ) (L6°22) 6761
§75°9 €91 ¢ 00y 66L°SS BL5°68 64L'ES vty €I8'e L7E%0] 8799 9299 vL'8s
{rosz ) (rze"z ) (vt (Ls8-81) (eze°en) (yzs°L1) (6L£°0 )  (wef'0)  (BOY0) L1z ) (es'TZ ) (9€°6T ) 8761
(1181 ] $68°S 986 "€ 168" LY 1ze Ly 9157wy €960 096'0 Yeo 1 T2 ss £S5 L1'6Y
(967°0-) (669°0-)  (910°2-) (og9 ¢n) {v95°L1) (709°91) (s€°0 ) (sse'0 )  (Zw€t0) (69°L1 ) (zz'eTt)  (T6°9T ) 1961
0€T°T - Sut"l~  TLI'C - 08L"Yy £19°7% (7G4 706°0 z06°0 69870 FL T yLEY 18 LE

NE1-9 o¥IzZ~§
NIL-q ouIz-u TR0y N3L-€ 0¥3IzZ-4 Jruzon waLl-y oydz-g TEmaoy PoH PoH e avel
a%uey) alleaocas uojidedialu]l § w33 jjouny worIvIjdideag

Aawmming payBIaIFN 48aJ) IeAved---¢ FIAVL



25

the two regions. The Black Vermillion experienced a 10% runoff increase due
to modification, which represents only a slight change in the percent of the
watershed budget represented by runoff. In the unmodified model, runoff was
12.88% of the entire water budget. B-ZERO and B-TEN modifications increased
the runoff budget percentage to 13.21 and 14.04%, respectively. The other
two watersheds show more variation. The South Fork experienced 37.12 and
47.73% increases in runoff, representing increases from 4.52% of the water
budget to 7.74 and 8.95%, respectively. Beaver Creek, which has a very low
average runoff per year, experienced increases of 181.19% and 223.27%,
respectively. These represent an increase in the percentage of the total
budget from 1.66% for normal conditions to 4.15 and 4.72% for the two
modified conditions. The natural average runoff in centimeters (inches) for
the three watersheds from east to west is 10.29 (4.05), 3.31 (1.30), and
0.73 (0.29), respectively while for B-ZERO the runoffs are 11.26 (4.44),

4,54 (1.79), and 2.04 (0.80) centimeters (inches).

Evapotranspiration.-—-The Black Vermillion was calibrated to produce an

average of 70.71 cm (27.84 in.) of evapotranspiration (ET) per year, which

is 22.25 cm (8.76 in.) per year more than South Fork and 28.24 em (11.12

in.) per year more than Beaver Creek ET. The Black Vermillion ET is, however,
less responsive to increased precipitation, as 4.58 and 5.00% increases were
experienced in comparison to 9.31 and 9.91% increases for Beaver Creek.
Unfortunately the 9.31% only translates into a 3.96 cm (1.56 in.) per year
average Increase in ET for Beaver Creek while the 4.58% increase for the
Black Vermillion yields 3.25 cm (1.28 in.) per year. The South Fork B-ZEROQ
average Iincrease was 3.8l cm (1.50 in.) per year. Increase of any magnitude

in ET would usually be termed beneficial.
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Table 6 represents an attempt to show that weather modifications may
result in a change of the variability of runoff and ET. The standard deviation
(;) is used to characterize the degree to which B-ZERO and B-TEN either
increases or decreases the dispersion (variability) about the mean. The
rainfalls experience almost no change in variability, which may or may not
be a surprising result. The runoff dispersion is decreased by modification
for the Black Vermillion, but increased for the other two watersheds. 1In
all cases, the modified ET's were less variable than the unmodified ET's.

Figures 6 through 14 illustrate the carry over effects of wet to dry
years and the differing effects of weather modification in wet and dry
years. Figures 153, 16 and 17 present the general trend of B-ZERO and B-TEN
in relation to the normal precipitation. All figures illustrate the usual
trend is for the greatest percent increase to occur during the years of
below natural rainfall. This does not mean dry years receive larger absolute
amounts of precipitation, but that these increases are a function of the
number and magnitude of the rainfalls experienced in each year.

Water Storage.--In the fourth column of the summary tables, the changes

in storage from the beginning of the test period at initial conditions to
the final ending conditions are listed. The storage change consists of the
sum of soil moisture changes and groundwater level changes. The long term
average of this account should be near zero since there are cyclic trends in
water consumption and the total water available for consumption is limited.
The Black Vermillion simulation ends with 15.33 cm (6.03 in.) of deficit
or an average loss from storage of 1.09 em (0.43 in.) per year. The B-ZERO
modification provides enough moisture that this deficit is overcome and
provides enough extra rainfall for a 0.05 cm (.02 in.) per year gain. B-TEN

modification raises the net average gain to 0.28 em (0.11 in.) per year.
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TABLE 6.--Comparison of Statistics for Precipitation,
Runcff, and Evapotranspiration.

Watershed Precipitation Runoff Evapotranspiration
f 8 fl 8 fi 8
Black Vermillion

Natural 79.91 17.75 10.240  8.405 70.709 5.977
(31.46) ( 6.99) ( 0.051) ( 3.309) (27.838)  (2.353)

B-ZERO 85.27 17.58 11.265 5.585 73.962 4.989
(33.57) ( 6.92) ( 4.435) ( 2.199) (29.118) (1.964)

B-TEN 86.69 17.78 12.174 5.791 T4.244 4.892
(39.13) ( 7.00) ( 4.793) (2.280) (29.230) (1.926)

South Fork
Natural 52.31 15.77 3.307 3.411 48.466 9.787
(20.59) ( 6.21) (1.302) (1.343) (19.081) (3.853)
B-ZERO 57.85 16.20 4,536 4,912 42.273 - 9.091
(22.77) ( 6.38) {(1.786) (1.934) (20.580) (3.579)
B-TEN 56.59 16.24 4.887 5.164 52.563 8.865

(23.07) ( 6.40) (1.924) (2.033) (20.694) (3.498)

Beaver Creek
Natural 43.61 13.09 0.726 0.554 42.721 8.245
(17.17) ( 5.15) (0. 246) (0.218) (16.721) (3.246)

B-ZERO 49.15 12.3172 2.040 1.938 46.426 7.00
' (19.35) ( 5.202) (0.803) (Q.763) (18.278) (2.756)

B~TEN 49.71 13.274  2.344 2.129 46. 680 6.853
(19.57)  ( 5.226) (0.423)  (0.838)  (18.378)  (2.698)

NOTE: All numbers in centimeters (inches).
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The South Fork Solomon has 7.48 cm (2.94 in.) net gain for its test
period. The gain may seem large for this semiarid region, however, the test
period ended on the relatively wet year of 1961. In 1961, 5.35 cm (2.11
in.) were added to storage accounting for most of the gain. This watershed
also experienced a positive addition to storage due to the weather modifi-
cation programs.

The Reaver Creek Basin also ended on an extremely wet yvear in 1965.

This year added 18.17 em (7.15 in.) to storage, which brought the storage
budget from a deficit to a 10.88 cm (4.28 in.) gain. Beaver Creek experiences
slight storage gains due to the precipitation enhancement.

Recharge.--The South Fork Solomon and the Beaver Creek Watersheds have
one additional printout not included on the earlier completed Black Vermillion.
This additional printout was the quantity of recharge from the lower zone to
groundwater. Table 7 is a summary of the information generated. The results
of weather modification on the amount of water passing through the lower
zone is quite significant. Beaver Creek experienced no recharge under
unmodified conditions but under modification averages of 1.54 cm (0.61 in.)
and 1.86 cm (0.731 in.) per year were obtained for B-ZERO and B-TEN, res-
pectively. The South Fork experienced only one year in which recharge
occurred under unmodified conditions resulting in 0.41 cm (0.16 in.) average
over the record period. B-ZERO and B-TEN modifications recharged an average

of 1.74 cm (0.68 in.) and 2.06 cm (0.81 in.) per year.
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TABLE 7.--Recharges for South Fork and Beaver Creek

R
No. Years No. Years Total Recharge  Average Recharge

Watershed 5f Record of Hecharge CenFimeters ?m per yr
(inches) {(in per vyr)
South Fork
Natural 14 ik 5.766 0.412
(2.270) {(0.162)
B-ZERO 14 4 23.305 1.736
(9.569) (0.684)
B~-TEN 14 5 28.867 2.062
(11.365) (0.812)
Beaver Creek
Natural 17 0 0 0
(0) (0)
B-ZERD 17 9 26.208 1.542
(10.318) (0.607)
B-TEN 17 9 31.824 1.872
(12.434) (0.731)

CONCLUSTIONS

The weather modification program B-ZERO resulted in average precipita-
tion increases for the three watersheds of 6.72, 10.59, and 12.67 percent
from the eastern Black Vermillion to the western Beaver Creek. This vari-
ability is significant since cloud seeding success is dependent on the
number of events and the magnitude of the storm experienced in the area, as
reflected in the Model B formulation. The wet-year, dry-year variation is
also Important. The dry years, due to the magnitude of increase for light
rainfalls have increases comparable to those for wet years. Although it did
not occur during any of the test years, B-ZERO could have reduced the total
rainfall if enough of the storms were of high magnitude greater than one
inch. It could also be possible to reduce the total rainfall for a given

year and still experience better growing conditions, particularly if the
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smaller magnitude storms were distributed properly throughout the growing
season to provide the crop the necessary water requirements. The use of
B-ZERO did result in reduced streamflows in some vears, especially on the
Black Vermillion, where higher runoff percentage naturally occur. The
reductions are again the result of B-ZERO reducing the high magnitude
storms. The soils at any location have only a certain capacity for surface
storage and infiltration. When these are exceeded the remainder of the
rainfall is essentially wasted in terms of crop utilization or benefit since
it flows away through the drainage network. Any reduction of the storm size
for a storm that exceeds the moisture retaining properties of the basin is
reflected in reduced surface runoff. The reduction of runoff could have
possible economic benefits in erosion control and flood damage suppression.
The B-ZERO storms that are greatly enhanced are small enough that any addi-
tional rainfall from them could be fully utilized. It is the middle to high
magnitude storm that is either enhanced or reduced that determines whether
runcff is increased or decreased.

The increased runoff in the drier western watersheds may have
a more important economic benefit. The additional runoff would add storage
to ponds and reserveoirs. In addition, a more reliable streamflow would
benefit industries and municipalities that use the water.

The amount of evapotranspiration experienced and the reduction of
the variability of this quantity is an important occurence. In all cases
the average ET is increased for the test periods by weather modification.
The reduction of the variability of ET is largely due to the decreased
percentage of the total budget it represents in modified conditions. This
means more water is available for either runoff or storage. If the

additional moisture is stored within the soill profile it allows the crop
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to pull from this reserve in no rainfall situations. This carryover soil
moisture effect is illustrated in Fig. 12 for the Black Vermillion. In
1960 the modified ET remains above average while the normal ET dropped to
more than three inches below the average. The 1960 ET level remained
high since 1959 was a wet year that replenished soil moistures. Other
illustrations are less pronounced than this event.

A change in ET may be associated with a change in crop yield. The
average ET increases, as presented earlier, are larger in the western
regions where the water supply is more limited. Of the extra rainfall
received on the Black Vermillion 60% of it was utiiized as ET. The South
Fork used 69% of the B-ZERO precipitation gain as ET and the Beaver Creek
utilized 71% of extra precipitation as gain. Preliminary results from a
different discipline on crop vields (1) support this trend. In the north-
western district of Kansas the average effect of B-ZERO on wheat yields was
an annual increase of 2.18 hectoliters per hectare (2.50 bushels per acre),
while the Black Vermillion in the northeast district had only a predicted
yield increase of 0.02 hectoliters per hectare (0.03 bushels per acre).

Groundwater recharge under natural conditions for northwest Kansas is
near zero. Only in 1951, with heavy rainfalls for two months, did recharge
occur in the South Fork Solomon. The enhanced rainfalls always increased
the recharge, both in absolute quantity and in frequency of occurrence.
Increased recharge due to weather modification would have a very limited
effect on extending diminishing groundwater supplies because of the small
increases involved.

The effects of the winter uniform percentage increase, B-TEN, are

difficult to evaluate in terms of benefits gained for the expenditure
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required. B-TEN resulted in only small increases above the B-ZERO amounts.
The Black Vermillion received an extra 1.42 cm (0.56 in) per vear from

B~-TEN above B-ZERO. Of that amount, 0.86 cm (0.34 in.) per year were added
to runoff. The remaining 0.56 cm (0.22 in.) per vear resulted in additional
ET. The drier basins in the west, where winter precipitation enhancement is
less than the Black Vermillion, received 0.74 and 0.56 cm (0.29 and 0.22
in.) per year increases by modification for the South Fork and the Beaver
Creek, respectively. This extra amount was split almost in half in allo-
cation to runoff and to ET. The smaller increases afforded by B-TEN seem
insignificant and hardly justifiable to extend weather modification the
additional five months.

In summary, these conclusions of this report are enumerated as follows:

1) The precipitation enhancement program, Model B, provides a
realistic approach to modeling weather modification activities
by allowing variable percentage increases based on the number
and magnitude of precipitation events. This results in more
uniform absolute increases in precipitation for wet and dry years
and for wet and dry regions.

2) The precipitation enhancement program, Model B, effected streamflows
in a varying mammer. The streamflows were increased or decreased
as a function of the number and magnitude of events falling into
the different levels of precipitation enhancement.

3) Both enhancement schemes resulted in an average ET increase and
a decrease in the variability of ET. Carryover effects of
increased soil moisture possibly accounts for the reduced

variability.
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Both enhancement schemes increased the recharge for the two
western watersheds. The Increases are not large enough to be of
significance in augmenting groundwater supplies.

There is a relatively insignificant difference between the precipi-
tation enhancement programs B-ZERO and B-TEN. The additional

five months of winter operation does not produce significant

additional rainfall, runoff, ET, carryover effects or recharge,
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ABSTRACT

The effect of weather modification on the land phase of the hydrologic
cycle, particularly the alteration of stream flow patterns, is the concern
of this report. The question of weather modification effects has arisen
in recent times, since the technological capability of weather modification
is expanding.

The historical records for three Kansas watersheds were ohtained. The
watersheds in this study were the Black Vermiilion, the South Fork Solomon,
and the Beaver Creek. These watersheds were studied by calibrating the KSU
version of the Kansas Watershed Model to match historical stream flow records.
Once calibrated, the precipitation pattern was altered by two modification
schemes, B-ZERO and B-TEN. B-ZERO and B-TEN both modify the seven month
growing season by the expected average results of full scale modification
for different magnitude storms. B-ZERO has no winter time modification,
while B~TEN has a uniform percentage increase of winter time precipitation.

The results of the precipitation enhancement for B-ZERO are 6.72, 10.59,
12.67 percent increases for the Black Vermillion, South Fork, and Beaver
Creek, respectively. The general result of the increased precipitation is
increased runoff and increased evapotranspiration. However, since the
modification schemes are representative of actual modification occurrences,
large magnitude storms are actually reduced in magnitude and this reduction

is sometimes reflected by reduced stream flows.



