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PRE F ACE 

EFFICIENCY OF WATER USE--AN OVERVIEW 

By Norman A. Evans 

Water-use efficiency is used to describe how well the resource is 

conserved or utilized. Higher efficiencies in particular uses are assumed 

to have the effect of releasing unneeded resources for use by others. 

The purpose of this study is to examine that question as it applies to 

water in the South Platte River Basin. 

Efficiency is evaluated by dividing the quantity of output from some 

given system by the quantity of input. A high efficiency implies that 

there is little waste involved in the system. In the case of water systems, 

if a high proportion of the water withdrawn from supply for a particular 

use is utilized in that use, the efficiency is said to be high. Although 

this concept is useful, its indiscriminate use can be deceiving. 

For example, a high proportion of waste through deep percolation and 

surface runoff from an irrigated farm would result in a low irrigation 

water-use efficiency. This waste may be a real one to the individual farm, 

but the water is still contained within a larger hydrologic system of 

which the farm is merely a part. The water is not lost to the larger 

system; it is merely routed differently through the system. High seepage 

losses in conveyance or through deep percolation and surface runoff are 

not critical in terms of reducing the total water supply for a basin. 

It is true that its rerouting affects water distribution with time through 

the basin; this may be a benefit. There may be a loss of quality, however. 

Extrapolation of efficiencies from a single user to regional or basin

wide efficiency would give misleading indications of new water supplies 

that could be available through adoption of efficiency measures. This is 

because one user's waste may be another user's supply. 

The following diagram compares the efficiency concept applied to a 

single use for that of a larger system where several single uses are tied 

tcgether in sequence, as i.s the case in a river basin. It is quite evident 
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when the net output is compared to the net input for the hasin, the cal

culated efficiency is quite different from that for an individual use by 

itself. 

SINGLE USE 

fJfiC~ • t. · ~ · 507. 

SEQUENnAt. USE 
( bas.,., ) 

CI'ft, , • 910 ... 0. t2 A7,e" 
L.TJI~ 1. • eo • 0 ,.., I. 

While aggregated systems are much more complex than indicated in the 

diagram, such sequential uses are the common pattern in western river 

basins. The South Platte Basin is often described as the most complex 

sequential or reuse system in the entire western region. The important 

point to recognize is that an efficiency measurement is associated with a 

very specific boundary. Its implications must be viewed likewise in terms 

of the same boundary. High efficiency may be very meaningful to the single 

user in terms of volumes of water to be handled(because of associated costs-

treatment, delivery), while from the viewpoint of the entire basin it 

may he insignificant. 

In discussing water uses, it should be emphasized that all uses are 

not consumptive. Legitimate and beneficial uses range from "contact" and 

"in-stream" uses (boating, swimming, fishing); to withdrawals which do 

not consume (hydro-power); to withdrawals which consume (irrigation, muni

cipal, industrial). The efficiency criteria can not be applied with the 

same meaning to all these different uses. 
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Efficiency criteria ,as applied to water use has not incorporated 

quality considerations. Yet quality is a key element today in water 

management. Referring again to the diagram of single and sequential uses, 

if the first withdrawal contains water having 100 ppm of dissolved solids, 

and if the output is evapotranspiration through growing crops, the dis

solved solids must be carried out of the first individual system by the 

water identified as "waste." Thus the concentration of dissolved solids 

in the supply to the second individual user will be 200 ppm unless salt 

accumulation is allowed in the first system. Each sequential user will 

receive a water supply of lesser quality compared to the preceding user. 

The quality factor is not normally reflected in efficiency terms, yet it 

has significant economic impacts. 

In a limited sense the economic efficiency of a specific water use 

is reflected by the ratio of dollar output per unit of water input. In 

the case of irrigation, the yield of agricultural product per acre-foot 

of water withdrawn from supply would represent the economic efficiency 

relative to water use. In this connotation the most efficient use would 

be that which adds the greatest value to the general economy. 

Institutional and legal circumstances have an important influence 

on how well a given water supply can be made to accommodate all legitimate 

uses. If these elements are flexible and up-to-date, they can facilitate 

improvement in efficiencies of water use. If not, they can be a serious 

de'terrent to improvements even though technical and managerial options 

may be available. 
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IMPACT OF IRRIGATION EFFICIENCY CHANGES ON 

WATER AVAILABILITY IN THE SOUTH PLATTE RIVER BASIN 

I. INTRODUCTION 

As the competition for limited water supplies increases, interest in 

achieving higher efficiency of water use is a natural result. Thus it is 

natural that efficiency of irrigation water use is becoming specifically 

of interest in Colorado, because irrigated agriculture is the largest 

user of water in a rapidly growing, water-short, state. 

The Colorado Department of Agriculture Commission recognized the 

need to obtain more information about potential water saving in irrigated 

agriculture by passing the following motion at its regular meeting held 

May 20, 1977: 

To seek available information regarding the efficiency 
of the present delivery system for irrigated agriculture, 
to determine those system improvements, technological 
advancements and changes in irrigating practices which 
could be applicable to the present system, to evaluate 
the water consumption efficiencies to be gained, and to 
recommend actions, federal programs, legislative initia
tives, and education programs deemed appropriate as a 
result of this investigation. 

The motion led to a study funded by the U. S. Bureau of Reclamation 

pursuant to the Emergency Drought Act of 1977. The Bureau of Reclamation 

made the funds available to the State Drought Coordinator, Office of the 

Governor, who in turn contracted with the Colorado Water Resources Research 

Institute (WRRI) to conduct the study. 

Purpose and Objectives 

As stated in the agreement between the Colorado WRRI and the State 

Drought Coordinator, the purpose of the study is to: 

. provide the State with information on hydrologic 
and economic impacts of applying efficiency criteria to 
the irrigation conveyance, distribution and application 
system of the South Platte River Basin. 
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Specific objectives of the study are: 

1. To adapt and expand the current CSU computer model for conjunctive 

management of a surface-ground water supply to the assessment of hydrologic 

impacts of improved irrigation water-use efficiency in the South Platte 

River Basin, and 

2. To operate the conjunctive model with a range of assumed "effi

ciency" improv~~ents in delivery, distribution and application systems 

and in irrigation water management practices so as to evaluate the basin

wise hydrologic impacts and costs. 

Method of Approach 

Many complex interacting factors must be considered in order to 

properly evaluate the benefits of increasing efficiency in irrigation. The 

larger the area considered the more this statement is true. The loss of 

water from one field or farm is often a part of the water supply histori

cally used on other farms. Likewise, all seepage losses from ditches and 

reservoirs are not necessarily losses to a river reach or a basin. 

In order to adequately take into consideration even the major inter

actions in an area of any size it is necessary to be able to compute the 

effects of the n~ny interactions in both space and time. This requires 

development of a mathematical model which must be solved on a large computer 

because of the mass of data and the complexity of the calculations. For 

this study, a mathematical approach developed by Dr. Morel-Seytoux was 

chosen to be used. This model approach is described in general in a 

later section of this report along with references to more detailed descrip

tions. 

A specific study area and base time period were selected for use in 

the model. These choices, described in detail below, were made principally 

because of availability of data. No inference should be drawn that the 

efficiency of irrigation and irrigation systems in the study area is better 

or worse than any other portion of the South Platte River Basin. 
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II. IRRIGATION WATER-USE EFFICIENCY 

Irrigation water-use efficiency can be discussed and defined from 

several standpoints. From the standpoint of an individual farmer, the 

efficiency of use once he has taken delivery of the water from the irri

gation company canal (and/or a well) is the only part of the entire system 

over which he has some direct control. These on-farm efficiency consider

ations, field irrigation efficiency and farm irrigation efficiency, are 

discussed in following sections. 

From the standpoint of the canal and reservoir companies, the effi

ciency with which the water they are entitled to can be diverted, conveyed 

and delivered to the farm headgates is of interest. This is discussed 

below under the heading "Canal and Reservoir System Efficiency." 

From a broader standpoint, one needs to be also concerned about effi

ciencies of water use on a larger scale, such as for an entire river reach 

or river basin. These concepts are discussed below under the headings 

"River Reach Efficiency" and "River Basin Efficiency." 

Water Use in Crop Production 

Water from the soil is absorbed by the plant root system and a very 

high proportion of it is transferred through the plant to the leaf surfaces 

where it is evaporated and lost to the atmosphere as water vapor. This 

process is universally referred to as transpiration. Although most of 

the absorbed water is ultimately transpired, a small but very important 

amount is used in metabolism and growth by the plant. Plant growth is a 

result of many complex processes within the various tissues, and the rate 

of these processes, and thus the growth rate, is determined by genetic and 

environmental factors. One of the most important environmental factors 

is the internal water balance within the plant cells. This water balance 

is a result of the relative rates of water uptake by the root system and 

the loss of transpired water from the leaf surfaces. As soon as absorption 

from the soil lags only slightly behind transpiration, a water deficit in 

the plant occurs and a decrease in the quantity or quality of growth results. 
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Thus, the production of high yielding crops requires a continued supply 

of readily available moisture in the soil root zone so that, even when 

the evaporative demand is high, water deficits in the plant are minimum. 

The principle purpose of irrigation is to maintain the soil-moisture 

level at sufficiently high values to meet the plant uptake requirements 

for maximum transpiration. 

In addition to transpiration of water through the plants, some water 

is consumed in crop production by direct evaporation from the soil surface. 

To some extent this evaporation reduces transpiration because the relative 

humidity of the air within the crop canopy is increased. Consequently 

it has become customary to refer to the consumptive water use by crops as 

the sum of evaporation from the soil and of transpiration from the leaves 

(evapotranspiration). Evapotranspiration (ET) is dependent almost exclu

sively on meteorological conditions throughout the crop growing season 

if soil moisture does not become a limiting factor to water uptake by the 

root system. When soil moisture is reduced to such"a degree that root 

absorption cannot meet the ET demand, a plant water deficit develops, 

leaf stomates partially close, and transpiration is restricted to the rate 

of root absorption. Plant growth and subsequent yield of the crop is 

reduced somewhat proportionally to the degree of plant water stress. 

The amount of water used in the production of a crop may be expressed 

in many ways. The water actually consumed is simply that evaporated into 

vapor (from plant stomata or the soil) or converted into plant tissue. 

However, it is usually more meaningful to include water having other fates, 

such as runoff from the field or deep percolation through the soil to 

points below the root zone. In irrigation water management it is usually 

of great concern to determine the efficiency with which the water supply 

is used in crop production. 

In the following sections various aspects of irrigation-water effi

ciency are discussed. 
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Field Irrigation Efficiency 

Field irrigation efficiency has been defined for this study as: 

Field· i ff - Volwne of crop evapotranspiration 
1rr g. e . - Volume of water delivered to field 

Several factors which affect field irrigation efficiency are discussed in 

the following paragraphs. Some of these can be altered by management 

and others can not. Two specific types of losses which decrease the field 

efficiency and which may be altered by management are those of deep per

colation below the root zone and surface runoff from the field. 

Soil type 

Perhaps the most influential factor affecting the field irrigation 

efficiency, and which is generally only slightly alterable by management, 

is the soil type. Two very important soil properities are involved. 

Soil water-holding capacity. The ability of the soil to hold water 

available for pIant uptake is determined by the texture and the soil 

depth. In general, sandy soils have low, loam soils high, and clay soils 

intermediate available water-holding capacities. Typical values expressed 

as inches of available water per foot of soil are given in Figure 1. When 

the soil has a low capacity for holding water, due either to texture or 

depth, there is a much greater potential for loss of water by deep perco

lation. The irrigation application requirement must necessarily be low, 

and the ability of the irrigator to apply the correct amount without 

excessive leaching is considerably more difficult regardless of the appli

cation method used. Essentially nothing can be done to alter the water

holding capacity of a soil. 
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Soil intake rate. The water intake rate of the soil influences, to 

a great extent, water losses from the field due to both runoff and deep 

percolation. If the intake rate is excessively low, it is difficult to 

irrigate without "tail water" running off the lower end of the field. 

The time that water must cover the soil in order to apply the required 

amount to recharge the root zone is increased by low intake rates, and, 

unless very special precautions are taken, this cannot be accomplished 

without runoff using surface irrigation methods. If the intake rate 

is excessively fast, it is difficult to uniformly recharge the soil 

moisture from one end of the field to the other without excessive appli

cation, and resultant leaching, at the upper end of the field. The use 

of sprinkler irrigation is usually the best procedure for preventing 

low field irrigation efficiencies when intake rates are very high. Intake 

rates are influenced to a great extent by surface soil texture but also 

by other factors influencing soil structure, compaction, aggregate disper

sion and soil cracking. Management practices can be used to control, 

within limits, the intake rate of soils, but it is impossible to prevent 

some change in this property throughout the irrigation season as well as 

between years when different crops are grown and different tillage prac

tices are required. 

Surface contour and slope 

Deep percolation and field runoff of irrigation water are both influ

enced by land topography. If the land is nearly level, as may be the 

case on alluvial soils near the river, it is difficult, with the small 

water-flow rates usually available in the lower South Platte Valley, to 

apply sufficiently large streams in furrows or border strips to cover the 

"set" before excessive penetration takes place at the head ditch end of 

the field. On the other hand, if the slope is steep, runoff at the lower 

end is essentially impossible to avoid before adequate water has been 

applied. Non-uniform slopes and land with high spots or swales make 

attainment of high field efficiencies difficult unless sprinkler or trickle 

irrigation is used or the land is reformed for efficient surface irrigation. 

This latter approach can be quite beneficial. 
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Type of crop 

The influence of type of crop on field irrigation efficiency is 

chiefly one of dictating the method of irrigation water application. 

Row crops, such as corn, sugar beets, beans, sorghum, etc., are irri

gated by the furrow method. Close-growing crops, such as pasture, 

alfalfa and small grains, are flood irrigated. Any crop may be sprinkler 

irrigated providing the sprinkler system used conforms satisfactorily 

to the height of the crop. 

The type of crop also influences the frequency of irrigation and 

the depth of water required at each application. Alfalfa, a perennial 

crop that can establish a very deep root system, is ordinarily irrigated 

less frequently. Potatoes must have a relatively wet soil during the 

entire growing season if good quality tubers are to be produced, and 

thus they require frequent, light applications. (Light applications are 

often associated with low field irrigation efficiencies.) Corn develops 

a deep root system capable of removing water from the lower subsoil depths. 

It can thus, although to a lesser extent than alfalfa, utilize large, 

infrequent irrigations. Field beans, on the other hand, have a compara

tively shallow root zone and require small depths of water applied at 

frequent intervals. Although field efficiencies may not be greatly 

affected when proper precautions are taken, depth of application is a 

real consideration. 

Method of irrigation 

Three general methods of irrigation are employed in the production 

of crops in Colorado: furrow, flood and sprinkler. Each of these are 

used with variations depending upon crop type, land slope and the per

sonal desires of the farmer. Characteristically, sprinkler applications 

are associat2d with the highest field irrigation efficiencies, and flood 

methods with the lowest. However, in most cases, the attention and care 

exercised by the irrigator can cause far greater variation in irrigation 

efficiency than will that of the method employed. 

When the land surface slope is variable, with high spots and steep 

slopes, a wild flooding application is frequently used. Large deliveries 
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are usually required to force the water to the higher elevations and 

field runoff co~nonly results. With proper design and location of field 

ditches the tail water may be picked up and redistributed to maintain 

relatively good efficiency. When fields are of moderate and uniform 

slope in one direction, the border dike method of flood irrigation can 

be utilized to provide very high field efficiencies. Again~ however, the 

result is largely governed by how well the irrigator controls the stream 

size, by the width and length of the border strips and by the time of set. 

Application efficiency when using furrow irrigation may also vary 

appreciably. If the furrows are directed down steep slopes it is diffi

cult to prevent field runoff. Contour furrows, running in general across 

slope, greatly increase the potential for uniform application of the 

desired water depth. Close attention to water control and proper field 

layout are essential. 

Sprinkler irrigation provides the best method for water control and 

uniform application, especially on lands of variable topography and soil 

characteristics. Caution is required, however, to prevent application 

rates in excess of soil intake rates. If this occurs, runoff results 

and attained effic~encies may be considerably below attainable efficiencies. 

Thus, the sprinkler systems which are common to Eastern Colorado (i.e., 

center-pivot systems), with their inherent high application rates, are 

limited to the coarser textured soils which have high infiltration rates. 

Whatever method of irrigation water application is employed, certain 

precautions and design techniques may be used to improve efficiency. 

Proper farm ditch locations, field design, stream size and cut-back 

techniques can be specified by trained irrigation technicians. Collection 

of runoff water into ditches for subsequent redistribution or into tail

water reuse pits, where it can be pumped back to the upper end of the 

field or directed to another field, is becoming increasingly popular with 

concerned irrigators. 
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Limits to field irrigation efficiency 

It is important to recognize that the upper limit of irrigation 

application efficiency, even under the most ideal field conditions, is 

limited by the natural variability found in soil conditions. Soil intake 

rates vary from vne place to another so it is impossible to apply the 

desired amount at one location without applying more than is needed at 

another location. Some drainage below the root zone necessarily results. 

Under furrow irrigation, tractor or implement wheels compact some furrows 

resulting in greatly decreased intake rates. It is practically impossible 

to have the intake time the same at all points along the length of the 

field. Thus, it cannot be expected that irrigation efficiencies should 

be above 70 to 75 percent if the entire irrigation requirement is met. 

Soil salinity control under irrigated agriculture is an important 

management factor. The only satisfactory control measure is to periodi

cally leach the soil salts below the crop root zone by the application 

of excessive irrigation water. By the above definition this decreases 

the field irrigation efficiency, but it is a necessary requirement for 

obtaining profitable yields. 

Under many geological conditions in irrigated areas the "loss" of 

water to deep percolation is not a total loss. The ground water may 

flow to streams where it is again available for public use, or it may 

be pumped for reuse at the surface. In fact, the storage of ground water 

resulting from over-irrigation, and its rate of controlled release for 

reuse, may be an important factor in water management of an irrigated 

basin. 

Farm Irrigation System Efficiency 

Farm irrigation system efficiency includes in its definition the 

losses in the delivery system from the farm turnout on the canal system 

to the irrigated fields. All other components are the same as for field 

irrigation efficiency. Thus, 

Farm irrigation 
system efficiency 

= Volume of crop evapotranspiration 
Volume of water delivered to farm turnout 
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The losses along the farm conveyance system are of several kinds, 

but perhaps the greatest is seepage from ditches. Although seepage can 

be reduced by lining or surface treatment, it is not usually done bccau~e 

of high initial costs of lining material and the labor for installation. 

Another loss, that of overtopping (spillage)~ can occur if ditch 

banks are not prGperly maintained. These losses can cause bank erosion 

and eventual bank failure with c:m associated loss. The problem is exacer

bated if weeds are allowed to grow in the ditch, tilUS causing higher 

resistance to f1mv resu] ting in· an Lncreased flow for a constant 

depth for a give~ discharge. 

Weeds outside the ditch cause an additional loss--that due to phreato

phytic water use. Their removal of seepage water can increase the hydraulic 

gradient between the canal and the surrounding soil and thus increase 

seepage losses. They also prevent seep water from reaching tne ground 

water for later pumping or return to the river. 

Because one turnout may serve more than one field, additional losses 

may occur if there are leaks at farm gates. A neighbor may receive 

leakage water, or the farmer may have some of his water delivered where 

it is not needed or can not be used effectively. 

A most important factor is the timing of water delivery to the farm. 

If sprinklers are used, economics dictate a relatively constant delivery 

rate during the i.rrigation season. If surface irrigation is used, it 

is necessary to have high flow rates, but unle~s the farm is quite large, 

only periodic deliveries are needed or can be used. If surface deliveries 

occur when water is not needed, such as after a substantial rain or during 

periods of low crop demand, that water which is not used by the system 

is wasted whether by diversion down a drain gulch 01 through application 

and subsequent deep seepage or runoff. Thus, it behooves the farmer to 

select cropping patterns with requirements which will in some way match 

his expected water delivery schedule. 

The above comments pertain principally to farms and fields irrigated 

with surface water from mutual canal and reservoir systems. Some of the 

factors causing reduced efficiencies are overcome on farms and fields 

irrigated from wells because of shorter delivery canals and the capability 

of applying water on demand according to crop needs. 
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Canal and Reservoir System Efficiency 

Canal and reservoir system efficiency can be defined as the percentage 

of water diverted from the river that is delivered to farm headgates or 

turnouts on the system. The principal factors that influence canal and 

reservoir system efficiency are (I) evaporation, (2) transpiration, (3) 

seepage and (4) operational losses. 

Evaporation 

Evaporation is defined as the process by which water is changed from 

the liquid into the gaseous state through the transfer of heat energy. 

At every free water surface, whether in a reservoir or a canal, there 

is a continuous interchange of water molecules across the free water 

surface. When the net sum of the interchange of the water molecules 

represents a loss from the water, there is evaporation. The evaporation 

rate is expressed in depth of water measured as liquid water removed 

from the free water surface per unit of time. The average annual evapor

ation rate from open water surfaces for the Balzac-to-Julesburg reach 

has been estimated to be about 50 inches per year. 

Evaporation rates from free water surfaces have been established 

for specific areas using a "standard" circular pan, which is installed 

on the ground as a land pan or in the water as a floating pan. The U. S. 

Weather Bureau Class A pan is 4 feet in diameter and 10 inches deep. 

Theoretical approaches to the prediction of evaporation from free water 

surfaces involve equations representing mass transfer processes and energy 

transfer. Evaporation rate has been directly related to air and water 

temperature and wind speed. 

Evaporation from open water surfaces is extremely high in the warmer 

regions of the United States. Values on the order of 90 inches per year 

and 80 inches per year have been recorded for southern California and 

southwestern Texas, respectively. A great deal of research has been 

conducted during the past several years on different methods for retard

ing evaporation from free water surfaces. Some reduction in evaporation 

has been accomplished by using thin films of chemicals spread over the 

water surface. Evaporation retardant processes are fairly expensive and 

II-10 



are not being used extensively at this time. Operation oi the water 

conveyance and storage systems, however~ can be operated with the concept 

in mind that large, relatively shallow open water areas are susceptible 

to relatively large evaporation losses, particularly during the warmer 

seasons. 

Transpiration 

Transpiration is defined as the process whereby the water absorbed 

by the root system of plants is discharged to the atmosphere as a vapor 

from the plant leaves and other surfaces. Most of the water absorbed 

through the roots is discharged from the plants in this process. Only 

about one percent of the absorbed moisture is retained in the plant tissue. 

The annual transpiration rate for a given vegetative type is expressed 

in depth of water for the given area of a specific vegetative cover. The 

transpiration rate varies directly with the density of plant growth, the 

amount of sunshine, plant vigor and available moisture supply. Transpira

tion is essentially nonexistent below 40 degrees Fahrenheit. 

Where there is sufficient soil moisture, growth and transpiration 

are determined mainly by temperature. Trees and other vegetation along 

canals and around reservoirs are generally blessed with adequate soil 

moisture during the growing season. The water used by plants in the trans

piration process may be supplied directly from open bodies of water in 

reservoirs or canals (in the case of aquatic plants) or from water that 

has seeped from these facilities. The latter use can increase the seepage 

rate by increasing the hydraulic gradient. 

Seepage 

Seepage is defined as the slow movement, or percolation, of water 

through the pore structure and interstices of the soil around the wetted 

perimeter of a canal or reservoir. The seepage rate may be expressed as 

a flow volume per unit of time, and/or as a percentage of the flow rate 

occurring at a particular canal cross section. The rate of seepage from 

unlined canals and reservoirs is affected chiefly by the depth of water, 

permeability of the confining soil and the location of the ground-water 

table. Low seepage rates are generally associated with soils having fine 

particle size such as clay, loams and silts. Higher seepage rates occur 
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in sands, gravels and decomposed granite. An estimated 2 million acre-feet 

of irrigation water is lost through seepage processes in Colorado each 

year. Seepage from canals and reservoirs not only reduces the availability 

of water to the operating company, but also (1) adds to the salt buildup 

in the soil profile and ground-water reservoirs, (2) sustains high-water

table areas and encourages the growth of phreatophytic vegetation and 

(3) reduces the area of land for agricultural use. On the other hand, 

seepage may be beneficial in that it recharges the underlying ground-water 

reservoir. 

Depending on the cost and effort analyses of lining a specific canal 

or reservoir, various materials may be incorporated. Linings currently 

utilized in Colorado include (1) bentonite (or clay); (2) compacted earth; 

(3) both reinforced and unreinforced concrete; (4) asphalt, rubber and 

plastic membranes; and (5) chemical treatments. 

Operational losses 

Operational losses are defined as that water loss resulting from the 

manner in which the reservoir and/or canal system is operated. This loss 

includes overflow or breakage of canal banks, waste at the end of the main 

canal or lateral system, leakage past gates and other control structures, 

and direct dllmpage back to the river system. In order to supply the most 

downstream lateral along a given canal, some overflow at the downstream 

end is often required. Direct dump back to the river system may be neces

sary during periods of unusually high precipitation or unanticipated can

celing of a headgate diversion. In some instances such operational losses 

may be required to flush out excessive sediment loads o~ to satisfy down

stream calls on the river. 

It should be mentioned that seepage losses and operational losses 

which tend to reduce the efficiency of one canal and reservoir system may 

contribute to the water supply and thereby bolster the efficiency of one 

or more lower canal systems. 
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River Reach Efficiency 

As discussed above, water losses from irrigated fields include water 

which percolates below the crop root zone and water which runs off the 

surface. Also, some of the "losses" in conveyance are made up of water 

which seeps downward, and upon occasion there are also operational spills 

into natural waterways. 

In the cases of deep percolation and seepage, the water becomes part 

of the ground-water system. Fortunately, in many areas of the South 

Platte, the irrigated areas overlie permeable alluvium which serves as 

a natural drainage facility. Water in the alluvium, mostly put there 

from the irrigation activities, slowly moves back to the river to become 

available for diversion again (either by wells or by downstream ditches). 

This "return flow" is an important factor in the efficiency of water use 

in a reach or an entire basin. 

The over-land flow of tail water from irrigated fields, as well as 

operational spills from ditches, also flow back towards the river. In 

the case of these surface flows, however, the water is often intercepted 

and llsed again by other irrigators either directly or through a lower 

canal system. This reuse is also an important factor in the overall 

water-use efficiency of a river reach or an entire basin. 

Factors which influence reach efficiency include: 

(I) The losses to nonbeneficial evaporation and transpiration which 

deplete both the ground-water and the surface-water return flow between 

the irrigation facilities and the river. Losses from the ground-water 

system occur in areas where the water table is near the land surface, 

resulting in direct evaporation as well as providing water for non-crop 

vegetation. The most severe area of high water table generally occurs 

in the immediate vicinity of the river. Typically, such an area supports 

a growth of ph~eatophytic vegetation capable of drawing water directly 

from the ground-water system. 

11-13 



(2) The opportunities for re-diversion of the return-flow water 

(and therefore an increase in reach efficiency) depends somewhat upon 

relative locations of water rights in the reach. For instance, if a 

senior water right for a large amount of water is located at the upper 

end of a particular reach, the downstream appropriators in the reach 

have an opportunity to redivert return flow generated by the senior 

right, even though their priorities are inferior. On the other hand, 

if, in a particular reach, the large senior right is located at the 

lower end of the reach, the water-use efficiency could be quite low. 

During times of shortages the upstream junior rights would be required 

to curtail diversions so as to allow water to flow to the senior right. 

(3) Conveyance losses in the stream itself during low-flow condi

tions can be significant. A broad streambed and a low flow results in 

a large amount of surface area exposed to evaporation. 

(4) Timing of return flows coming back into the stream is of impor

tance, especially for direct-flow rights. If most of the return flow 

generated from irrigation in June does not get back to the stream during 

the irrigation season,it is not available to downstream direct-flow 

rights. If the reach under study does not have facilities to store the 

return flow accumulating during the nonirrigation season, that water is 

lost to the reach. 

River Basin Efficiency 

As the size of the area under consideration increases, so does the 

opportunity for reuse of water. This is particularly true in a basin such 

as the South Platte where the principal source of water is in the upper 

reaches and the major uses occur in the lower reaches. The efficiency 

of irrigation water use in the South Platte Basin as a whole is con

siderably higher than the average field or farm irrigation efficiency 

(or even the efficiencies within individual reaches) because of return 

flow and reuse. 

As discussed above for a river reach, the distribution of water

right priorities can also have an influence on the overall basin water-use 
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efficiency. For example, if most of the senior water rights are located 

at the lower end of the basin, these rights would be able to callout 

the upstream junior rights during periods of shortage. Under such a dis

tribution of rights, it would be important that the water use under 

those senior rights be efficient such that the amount of call is no 

greater than necessary and the return flow from the seniors' use is held 

to a minimum. 

On the other hand, if the most senior rights tend to be located in 

the upper reaches of the water-use area, the downstream junior rights 

have an opportunity to make reuse of the return flow and accomplish a 

high overall basin efficiency. 

Assuming thrlt in any basin water uses can be separated into "bene

ficial" and"nonbeneficial," the only opportunities for improving river 

basin water-use efficiency lie in increasing beneficial uses by decreasing 

nonbeneficial uses and/or by managin3 water diversions for direct use and 

storage (including groundwater storage) in the basin which will decrease 

the outflow at the lower end of the basin. 
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III. APPLICATION TO LOWER SOUTH PLATTE RIVER 

For purposes of this study, a reach approximately 90 miles long at 

the lower end of the South Platte River in Colorado was chosen to be 

modeled. The reach is essentially that formerly known as Water District 

64. 

General Description of Reach 

The study reach begins a few miles upstream frola the gaging station 

at Balzac and ends at the Colorado-Nebraska State line (Julesburg gaging 

station). The reach contains about 120,000 acres of irrigated lands 

served by 30 ditch systems and 3 major reservoirs. In addition, there 

are about 750 irrigation wells, some of which serve the same land and 

are supplemental to the ditch-water supplies. An estimated 25,000 addi

tional acres are irrigated from ground water only. 

Stream-aquifer system 

The water supply for the study reach comes from an hydraulically 

connected surface-water and ground-water system--generally referred to 

simply as a stream-aquifer system. The principal aquifer involved is 

the alluvium of the South Platte River from which most of the 750 irri

gation wells withdraw their supplies. The alluvium varies from 2-1/2 to 

7-1/2 miles in width, averaging about 4.3 miles. The saturated thickness 

exceeds 100 feet under about 76,000 acres between the North Sterling Canal 

headgate and the State line. The alluvium contains an estimated 3.5 

million acre-feet of ground water under about 388 square miles. 

The principal source of recharge to the alluvial aquifer is the deep 

percolation of irrigation water from canals, reservoirs and irrigated 

fields overlying the aquifer. In addition, other investigators have 

estimated that approximately 75,000 acre-feet of water a year flows into 

this reach of the South Platte alluvium from the High Plains ground-water 

system south of the river (Waltz and Sunada, 1972). 

The water added to the ground-water system in the study reach is 

generally sufficient to maintain a water-table level higher than the 
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streambed level, thus creating ground-water flow toward the stream and 

causing a gaining or effluent stream condition. During dry periods 

when the draft upon the ground water is high (from both wells and phr'eato

phyte growth) this situation is probably reversed in portions of the reach, 

causing a losing or influent stream condition. 

Selection of study period 

A IS-year study period for the model analysis was chosen to begin 

January 1947 and run through December 1961. This time period was chosen 

principally for two reasons: 

(1) Data for the study period, such as estimates of amount of 

ground water pumped under each ditch system, were previously assembled 

by the U. S. Bureau of Reclamation studies made in connection with the 

Narrows Reservoir project. 

(2) The time period includes the major drought period of 19S4 

through 19S6. 

Water budget 

The annual irrigation water supply for the study reach is highly 

dependent upon the return-flow phenomena discussed earlier. Except for 

the heavy mountain snowmelt runoff times in May and June, and the occa

sional flood runoff due to summer thunderstorms, the water used in the 

study reach is return flow from irrigation activities upstream. This is 

not only true for the direct-flow rights but also for the storage rights 

in that the stream flow during the fall, winter, and early spring months 

is essentially all derived from irrigation return flow. 

Tables 1 and 2 show the estimated average water budget for the 

stream and the stream-aquifer system for the IS-year study period of 1947 

through 1961. The importance of ground-water return flow and deep perco

lation of irrigation water can be seen in these budgets. 
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Table II1-1 

Average Annual Stream Water Budget 
for Study Area, 1947-61, Inclusive 

Inflows 

Streamflow!..! 

1000's of acre-feet 

Prewitt Reservoir releases to strea~' 
Tributary inflowl' 

Ground-water return flowl l 

Outflows 

Streamflow~j 
Canal diversions~' 

51 Net evaporation from stream-

Total 

Total 

399.6 

10.4 

14.5 

225.2 

649.7 

314.5 

332.4 

2.8 

649.7 

I/Measured streamflow at Balzac gaging station plus diversions 
by North Sterling, Prewitt, Johnson & Edwards, and Tetsel canals. 

21 - From U. S. Bureau of Reclamation (1965). 

llCalculated as remainder in balance equation. 

~/Measured streamflow at Julesburg gaging station. 

11Estimated (1100 acres @ 2.5 ac-ft/ac). 
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Table 111-2 

Average Annual Combined Stream-Aquifer System 
Water Budget for Study Area, 1947-61, Inclusive 

Inflows 

Streamflow 

1000's of acre-feet 

Ground-water flow in South Platte 
alluvium at North Sterling headgate 

Ground-water inflow from High Plains 

Deep percolation of irrigation water 
and precipitation to aquifer 

Tributary inflow (surface) 

Reservoir releases to stream 

Outflows 

Streamflow 

Ground-water flow in South Platte 
alluvium at Julesburg 

Canal diversions 

Ground water pumped 

Phreatophyte and other ET from 
high water table areas 

Net evaporation from stream 

Total 

Total 

399.J/ 

13.4'1:.'/ 

75.()./ 

221.0!!j 

14. 5~j 
10.4~j 

733.9 

s.etl 
322.4~j 
22.8~./ 

53.4J.'/ 

2.S§..1 

733.9 

II - Measured streamflow at Balzac gaging station plus diversions by 
North Sterling, Prewitt, Johnson & Edwards, and Tetsel canals. 

~/Calculated from data presented by Hurr et ale (1972). 

llFrom Waltz and Sunada (1972). 
41 - Calculated as remainder in balance equation assuming no change 

in storage. 

11From U. S. Bureau of Reclamation (1965). 
61 - Measured streamflow at Julesburg gaging station. 

IIEstimated (20,000 acres @ 2.67 ac-ft/ac). 

§../Estimated (1,100 acres @ 2.5 ac-ft/ac). 
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Irrigation water requirement 

The amount of irrigation water required for optimum crop growth and 

production depends upon many factors including type of crop, stage of crop 

growth and climatic factors. Several methods are available for estimating 

irrigation water requirements. The method used in this study is commonly 

referred to as the Modified Blaney-Criddle Method as published by the 

USDA Soil Conservation Service (1967). This method is based upon correla

tions of field research on crop-water use with temperature, length of day, 

stage of crop growth and effective precipitation. Using these data and 

the coefficients recommended by the Soil Conservation Service, calculations 

of irrigation water requirements for each major crop grown in the study 

reach were made by weeks over the IS-year study period. 

Colorado agricultural statistics for Logan and Sedgwick counties were 

used to estimate the percentage of each crop grown during each year of 

the 1947 through 1961 study period. These percentages were then used 

along with the Modified Blaney-Criddle analysis to estimate the total 

irrigation water requirements in the reach on a weekly basis. It should 

be emphasized that these figures represent an optimum or desirable amount 

of water each week and do not necessarily represent the amount of water 

actually received. A summary of the calculated annual irrigation water 

requirements per acre, using the appropriate crop mix for each year and 

measured climatological data at Fort Morgan, Sterling and Julesburg, is 

presented in Table 3. 
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Water rights 

Table 111-3 

Calculated Annual Irrigation Water Requirerr.ent 
per Irrigated Acre of Study Reach 

Year 

1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 

Ave. 

Ac-ft/ac 

1.46 
1.59 
1.58 
1.64 
1.30 
1.83 
1.69 
1.86 
1.64 
1.53 
1.49 
1.45 
1.76 
1.86 
1.34 

1.53 

Water rights in the study reach carry appropriation dates beginning 

with May 1, 1872, and extending to nearly the present time. Except for 

times of flood on the South Platte River, only the earliest of these 

water rights are in priority. The amount and distribution of direct-flow 

rights diverted between the Balzac and Julesburg gages which have appro

priation dates senior to 1897 are given in Table 4. This table is arranged 

with the point-of-diversion locations in order from upstream to downstream 

along the top and priorities arranged from senior to junior along the left 

side; therefore~ the resulting display of amounts of the rights provides 

a picture or graph of rights by location and priorities. It is readily 

apparent from the table that the most senior rights tend to be at the 

upper end of the reach, and the most junior rights at the lower end. As 

discussed earlier, such an arrangement is conducive to good reach efficiency 

in that the junior rights are able to take advantage of the return flows 

from the upstream senior diversions. For instance, the Liddle Ditch has 

very junior rigilts of 10 and 12 cubic feet per second, but is often able 

to divert all or most of this amount even when many of the upstream senior 
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rights do not have sufficient water physically available. Even though 

there are 1347 cubic feet per second of senior water rights upstream 

from the Liddle Ditch, because of the return-flow phenomena that ditct 

may be able to divert even when at times only 100 cubic feet per second 

is flowing by the Balzac gage. 

The most junior appropriation date shown on Table 4 (June 14, 1897) 

has specific importance because of the compact between Colorado and 

Nebraska on the South Platte River. According to terms of the compact, 

if during the period between April 1 and October 15 of each year the 

flow at the Julesburg gage falls below 120 cubic feet per second, the 

compact puts a "call" on rights which are junior to that date within the 

Balzac to Julesburg reach in Colorado. As can be se~n from the table, 

some 1550 cubic feet per second of direct-flow rights in this reach are 

senior to the compact date; so, in general, the rights juni0r to the 

compact are usually out of priority when the streamflow at Julesburg 

drops below 120 cubic feet per second. About six ditches in the lower 

30 miles of this reach are the principal ones influenced by the compact 

terms. 

Existing Efficiencies 

Field and far.m irrigation efficiencies 

The field irrigation efficiencies and farm system frrigation effi

ciencies are most accurately determined for an area by actual field measure

ments. In an attempt to find what data were available and what efficiencies 

might be expected for the area, the following people were contacted. 

(1) Mr. Floyd Brown, Colorado State University, retired. Mr. 

Brown was Extension Irrigation Specialist and worked for many years in 

the study area. 

(2) Mr. Brice Boesch, Soil Conservation Service. Mr. Boesch is 

Irrigation Engineer for the study area and works out of the Denver office. 

He has had extensive experience on the Welton-Mohawk project (Arizona) 

on studies which are related to irrigation efficiencies and irrigation 

efficiency improvement. 
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(3) Mr. Don Brosz, Agricultural Technology Company. Mr. Brosz 

heads up the farm management services offered by this company out of 

their McCook, Nebraska, office. These services include recommendations 

for irrigation amount and timing. 

(4) Mr. Rich Drew, Toups Corporation, Loveland. Mr. Drew, Project 

Engineer, is working on a related drought program, Conjunctive Surface 

Water/Ground Water Management Plan for Drought Relief in the South Platte 

River Basin. 

(5) Dr. Dale Heermann, Agricultural Research Service, Fort Collins. 

Dr. Heermann has been working for several years on the management of 

center-pivot irrigation systems. 

(6) Mr. Earl Hess, Soil Conservation Service, Denver. Mr. Hess 

is using the SCS Irrigation Methods Analysis (IRMA) computer program, 

the analysis and design of irrigation systems in the study area and other 

areas of Colorado. 

(7) Mr. Keith Keppler, Toups Corporation, Loveland. Mr. Keppler 

has been working on a water management study near Loveland and has 

obtained field data on efficiencies. 

(8) Dr. Eugene Maxwell, Colorado State University. Dr. Maxwell, 

Associate Professor of Earth Resources, has used satellite data in studies 

of the use of center-pivot irrigation systems in the study area. 

(9) Mr. Charles Mitchell, Soil Conservation Service, retired. Mr. 

Mitchell was irrigation engineer for the South Platte River valley and 

had many years of field experience with irrigation. 

(10) Mr. Earl Phipps, Northern Colorado Water Conservancy District. 

Mr. Phipps, Director, is familiar with the ditch systems in the study area. 

(11) Mr. Elwin Ross, Soil Conservation Service, Greeley. Mr. Ross 

is Area Engineer for the study area. 

(12) Mr. LeRoy Salazar, Colorado State University. Mr. Salazar is 

a master's candidate in the Department of Agricultural and Chemical Engi

neering. He directed a comprehensive study on farm irrigation efficiencies 

which was conducted on a farm near Lucerne (north of Greeley) during the 

summer of 1977. 
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(13) Mr. Walter Trimmer, University of Nebraska, Scottsbluff. Mr. 

Trimmer is District Extension Irrigation Engineer and is largely responsible 

for the irrigation scheduling portion of the AGNET system which is avail

able to Nebraska farmers. 

In the course of interviews with the above, it was recommended that 

we also interview Kenneth Ververs (SCS, Loveland), William Kipper (SCS, 

Julesburg) and Joseph Krib (SCS, Sterling). However, it was not possible 

to coordinate our schedules and theirs, so these interviews did not take 

place. 

The interviewers arrived at several conclusions as a result of these 

interviews. It is clear that there is no definitive literature on irri

gation efficiencies in the study area. Many investigations have been made 

in the past, and as a result of these some general trends are known. 

A few recent studies were completed which included measurements of runoff 

as well as deep seepage (through soil-moisture sampling). These were 

limited in scope, however, and give only isolated data points. However, 

as a result of these conversations, the following conclusions were reached 

by the writers.!/ 

(1) The range of field irrigation efficiencies for the study area 

varied from an average low of 20 to 40 percent to an average high of 75 

to 80 percent (surface irrigation). 

(2) Field efficiencies will be higher when water availability is 

low (i.e., ratio of requirement to delivery is high). 

(3) Field efficiencies will be affected by soils, topography and 

irrigation application depth in a manner which is generally known (see 

efficiency calculations below). 

(4) Farm ditch losses may vary greatly depending upon length, soil 

and frequency ot use. 

(5) Field irrigation efficiencies for center-pivot systems in the 

study area can range from an average low of 63 percent to an average high 

of 83 percent, depending upon the level of management used (i.e., irrigation 

scheduling). 

lIThe conclusions drawn are those of the writers, based upon their inter
pretation of interviewee remarks. They are not necessarily the conclu
sions of the interviewees. 
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Establishing field input conditions. Soil associations were trans

ferred to the computer model grid system from soil survey maps of Sedgwick 

and Logan counties (USDA, 1969; USDA, 1977). The soil series making up 

these associations were determined and evaluated as to texture and slope. 

Each grid point associated with an irrigation area (i.e., ditch) was 

identified by the appropriate soil association. The number of grid 

points of each soil association was tabulated for each irrigation area. 

The Soil Conservation Service intake family (USDA, 1974) was determined 

for each soil association, based upon its surface texture, using Figure 2. 

These intake families are the water intake rate of the soil in inches 

per hour at extended times. The soil series information gave information 

on land slopes. The average soil association properties for the study 

reach are summarized in Table 5. 

Table 111-5 

Soil Association Average Properties 
Lower Platte River Valley Irrigated Land, Colorado 

Soil 
association 

2 L 
3 L 
4 L 
5 L 
7 L 
9 L 

11 L 
14 L 

2 5 
3 5 
4 5 
5 5 

Plant 
available 

water 
(in. ) 

8.4 
11.6 
5.3 
5.7 
5.4 
5.7 

10.7 
11.7 

11.0 
8.4 
4.4 
6.0 

Slope 
(%) 

1 - 3 
0-1 
5 + 
5 + 
5 + 
3 - 5 
5 + 
5 + 

1 - 3 
1 - 3 
5 + 
5 + 

Surface Intake 
texture family 

(in./hr. ) 

loam 0.9 
si. c. loam 0.6 
1. sand 2.0 
1. sand 2.0 

f. s. loam 1.5 
loam 0.9 
loam 0.9 
loam 0.9 

loam 
loam 

f. sand 
gravelly sa loam 

0.9 
0.9 
3.4 
2.0 

Field 
irrig. 
eff. 

0.45 
0.55 
0.45 
0.45 
0.45 
0.45 
0.30 
0.30 

0.45 
0.45 
0.30 
0.45 

Determination of initial values of farm irrigation system efficiencies. 

As indicated earlier, there is no information on farm irrigation system effi

ciencies which relate this parameter to slope, requirement and intake. How

ever, it is recognized that the parameter is indeed dependent upon these 
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factors. In order to arrive at a rational method of determining efficiency 

variations, the SCS recommendations for attainable field irrigation effi

ciencies under border irrigation were used as a base peint (USDA, 1974). 

Recognizing that farmers do not reach attainable efficiencies, and that 

there are conveyance losses from the irrigation company canal to the farm, 

the SCS values were reduced by a constant value, 0.1. The SCS does not 

recommend irrigation for some combinations of slope, requirement and intake, 

and therefore give no values of field irrigation efficiency. These places 

in the table were filled with a value of 0.3, which is 0.1 lower than any 

value in the original table. In order to reduce the size of the table, 

and because the slope values determined from the soil association infor

mation were on a coarser scale than in the SCS original table, efficiencies 

were averaged over some ranges of slopes. The resulting table is given 

as Table 6. 

Table 6 was used as follows. From the tabulation for each irrigation 

area, the expected value of farm irrigation system efficiency was deter

mined and a composite efficiency was found as a weighted average. The se 

base values are given in Table 7. 

Adjustment for Water Supply. Essentially, all water delivered 

by the ditch company in excess of that which is necessary to meet the 

requirement is wasted through deep seepage or runoff (unless it is required 

for leaching in salinity control). This, in effect, decreases the 

efficiency. On the other hand, as water becomes in short supply, irri

gation efficiencies increase because the farmer will take more care to 

use his water wisely. However, even with the most restricted water supply 

it is probable that there are some losses. Therefore, the following 

algorithm was developed as the hasis for relating level of water supply 

to efficiency in order to estimate current farm irrigation efficiencies. 
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First, select an appropriate base farm irrigation system efficiency, 

E. , from Table 7 which is to be adjusted in accord with level of supply. 
IS 

Then calculate: 

R = 

where Du is the requirement at the time of irrigation and Dd is the amount 

of water delivered. The units of requirement and water delivered are depth 

or volume per unit area. Three levels of supply are cOPsidered. 

Case IE. > R' IS _ ' 

This implies that an excess of water over that required for good irri

gation is available. All in excess is lost. Therefore, 

D.t = Dd - Du 

where D.t is the water lost, in the same units as Dd and Du' 

Case II 

This implies that there is not sufficient water to meet the requirement, 

although there could be enough if the irrigation efficiency were increased. 

Make an adjustment to the base efficiency by calculating a new value of 

field irrigation system efficiency. 

E. = E. + 0.2 [0 IE. ) - Dd]/[(D IE. ) - D ] 
IS IS U IS U IS U 

where E. ' is the adjusted value of E. . The losses are calculated as follows: 
IS IS 

Do = (1 - E. ') D 
.{.. IS d 

It is to be noted that the above calculation limits the value of E. ' to 
IS 

a maximum of E. + 0.2. 
IS 

Case III E. < R' 
IS ' 

Water has become even more limiting. The maximum possible value of 

irrigation efficiency is used, and this is the base value plus 0.2 Thus, 

Dl = (0.8 - Eis)Dd 

Farm irrigation efficiencies used in this study were selected by deter

mining the level of supply for each model grid point and making the foregoing 

adjustment to the base efficiency for that point. 
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Allocation of lost water to runoff and deep seepage. No attempt 

was made to determine whether lost water ran off or whether it went 

into deep seepage. On the flatter lands it is probable that most lost 

water goes into seepage or is evaporated. This is because if it is 

reused by the farmer, it probably goes into a borrow pit, and only 

those fields on the edge of an irrigated area would have runoff into 

another area. On the steeper lands this may not be the case. There is 

some evidence in the study area that water passes on down the hillside 

and is collected in the next lower irrigation canal. The amount of 

direct reuse of this type is a refinement that should be worked into 

the model as soon as the quantities can be better identified. 

Canal and reservoir system efficiencies. Most of the canal 

systems and one of the three reservoirs in the study reach overlie the 

South Platte alluvium. Seepage losses from these result in an 

immediate recharge to the aquifer. This has been effectively shown 

by the monitoring of ground-water levels in the vicinity of the 

Sand Hill lateral of the South Platte Ditch in a demonstration 

recharge project (Colorado Division of Water Resources, 1977). 

However, portions of the North Sterling Reservoir Inlet Canal, the· 

North Sterling Reservoir itself, and nearly all of the outlet canal 

overlie other geologic formations (Pierre shale, White River group and 

the Ogallala formation). Also, portions of the Julesburg Reservoir 

inlet canal, the Julesburg Reservoir itself and all of the Highline 

Canal overlie the White River group and/or the Ogallala formation. 

These formations, in general, have lower permeabilities than does 

the alluvium. 

Very little published information on canal and reservoir losses 

or system efficiencies in the study reach are available. Therefore, canal 

and reservoir company personnel were interviewed to obtain information 

on their systems. Those interviewed were: 

Paris Accomasso - - Davis Bros. & Schneiner Ditches 
Charles Barttlett - South Platte Ditch 
Bud Bonesteel - - - Julesburg Irrig. District, including 

Harmony No. 1, Set~lers and Peterson 
Ditches 

Don Demers- - - - - - - Ramsey Ditch 
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Torn DeSoto- - -
Torn Frame - - - -
Marvin Gardner
John Held - - - -
William Huey- - -
Alfred Leckler- -
Don Liddle- - -
David Littler - - -

Peoples (Farmers) Ditch 
- Red Lion Supply Ditch 

Tamarack Ditch 
Bravo Ditch 
Iliff and Platte Valley Ditch 
Springdale Ditch 

- Liddle Ditch 
Pawnee Ditch 

Bob Littler - - - - - - Water Commissioner 
George Meyerholz- -
Alex Michel -

Sterling No. I Canal 
- North Sterling System 

Hub Reichelt- - - - - - Carlson Ditch 
Scalva Bros.- -
Albert Workman-

Henderson & Smith Ditch 
Lowline Ditch 

The following paragraphs summarize information about the individual 

ditch and reservoir companies in the study reach obtained from those inter

viewed plus otheL sources. 

North Sterling Irrigation System. The North Sterling Reservoir inlet 

canal diverts from the South Platte River at a point 3 miles upstream from 

the Balzac gaging station. The system lies north of the river and consists 

of the inlet canal of about 56 miles in length, the North Sterling Reservoir 

(also known as the Point of Rocks Reservoir) and an outlet canal of also 

about 56 miles in length. The outlet canal delivers water to over 40,000 

acres of irrigated land, much of which is served from several privately 

owned and operated laterals. The North Sterling outlet canal is the highest 

canal on the ncrth side of the study reach, paralleling the river at a dis

tance of 6 to 7 miles. The average annual diversion by the North Sterling 

inlet canal during the l5-year study period was 92,400 acre-feet, varying 

from a low of 50,200 acre-feet in 1956 to a high of 165,300 acre-feet in 

1957 (USBR, 1965). Releases from the North Sterling Reservoir during the 

same period average 67,100 acre-feet (USBR, 1965). On the surface, these 

figures indicate an average efficiency of water delivery to the outlet of 

the North Sterling Reservoir compared to the river diversions of about 73 

percent. However, another factor which needs to be considered in this cal

culation is the difference in the amount of water stored in the North Sterling 

Reservoir between the beginning of the period and the end. Records indicate 

that 32,700 acre-feet more water was in the reservoir on January 1, 1962, 

as compared to January 1, 1947. Cranking an average annual cltange in 

storage of +2200 acre feet into an efficiency calculation indicates 75% 
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efficiency between the point of diversion and the point of release 

from the reservoir. 

Current-meter measurements in the inlet canal were made in October 1971 

when 508.5 cfs were being diverted. These measurements showed a loss of 

85.9 cfs in the first 17 miles (16.9%) and 131.9 cfs (26.0%) in the total 

length (Toren, 1971). This estimate is further supported by the fact that 

over 75 irrigation wells below the north Sterling inlet canal derive 

their supplies from that canal's seepage losses. Net evaporation losses 

from the North Sterling Reservoir itself probably average about 5,000 

acre-feet per year. It is believed that the amount of seepage from the 

reservoir itself is rather small compared to the other losses in the 

system. Seepage losses from the outlet canal are estimated to be 25 

to 30 percent of that amount released from the reservoir. Therefore, 

the average delivery efficiency to farm turnouts and the several laterals 

of the system is somewhat under 50 percent. 

Tetsel D1tch.li The Tetsel Ditch diverts from the river 2.2 miles 

upstream from the Balzac gaging station and serves about 1,000 acres of 

irrigated land on the north side of the river. All of the irrigated land 

is close to the river and is immediately below the North Sterling inlet 

canal. During the IS-year study period the Tetsel Ditch diverted an 

average of 5,100 acre-feet per year. The lowest annual diversion was 

2,600 acre-feet in 1947 and the largest was 6,400 acre-feet in 1956 and 

1961. No Tetsel Ditch Company officials were interviewed, but based on 

similar small systems close to the river the efficiency of delivery is 

estimated to be about 75 percent. Most of the loss involved would be to 

seepage. 

Johnson and Edwards Ditch. The Johnson and Edwards Ditch diverts from 

the river using the Prewitt Reservoir inlet canal. It serves approximately 

1,700 acres of irrigated land on the south side of the river. The average 

annual diversion by the Johnson and Edwards system during the IS-year study 

period was 3,200 acre-feet. The lowest annual diversion was 2,100 acre-feet 

in 1959 and the highest was 5,200 acre-feet in 1952. The estimated delivery 

efficiency for the Johnson and Edwards Ditch is 75 percent. 

Y No attempt has been made in this report to differentiate between "canals" 
and "ditches", but terminology common in each system has been used where 
known. 
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Prewitt Reservoir. The inlet canal to the Prewitt Reservoir diverts 

from the river 2.1 miles upstream from the Balzac gaging station. Releases 

from the reservoir corne back into the river about 5.8 miles downstream from 

the gage. The Prewitt Reservoir has an available storage capacity of 

28,960 acre-feet which is divided into 31,000 rights. The rights are 

held as follows: 

1. Logan Irrigation District--17,000 rights 
(includes the South Platte, Pawnee, Davis Bros., Schneider and 
Springdale ditches) 

2. Iliff Irrigation District--8,000 rights 
(includes the Bravo, Farmers, Iliff and Platte Valley, Lone Tree, 
Powell, Harmony No.2, Ramsey and Harmony No.1 ditches) 

3. Morgan-Prewitt Reservoir Company--6,000 rights 
(Some of these rights are used by exchange upstLeam, but most 
are held by individuals under nearby downstream ditches such 
as the South Platte, Pawnee, Davis Bros., Springdale and 
Sterling No.2.) 

During the IS-year study period, an average of 41,000 acre-feet of water 

was diverted from the river to storage and an average of 10,400 acre-feet 

was released ba~k to the river (USBR, 1965). Storage records show that 

there was 1,950 acre-feet more storage in January 1, 1962, than on 

January 1, 1947. Therefore the average river-diversion to reservoir-

release efficiency was about 26 percent. The water released to the 

river suffers losses in transit to the receiving ditch (as much as 

40 river miles downstream) and in the receiving ditch before delivery to 

farm headgates. 

A large portion of the loss in the Prewitt Reservoir system is by 

seepage from the reservoir. Officials report that the seepage rate from 

the reservoir when it is full is 130 acre-feet per day. This water becomes 

available for diversion by ditches and wells downstream, although there is 

a significant loss to evapotranspiration from a high water table and phreato

phytes supported by the seepage between the reservoir and the river. 

South Platte Ditch. The South Platte Ditch diverts from the river 1.6 

miles downstream from the Balzac gaging station and serves about 4,900' 

acres of irrigated land on the south side of the river. The average annual 

diversion during the 1947 to 1961 study period was 10,400 acre-feet, rang-

ing from a minimum of 7,700 acre-feet in 1959 to a maximum of 13,400 acre-feet 
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in 1948. The ditch diverted nearly the average amount during the drought 

year of 1977 indicating the stability of a senior water right. It is 

estimated that the delivery efficiency of the South Platte Ditch is about 

67 percent. Most of the loss is due to seepage. 

Farmers Pawnee Ditch. The Farmers Pawnee Ditch diverts from the river 

6.2 miles downstream from the Balzac gaging station and serves about 10,600 

acres of irrigated land on the north side of the river. A detailed study 

of this ditch system in 1969 (Bittinger & Associates. 1969) 

showed a high percentage of the Farmers Pawnee Company stockholders also 

had irrigation wells as a supplemental source of water. In addition, 

slightly over 900 acres within the ditch service area were being irrigated 

from ground water only. 

The average annual diversion of river water by the Farmers Pawnee 

Ditch during the, 1947 through 1961 study period was 26,200 acre-feet. The 

lowest annual diversion was 19,100 acre-feet in 1960 and the greatest was 

37,000 acre-feet in 1948. It is estimated that the system delivers about 

65 percent of the amount diverted. Most of the loss is due to seepage 

from the ditch. 

Davis Bros. Ditch. The Davis Bros. Ditch is a relatively short 

ditch which diverts from the river 7.0 miles downstream from the Balzac 

gaging station. It serves about 2,000 acres of irrigated land within 1.5 

miles of the river. The average annual diversion by the Davis Bros. Ditch 

during the 1947 through 1961 study period was 3,900 acre-feet, ranging from 

a minimum of 2,700 acre-feet in 1955 to a maximum of 5,400 acre-feet in 

1948. It is estimated that the Davis Bros. Ditch delivers at least 75 

percent of the water diverted to farm turnouts. 

Schneider Ditch. The Schneider Ditch diverts from the river 11.8 miles 

downstream from the Balzac gaging station and serves about 2,400 acres of 

irrigated land on the south side of the river. The average annual diversion 

by the Schneider Ditch during the IS-year study period was 8,600 acre-feet. 

The smallest annual diversion was 5,600 acre-feet in 1957 and the largest 

was 11,200 acre-feet in 1950. The Schneider Ditch diverted about 1,000 

acre-feet more river water during the drought year of 1977 than the IS-year 

III -21 



average given above. A large proportion of the Schneider Ditch service 

area is also ser-"red by irriga tion wells. The Schneider Ditch divides into 

two branches, north and south. It is estimated that the north branch 

(nearest the river) loses only 5 to 10 percent of the water carried, 

whereas the south branch 'loses about 30 percent. 

Springdale Ditch. The Springdale Ditch diverts 'from the river 15.1 

miles downstream from the Balzac gaging station, and ser"es about 4,000 

acres of irrigated land on the north side of the river. The average annual 

diversion by the Springdale Ditch during the IS-year study period was 

5,800 acre-feet, ranging from a minimum of 1,900 acre-feet in 19S9 to a 

maximum of 9,000 acre-feet in 1948. The Springdale Ditch is a "slow" 

ditch with heavy losses, especially in the lower one half. The delivery 

efficiency is probably about 55 to 60 percent because of large seepage 

losses. Many wells in the service area of the Springdale Di,-ch undoubtedly 

benefit from this seepage. 

Sterling No. 1 Ditch. The Sterling No. 1 Ditch diverts from the river 

18.1 miles downstream from the Balzac gage and serves about 10,000 acres 

of irrigated land on the north side of the river. The average annual diver

sion by the Sterling No. 1 Ditch during the IS-year study period was 24,900 

acre-feet. The lowest annual diversion amount was 16,300 acre-feet in 1957 

and the largest was 32,700 acre-feet in 1954. The ditch diverted only 

14,700 acre-feet of river water during the drought year of 1977, but received 

about 4,000 acre-feet of water from wells into the ditch by the Ground Water 

Appropriators of the South Platte (GASP) as replacement of surface-water 

depletions caused by ground-water pumping. The delivery efficiency of the 

Sterling No. 1 Ditch is estimated to be about 70 percent, with especially 

high seepage losses occurring from the ditch northwest of Sterling. Although 

the Sterling No. 1 Ditch service area overlies areas of significant saturated 

thickness of the alluvium, stockholders of the company have only a few irri

gation wells--principally because of the senior surface-water rights. 

Sterling No. 2 Ditch. The Sterling No. 2 Ditc~ diverts from the river 

21.5 miles downstream from the Balzac gaging station and irrigates 1,000 to 

1,200 acres on the north side of the river, all of which is within a mile 

of the river. The average annual diversion of river water by the Sterling 
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No. 2 Ditch during the l5-year study period was 1,800 acre-feet, ranging 

from a minimum of 300 acre-feet in 1959 to a maximum of 3,700 acre-feet 

in 1950. The high variability of diversions' reflects the difficulty 

experienced by a relatively junior water right diverting immediately 

downstream from a senior water right. It is understood that as of 1977, 

all of the irrigated area under the Sterling No. 2 Ditch is being served 

by wells as alternate points of diversion. The efficiency of delivery 

during the l5-year study period is estimated to be 75 percent. 

Henderson and Smith Ditch. The Henderson and Smith Ditch is a small 

ditch system on the south side of the river diverting from a point 22.7 

miles downstream from the Balzac gaging station. Estimates of the area 

irrigated from this ditch vary widely between different sources, but it 

appears that about 900 acres is correct. The average annual diversion of 

river water during the l5-year study period by the Henderson and Smith 

Ditch was 2,100 acre-feet. The lowest annual diversion was 1,100 acre-feet 

in 1947 and the largest was 3,000 acre-feet in both 1954 and 1956. This 

reflects a favorable seniority and position on the river in order to 

record maximum diversions in dry years. The ditch diverted 2,558 acre

feet of river water in 1977. It is estimated that the delivery efficiency 

of the Henderson and Smith Ditch is about 75 percent. 

Lowline Ditch. The Lowline Ditch diverts from the river 23.0 miles 

downstream from the Balzac gaging station and serves a little over 2,000 

acres of irrigated land on the north side of the river. The average annual 

diversion of river water during the IS-year study period was 6,900 acre

feet. The lowest annual diversion amount was 4,300 acre-feet in 1957 and 

the largest was 9,900 acre-feet in 1950. The delivery efficiency of the 

Lowline Ditch is estimated to be about 80 percent of the water diverted. 

Bravo Ditch. The Bravo Ditch diverts from the river 27.6 miles down

stream from the Balzac gaging station and serves an area estimated by 

different sources as being as low as 1,200 and as high as 3,300 acres. 

During the IS-year study period, the Bravo Ditch diverted an average of 

6,300 acre-feet and a minimum of 4,400 acre-feet (1954). With these diver

sions, it would appear that an irrigated area of about 3,000 acres may be 

correct. It is estimated that the delivery efficiency of the Bravo Ditch 

is about 70 percent. 
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Farmers (PeopLes) Ditch. The Farmers Ditch diverts f ... om the river 

28.7 miles downstream from the Balzac gaging station and serves a small 

acreage (probably less than 400 acres) on the south side of the river 

within a short distance of the river. The average annual diversion of 

river water during the l5-year study period was 1,800 acre-feet. The 

lowest annual diversion was 600 acre-feet in 1959 and the largest was 

2,900 acre-feet in 1951. The first 1/2 mile of the 5.3-mile ditch loses 

considerable water, but the remaining portion is not large. The overall 

efficiency of delivery by the Farmers Ditch is estimated to be about 80 

percent. 

Iliff and Platte Valley Canal. The Iliff and Platte Valley Canal 

diverts from the river 31.7 miles downstream from the Balzac gaging station 

and serves about 10,000 acres of irrigated land on the north side of the 

river. The ditch follows the north edge of the alluvium for '1 distance 

of about 35 miles. Because of its position, it picks up runoff and 

seepage from land above irrigated from the North Sterling Reservoir Outlet 

Canal and its laterals. During the l5-year study period the Iliff and 

Platte Valley Canal diverted an average of 18,500 acre-feet ranging from 

a minimum of 14,000 acre-feet in 1958 to a maximum of 23,000 acre-feet in 

1948. The Iliff and Platte Valley Ditch seepage losses are quite variable 

along its length, but an overall delivery efficiency of about 80 percent 

is estimated for the system. 

Lone Tree Ditch. The Lone Tree Ditch diverts from the river 35.1 

miles downstream from the Balzac gaging station and serves approximately 

1,000 acres of irrigated area on the south side of the river, all within 

a mile of the river. The average annual diversion by the Lone Tree Ditch 

during the l5-year study period was 3,800 acre-feet. The lowest annual 

diversion was 1,100 acre~feet in 1959 and the greatest was 6,500 acre-feet 

in 1954. It is estimated that the delivery efficiency of the Lone Tree 

Ditch is about 75 percent. 

Powell Ditch. The Powell Ditch diverts from the river 39.2 miles 

downstream from the Balzac gaging station and irrigates about 2,200 acres 

on the north side of the river. The average annual diversion of river 

water during the IS-year study period was 4,400 acre-feet. The lowest 
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annual diversion was 1,800 acre-feet in 1948 and the largest was 6,300 

acre-feet in 1954 and 1956. Officials estimate the seepage losses from 

Powell Ditch as being only about 10 percent of the amount diverted. 

Ramsey Ditch. The Ramsey Ditch diverts from the river 42.6 miles 

downstream from the Balzac gaging station and 41.2 miles upstream from 

the Julesburg gaging station. It serves a small irrigated area on the 

north side of the river within 1/2 mile of the river. The average diver

sion during the IS-year study period was 1,100 acre-feet ranging from 

200 acre-feet in 1952 to 2,300 acre-feet in 1955. The delivery efficiency 

of the Ramsey Ditch is estimated to be about 75 percent. 

Harmony No. 2 Ditch. The Harmony No. 2 Ditch diverted, at one time, 

from the river at the same point as the Ramsey Ditch. In recent years 

the diversion has not been maintained. Apparently the ditch received 

sufficient runoff and seepage from lands above it irrigated from the 

North Sterling Reservoir Outlet Canal in order to supply its irrigated 

acreage in combination with irrigation wells. 

Harmony No. 1 Ditch. The Harmony No. 1 Ditch diverts from the river 

46.4 miles downstream from the Balzac gaging station. It carries both 

direct-flow water for irrigation of about 14,000 acres under the Harmony 

No. 1 and storage water for the Julesburg Reservoir. The average annual 

diversion for the l5-year study period was 25,500 acre-feet ranging from 

a low of 10,900 acre-feet in 1959 to a high of 39,400 acre-feet in 1957. 

The major losses in the Harmony No. 1 Canal are in the first few miles 

which traverse the alluvium. It is estimated that the delivery efficiency 

is about 75 percent. 

Julesburg Reservoir and Highline Ditch. Water diverted to storage 

in the Julesburg Reservoir through the Harmony No. 1 Ditch during the IS-year 

study period averaged 14,600 acre-feet. The lowest diversion during the 

period was 4,200 acre-feet in 1956 and the largest was 24,000 acre-feet in 

1955. Approximately 9,000 acres are irrigated from the Julesburg Reservoir 

through the Hfghline Canal. Besides the seepage losses in the inlet canal 

seepage and evaporation losses occur from the reservoir and from the High

line Canal. It is estimated that the overall efficiency of the system is 

in the neighborhood of 50 percent. 
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Settlers Ditch. The Settlers Ditch diverts from the ~iver 54.5 miles 

downstream from the Balzac gage and serves about 4,000 acres of irrigated 

land on the north side of the river extending about 30 miles tp near the 

State line. The average diversion of river water by the Settlers Ditch 

in the IS-year study period was 1,800 acre-feet. The lowest diversion 

was 0 acre-feet in 1956 and the highest was 5,100 acre-feet in 1958. The 

Settlers Ditch picks up water both directly and indirectly from the Jules

burg Reservoir and the Highline Ditch. Many irrigation wells in the service 

area supplement the ditch water. The estimated efficiency of the Settlers 

Ditch delivery system is 75 percent. 

Peterson Ditch. The Peterson Ditch diverts from the river 66.6 miles 

downstream from the Balzac gaging station (17.2 miles upstream from the 

Julesburg gaging station) and irrigates 9,000 to 10,000 acres of land on 

the north side of the river extending to the State line. Th0 Peterson 

Ditch diverted an average of 8,700 acre-feet per year during the IS-year 

study period. TI1e lowest diversion was 3,900 acre-feet in 1954 and the 

highest was 15,500 acre-feet in 1947. The estimated delivery efficiency 

of the Peterson Ditch is 70 percent. Many irrigation wells are in use 

between the Peterson Ditch and the river. 

South Reservation Ditch. The South Reservation Ditch diverts from 

the river 11.6 miles upstream from the Julesburg gage and irrigates about 

1,600 acres on the south side of the river, all withi~ 1/2 mile of the 

river. During the IS-year study period, the South Reservation Ditch diverted 

an average of 3,700 acre-feet per year. The lowest annual diversion was 

1,700 acre-feet in 1948 and the highest was 5,600 acre-feet in 1952. Ditch 

personnel estimate that only 5 percent of the water diverted is lost to 

seepage. 

Liddle Ditch. The Liddle Ditch diverts 9.4 miles upstream of the 

Julesburg gaging station and serves about 1,350 acres of irrigated land 

on the north side of the river. The average diversion during the IS-year 

study period by the Liddle Ditch was 2,300 acre-feet, ranging from a low of 

1,100 acre-feet in 1949 to a high of 3,300 acre-feet in 1959. The delivery 

efficiency of the Liddle Ditch is estimated to be about 75 percent. 

III-26 



Carlson Ditch. The Carlson Ditch is the last ditch diverting in 

Colorado, its diversion point being 8 miles upstream from the Julesburg 

gaging station. The Carlson Ditch irrigates about 2,000 acres on the 

south side of the river. The average diversion during the IS-year study 

period was 1,600 acre-feet per year. The lowest diversion was 0 acre-feet 

in 1960 and the highest was 3,000 acre-feet in 1954. The estimated delivery 

efficiency of the Carlson Ditch is 75 percent. 

River reach efficiency 

For the study reach, the outflow items of the stream-aquifer budget 

in Table 2 which have the greatest potential for reduction in order to 

increase beneficial consumptive use and thus increase river reach efficiency 

are (1) the stream outflow at Julesburg, and (2) phreatophyte consumptive use. 

Except for the May and June snowmelt-runoff period, most of the water 

passing the Julesburg station is composed of irrigation return flow. About 

127,500 acre-feet of the 314,500 acre-feet average annual outflow at Jules

burg during the l5-year period occurred during the 5-1/2 months when the 

Colorado-Nebraska Compact was not in effect. The last opportunity for 

diversion to storage during the non-compact season in Colorado is by the 

Julesburg Reservoir. The point of diversion for the Julesburg Reservoir 

(headgate of the Harmony No. 1 Canal) is 37 miles upstream from the Jules

burg gage. Therefore, any return flow to the stream within this 37-mile 

subreach during the non-irrigation season is physically unavailable even 

if legally available. Return flows reaching the river above the Julesburg 

Reservoir inlet is also often lost because the Julesburg Reservoir has no 

difficulty in filling during most years. 

Studies by the U. S. Bureau of Reclamation indicate that operation of 

the proposed Nar.rows Reservoir would reduce the average annual flow at 

Julesburg by about 75,000 acre-feet. The effect of the reservoir would be 

to reduce the flow during the spring runoff period and provde more water 

to the study reach during the late summer and early fall months. It is 

likely that the return flow accruing in the reach during the winter months 

will be increased somewhat by operation of the Narrows Reservoir. 

111-27 



Additional surface reservoir sites, on stream or off stream, are 

essentially nonexistent in the study reach and therefore do not provide 

a viable solution to reducing the stream outflow lost to Colorado during 

the winter months. However, the groundwater reservoir offers the possi

bility for storage of outflow in excess of compact requirements. It may 

be possible to manage conjunctively the ground and surface waters during 

the irrigating season so as to minimize the amount of return flow reach

ing the river in the winter months. It may also be possible to draw more 

heavily on groundwater to meet crop irrigation requirements in below

average runoff years and then recharge groundwater heavily during wetter 

years. 

The second item, phreatophyte consumptive use, is a sizable loss of 

water (53,400 acre feet) particularly when one realizes that it has an impact 

on the availability of water at the very times the crop i_rrigation require

ments are highest. The reduction in streamflow during a hot .Tuly or August 

day by the evapotranspiration losses from high water table and phreatophyte 

areas probably exceeds 200 cfs. Control of the water table and phreatophytic 

growth is admittedly quite controversial and it is beyond the scope of 

this study to get into that aspect of the efficiency picture. 

The flow at Julesburg during the period April 1 to October IS is sub

ject to theColorad~Nebraska Compact. As mentioned earlier, the compact 

functions as a calIon the river during this 6-1/2 month period whenever 

the flow at Julesburg is less than 120 cfs. Table 8 shows the number of 

days per week during the IS-year study period that the Julesburg flow 

was less than 120 cfs. It can be seen that the Compact "call" was on 

over 90 percent of the time during the dry years of 1954 and 1956. 

Obviously, it is years like 1954 and 1956 that additional ground-water 

use in the study reach would be desirable--but could further reduce the 

flow at Julesburg. 
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IV. ESTIMATED COSTS OF EFFICIENCY IMPROVEMENTS 

Farm Irrigation Efficiency Improvement Costs 

The United States Bureau of Reclamation (USDI, 1970) reported detailed 

studies of field irrigation efficiencies of projects in the McCook, Nebraska, 

and Torrington, Wyoming, areas. They studied existing efficiencies, 

which were measured on 7 farms (31 fields), over a 5-year period. From 

these data they concluded that there are three levels of attainable effi

ciencies. 

(1) Existing system, improved management, no additional labor 

On-farm irrigation efficiency can be increased by scheduling irrigations 

according to monitored plant needs, rather than from a predetermined schedule 

or advice from neighbors. Such scheduling can be carried out by the farmer 

using resistance blocks and/or tensiometers, frequent sampling with an Oak

field probe, or by keeping a detailed day-to-day moist~re buJ~et using 

climatic data. The farmer would have to know the approximate water-holding 

capacity of his soil and the approximate infiltration rates to carry out 

this exercise. 

Although the cited reference claims that favorable results can be 

obtained with a minimum effort on the part of the farmer, it is probable 

that he will use management services to attain this level of control if 

such services are available. In eastern Colorado they are offered by at 

least one company, at a rate of $4.50 to $5.50 per acre per year, depending 

on farm size. This is a total management service and includes advice on 

weed and pest control, planting dates, fertilization, etc. It is probable 

that the irrigation scheduling cost is no more than half the quoted cost 

for the entire package, or about $2.50 to $3.00 per acre per year. 

The level of improved on-farm irrigation efficiencies to be expected 

were reported by the Bureau (USDI, 1970). They concluded that on-farm 

efficiencies could be raised from a 44 percent average without improved 

management to a 62 percent average with improved management. These values 

may be compared with an estimate made in this study of 41 percent for the 

study area without improved management. Whittlesey (1977) used a value 

of 44 percent for the South Platte River Valley. 
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(2) Existing system, improved management, additional labor 

The second level of efficiency is attainable by additional improve

ments in water management, which include such practices as cut-back flows 

in row crops. These pract ices requir.e additional labor. Farm irrigation 

efficiency can be raised from 41 percent to 68 percent by this approach. 

(3) Improved system, improved management, additional labor 

No estimated attainable efficiencies are given by the Bureau (USOI, 

1970) for this level of improvement. However, it is expected to include a 

complete tailwater reuse system with a concrete-lined pond, a pipe convey

ance system, and gated pipe for delivery to furrows. Alternatively, (1) 

an automatic surface irrigation system with an underground conveyance 

system and vertical risers to gated pipe, in conjunction with a reuse 

system and irrigation scheduling, or (2) sprinkler systems could be used. 

The writer's experience indicates that in reality most farms in 

the study area obtain improved performance by going to a reuse system or 

center-pivot irrigation. The reuse system usually consists of an unlined 

pond, plus a pump and pipeline to the upper end of the field. As the 

result of conversations with the experts mentioned in an earlier portion 

of this report, it was concluded that center pivots operated without the 

benefit of irrigation scheduling would average about 63 percent field 

irrigation efficiency. Those operated with an irrigation scheduling 

program--one that determines the time and amount of water to apply based 

upon monitoring crop use--would have a field irrigation efficiency of 

about 83 percent. 

For the purposes of the cost estimate it is assumed that the 75 

percent farm irrigation system efficiency could be met in the study area 

if half the area in surface irrigation was provided with reuse systems, 

and if half was converted to center-pivot irrigation. The costs for these 

conversions can be estimated as follows from data in the literature. 
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Sheffield (l977) has given detailed costs for center-pivot irrigated 

cornfields. Extracting costs for the center-pivot system itself, the 

irrigation pump and gearhead, a diesel engine, other minor fixed costs, 

taxes and insurance, the annualized cost is $53.29 per acre. To this 

must be added a fuel cost at $6.06 per acre, and maintenance at $4.05 

per acre. There should be a reduction in labor. Sheffield (1977) indi

cates that irrigation labor for center pivots is ahout $1.20 per acre 

(labor charged at $3.50 per hour). If center-pivot replaces a gated pipe 

system, Eisenhauer and Fischbach (1977) estimate labor charges for gated 

pipe systems at $4.13 per acre (at $4.00 per hour). Syphon systems, which 

are popular in the study area, take more labor but at a lower hourly labor 

cost. It is therefore probable that the labor saving would be about 

$4.13 minus $1.20, or $2.93 per acre. Thus, the total increased cost 

for center-pivot irrigation is about $60.47 per acre per year. 

The yearly increased cost for a reuse system may be relatively small. 

Eisenhauer and Fischbach (1977) state that the annual fixed costs for a 

gated pipe system with a reuse system is $26.98. The increased fixed 

costs for reuse are only $1.71 per acre per year. Fuel and oil costs 

were estimated to decrease by $0.78 and $0.15 per acre per year, and main

tenance costs were estimated to be increased by $0.15 per acre per year. 

Labor was assumed to be unchanged. Thus, the net increase in cost for 

reuse would be $0.93 per acre per year. 

The estimated increased annual cost for obtaining a farm irrigation 

system efficiency of 75 percent is (under the assumption of half the area 

in center pivots and half the area in surface irrigation with reuse 

systems) the arithmetic mean of the two figures ($60.47 and $0.93) or 

$30.70 per acre per year. 

Using the foregoing information, the cost of raising the average farm 

irrigation efficiency in the study reach to 60 percent by irrigation 

could be as little as $3 or $4 per acre per year--or a total of $375,000 

to $500,000 on 125,000 acres. This can only be done, of course, with 

the full cooperation of the farm operators in adopting and following 

improved management techniques. The cost of increasing efficiencies on 

up to an average of 75 percent (one of the efficiency scenarios used in 

this study) requires morc capital investment and operating costs. This 
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could amoount to a total annual cost for the study reach of $3.75 to 

$4.5 million. 

Canal Efficiency Improvement Costs 

Estimated costs for lining selected canals and ditches are given in 

Table 9. Ditches or canals having an estimated seepage loss in excess 

of 25 percent were considered for lining. For each of the 10 canals or 

ditches, wetted perimeter measurements were made at selected locations 

along the reach of each system. These data were used to establish an 

existing wetted area. Cross-sectional width and depth and slope of the 

various reaches were also established. 

In the cost estimate, five different lining processes were considered: 

(1) bentonite; (2) 12 inches of compacted earth; (3) .010 inch PVC with 

12 inches of compacted earth cover; and (5) 3-1/2 inch thick unrein

forced concrete. Costs per square foot for each of these treatments 

(including material and installation costs) were established from exper

ience, interviews with suppliers, cost data supplied by the U. S. Bureau of 

Reclamation, Denver Federal Center, and construction cost trends. The unit 

costs for each of the five processes are enumerated in Table 9. 

The bentonite lining is the least expensive of the five, but it would 

be expected to require more annual maintenance and supplemental replenish

ment. An application rate of 5 pounds/square foot applied by the wash-in 

method was considered. This method application requires very little pre

liminary work and a minimum of expense and time to install. With the 

wash-in method, only a near-surface seal would be achieved and should not 

be used where velocities are excessive or where considerable bed material 

transport is anticipated. It is recommended that only three of the ten 

ditches be considered for this treatment process--Springdale, Bravo, and 

Peterson. 

The compacted earth, the PVC, and the catalytic blown asphalt 

treatments would require that the cross section be shaped on a 2:1 side 

slope with a variable base width. A small amount of bentonite could be 

add-mixed with the compacted earth process in order to insure a more 

impermeable boundary. The ten mill PVC and the 1/4-inch thick catalytic 

blown asphalt should be covered with 12 inches of compacted earth. 

IV-4 





The 3-1/2 inch thick unreinforced concrete section would be a trapezoidal 

cross section having side slopes of 1-1/2:1. 

The costs enumerated in Table 9 are current estimates and would 

be expected to change with time. These costs do not reflect the addi

tional work that may be required for hydraulic structures such as turnouts, 

drop structures, and gates and valves. 
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V. COMPUTER MODEL fu~ALYSIS 

General Description of Model 

The answers to the many and varied questions which naturally come 

to mind regarding a system's behavior under different physical or 

managerial circumstances are very difficult to secure for a complex 

water use system such as the South Platte basin, particularly if the 

answers are to be quantitative at the op~at~onal level. A computer 

program was written to represent (~~u£ate) in great detail the physical 

and operational characteristics of the prototype system. The resulting 

developed program (model) simulates a reach of the South Platte from a 

point slightly upstream of the Balzac U.S.G.S. stream gaging station 

to a point slightly downstream from the Julesburg gate at the Colorado 

Nebraska state line. The length of the simulated river is approximately 

90 miles which, for modeling purposes, is subdivided into a total of 93 

sub-reaches. Figure 1 (in the pocket at back of report) displays the grid 

system superimposed on the study area. The behavior of the aquifer (e.g., 

water table elevation) can be predicted at more than 1,000 gridpoints, 

but for purpose~ of this study water table elevations are calculated only 

in cells which the river crosses where the information is needed to cal

culate return flows. These return flows are directly proportional to the 

difference in mean cell aquifer level and river stage. 

Pumping from wells located in the same cell of one square-mile size 

is assumed to be distributed uniformly over the entire cell. Loosely 

speaking, the pumping is assumed to be concentrated at a single point at 

the center of the cell. This point is referred to as a g~d point. 

The square with the grid point at its center is sometimes referred to 

as the square of influence of the grid point. 

The computer model specifically developed for the study consists of 

several components. On a tape are stored the influence coefficients of 

aquifer drawdowns at one grid point due to pumping at another grid 

point, for sets of discrete time values (e.g., one week, two weeks, 

three weeks, etc.). The amount of information gathered on this tape is 

enormous, since the system con?ists of 1057 grid points and behavior of 
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the system is simulated at weekly intervals for a period of 10 years. 

However, with various techniques and simplifications it was possible to 

considerably reduce the amount of information on the tape. The procedure 

by which the influence coefficients (~~eXe k~n~) are generated 

has been discussed in the literature (Morel-Seytoux and Daly, 1975; 

Illangasekare and Morel-Seytoux, 1977). (For the interested reader a 

summary of the mathematical basis for the concept and the generation of 

the ~~ete ke~~ is presented in Appendix A.) The discrete kernels 

on the tape are read in the computer whenever aquifer water-table levels 

are needed in the calculations. 

On a second tape is stored all the known historical information 

about the system) such as: (1) weekly diversions from the South Platte 

at each of the 13 major diversions (as estimated by a Bureau of Reclamation 

study for the period 1947-1961); (2) weekly streamflows at the two gages 

of Balzac and Julesburg as recorded by the u.S. Geological Survey; (3) 

weekly effective precipitation; and (4) crop irrigation water requirements. 

The main pyogram performs the same sequence of calculations for 

every week and calls the tapes for information as necessary. Schematically 

the steps in the calculation are as follows: 

1. Given the river inflow into the system the legal water availa

bility is determined at each diversion point. This legal water availa

bility is calculated as the upstream river inflow plus the aquifer 

return flows upstream of the diversion point minus the sum of all diver

sions of higher seniority, regardless of location. The calculations 

are performed starting with the diversion of highest seniority down to 

the one with lowest priority. Note that the phy~ieal water availability 

at a diversion point exeee~ the legal water availability by the down

stream diversions of more senior rights. 

2. Given the just calculated legal and physical water availabili

ties, a decision is made as to the actual amount of water to be diverted 

for the week from each diversion point. The decision is reached from 

an a pnioni specified set of rules. This set of rules constitutes a 

waten alloeation strategy. For example, a p~ely ~to~al water 

allocation strategy consists of reaching precisely the decision that was 

made by the river commissioner historically on that date. A p~ely legal 
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strategy consists of diverting exactly the full water right (no more, no less) 

of the irrigation ditch company if legally available at the diversion point. 

3. Given the diversion amount decided upon by the ~ allocation 

strategy, availability on the farm served by the ditch is calculated. It 

is the diversion amount reduced by canal seepage losses. This water avail

ability (expressed by then as a depth) on the farm is compared to the 

irrigation water requirement (also expressed as a depth) which is deter

mined from the effective precipitation, crop evapotranspiration and 

farm irrigation efficiency. 

If the calculated irrigation water requirement exceeds the surface 

water availability on the farm, pumping from the aquifer to supplement 

the surface water supply is considered. Again a predetermined set of 

rules is used to calculate the amount of pumping. For example, under a 

punety hi6to~ieal strategy the known historical volume would be pumped 

from the ground whether or not in fact it was needed by the crops. 

Under a punety uneon6~ained strategy, pumping would be limited only 

by the pumping capacity up to irrigation requirement. 

4. Given the just determined seepage losses, pumping volumes and 

irrigation applications on the land, aquifer recharge rates and net 

withdrawal rates from the aquifer are calculated for every cell of the 

model. 

5. Given the just calculated net withdrawal rates from the aquifer 

in every cell, water table elevations in every reach cell (i.e., a cell 

crossed by the river) are calculated. Given the river flows in every 

reach cell, namely upstream inflow into the reach plus return flow into 

the reach less diversion (if any) in that reach, river stages (elevations) 

are calculated from a stage-discharge curve. Based on the difference 

in elevation between the water table and the stream surface, return 

flows in each river cell are calculated. These return flows are used 

for the sequence of calculations to be performed for the following week. 

6. Various outputs of interest are saved on tape or printed out 

for later analysis. For example, predicted stream outflow from the 

system and percentage degree of satisfaction of irrigation water require

ment for the various irrigated areas are calculated. The cycle of calcu

lation is repeated for the next week until the complete selected time hori

zon has been covered. By changing system efficiency (canal losses, farm 
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irrigation efficiencies, etc.) and water allocation strategies, one can 

evaluate the influence of such changes on streamflow, satisfaction of 

irrigation water requirements, etc. 

Description of Model Runs 

Runs of the mathematical model of ' the Lower South Platte river reach 

described above were made in several series. The first series used his

torical data in order to calibrate the model with the hydrologic situation 

which existed in the 1952 through 1961 period as closely as possible. 

Series II through V runs were designed to evaluate the sensitivity of the 

river reach efficiency to efficiency improvements in various components 

of the irrigation systems. The following sections describe the runs in 

more detai 1. 

Series I run--historical data 

The purpose of the Series I run was to duplicate the historical 

return flow situation in the study area as closely as possible for the 

study period of 1952 through 1961. It was particularly of interest to 

duplicate the situation during times of inadequate water supply to meet the 

irrigation needs, such as the 1954 through 1956 drought period. 

The actual measured weekly volume of streamflow at Balzac was used 

in all Series I runs as well as the later series runs. The volumes 

of water diverted by ditches and estimates of ground water pumped under 

each ditch system by months during the study period were obtained from 

the USBR Farm Water Utilization Study (1965). The estimates of canal 

seepage losses and reservoir losses described earlier as developed by 

Dr. Skinner were used, as were the estimates of deep percolation from 

on-farm irrigation activities developed by Dr. Danielson and Dr. Hart. 

Weekly estimates of irrigation requirements by crops during the study 

period were used as discussed earlier. 

The principal calculation of interest in the Series I runs was the 

estimated weekly flow at Julesburg. The estimated or calculated values 

were compared ~ith actual measured values in the 1947 through 1961 study 

period. Minor adjustments were made and a final Series I run was con

ducted which was used as the comparison run for the later series. 



Series II run--varying canal losses 

The purpose of the Series 11 run was to evaluate the sensitivity of 

water use efficiency in the reach to changes in canal seepage losses. 

The input data used for the Series II run was the same as the final 

Series I run with the exception of changes assu,"!Jled in canal losses 

with cOTresponding adjustments in ditch diversion explained below. 

In this run, canal seepage was assumed to be zero in selected 

canals: The North Sterling Outlet Canal, the South Platte Ditch, the 

Sterling No. 1 Ditch, the Harmony No.1 Ditch and the Highline Canal. 

These are principally canal systems with relatively senior rights and 

large diversion. In the Series II run, diversions by these canals were 

reduced so that the deliveries to the farm headgates remained the same 

as in the Series I runs. Water saved by such diversions was made 

available to any downstream canals (according to priority) which were 

then receiving less than the irrigation water requirement delivery at 

the farm headgates adjusted for on-farm efficiencies. 

Series III run--varying on-farm efficiencies 

The purpose of the Series III run was to evaluate the sensitivity 

of irrigation water use efficiency in the reach to changes in on-farm 

efficiencies. The input data for Series III run were the same as for 

the final Series I run with the exception of changes in on-farm 

efficiencies with corresponding adjustments in ditch diversions. 

In this run it was asswned that all on-farm efficiencies which 

historically were estimated to be lower than 75 percent were raised to 

the 75 percent level. Ditch diversions were adjusted so that the crop 

received the same soil-moisture situation as in the Series I or 

historical rQ~. Any reduction in diversions resulting from this 

assumption was allocated to downstream canals in accordance with the 

priority if said canals were receiving less than the estimated irrigation 

water requirement for that time period adjusted for on-farm efficiencies. 

As was done in the Series II runs also, the historical pwnping was 

assumed to have taken place. The unfilled irrigation requirement 

adjusted for on-farm efficiency was used to determine the amount of 

canal water required to be delivered at the farm headgate. 
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Series IV run--varying groundwater pumping 

The purpose of the Series IV run was to evaluate the sensitivity 

of irrigation water use efficiency in the reach to changes in use of 

groundwater. The input data for the Series IV run was the same as 

the final Series I run with the exception of the amount of groundwater 

pumped. In the ~eries IV run, it was assumed that sufficient ground

water was pumped under each canal system to meet the irrigation water 

requirements not satisfied by historical diversions. Under this 

assumption the groundwater reservoir was being used as a supplemental 

supply, pulled upon heaviest during drought years and replaced during 

years of good surface water supplies. 

Series V run--combinations of Series II, III and IV runs 

The purpose of the Series V run was to evaluate the change in 

irrigation water use efficiency in the reach attributable to the 

combination of improvements in canal seepage, on-farm efficiency and 

groundwater pumping as assumed in the Series II, III and IV runs. 

Summary of Results 

As described in Chapter III, five model runs were made. In the first 

run (Series I OT Re6~enee run) the system was the historical system as 

it existed during 1952 through 1961. The diverted and pumped volumes 

are the historical ones. The calculated outflow at Julesburg was compared 

with the measured historical flow of the Julesburg gaging station for 

model calibration. A full discussion of the calibration process is 

presented in Appendix B. 

In the second run (Series II or Lined Canals Run) some of the canals 

were lined with the result that along these canals seepage losses were 

zero. The canals that were assumed lined are: North Sterling Outlet 

Canal, South Platte Ditch, Sterling No. 1 Ditch, Harmony No. 1 Ditch 

and Highline Canal. The results are also shown for comparison on 

Figures 2, 3 and 4. The water allocation strategy in this case consisted 

of allowing for the diversion of the minimum of the four quantities: water 
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need, water right, legal water availabil ity and historical diversion. 

Pumping is limited to its historical (1952-61) value. 

In the third run (Series III or 75% Farm Irrigation Efficiency Run) 

it is assumed that, by whatever means, the farm efficiency has been 

uniformly improved over the entire system from a historical value of 40-50~ 

depending on areas to a value of 75%. The water allocation strategy 

for diverted surface water and for pumped aquifer water is the same as 

for Series II. 

In the fourth run (Series IV or Increased Groundwater Pumping) the 

system is the historical system (no lining, no improved farm efficiency, etc.) 

but the water allocation strategy for pumped \vater is more liberal. The 

surface water allocation strategy is the same as in Series II and III. 

However, pumping is allowed in excess of historical value but not to 

exceed the pumping capacity (as estimated from well records in 1973) 

and just enough to meet the crop water need not satisfied by the avail-

able surface water at the farm. Results are graphically displayed on 
Figures 2, 3 and 4. 

In the fifth run (Series V or Combination Run) the same canals that 

were lined in Series II are lined, the farm efficiency has improved to 

the value of 75% as in Series II, and the water allocation strategy for 

surface and groundwaters is the same as in Series IV. Results are shown 

on Figures 2, 3 and 4. 

Interpretation of Results 

Merit of Series II Strategy (Lining of Canals) 

The impact of this management strategy on the outflows is negligible 

for the entire duration of the simulation period (1952-1961). It cannot 

be seen graphically on Figure 2. The reduction in outflow was at most 

of the order of 5 cfs. The conclusion to be drawn is that lining of 

the canals (as assumed in this run) would not result in significantly 

more water being consumptively used in the study reach. Although the 

lining may improve the delivery efficiency of each system where it is 

applied, it does not make more water available for the reach - there is 

merely a relocation of water use and groundwater recharge. 
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It is possible that the lining as assumed (of major senior-priority 

canal systems) would have some beneficial effect upstream from the study 

reach. This would occur at times one or more of the senior-priority 

canals would otherwise be causing a call to be placed against upstream 

junior priorities if it were not for the water saved by the canal lining. 

Lining of the canals as assumed improved the satisfaction of irriga

tion water requirements by, at most, an absolute 10% !/ (see Figure 3). 

Naturally during the periods of particularly severe shortage (e.g., 

9_l2 th week of 1952 irrigation season or 4_7th week of 1954 season) 

lining of canals does not provide much absolute relief to the acute 

water shortage. For instance, the water saved by lining the Sterling 

No. 1 canals is used entirely by this senior water right and no relief 

is felt at all by the junior downstream Settlers Ditch area (Figure 4). 

Merit of Series III Strategy (75~ Farm Irrigation Efficiency) 

This management strategy reduces the downstream outflows noticeably 

late in the irrigation season (see Figure 2, 1955 and 1970 irrigation 

season) and also after the irrigation season. As opposed to the Series 

II (lining of canals) result, there is now a clear reduction in system 

outflow. This is evident, e.g., in the pattern of outflow following 

the 1953 or the ]960 irrigation season. It is noteworthy that the rela

tive position of the Series I line (Reference Run) and of the Series III 

line docs not change much from year to year and that the magnitude of 

the effect is ahout the same in 1960 as it was in 1953. One is tempted 

to say that a new stream-aquifcr equilibrium position has been found as 

a result of the ncw strategy and that the new equilihrium is reached 

within a couple of years. Esscllti;llly, then, the reduction in system 

outflow is equal to the incrcased consumptive use of water on the farms. 

The improvement in irrigation water requirement satisfaction is clear 

on Figures 3 and tl, e.g., for the 1953 irrigation season. However, when 

water is really scarce, e.g., as for weeks 9-12 in 1952 or 4-7 in 1954, the 

strategy docs not help much. Little water used efficiently is still 

little water. Surprisingly, in late 1955 anti 1956, after a net improvement 

in satisfaction of irrigation need early in the season, worse results are 

_!./ For instance, if the historical percentage of satisfaction were 60% 
for a particular time period the canal lining as assumed improved it 
to no more than 70%. 
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obtained as comp~red to Series I and II. This effect occurred only in 

1955 and 1956. It may be due to a significant reduction in streamflow, 

thus water availability for diversion, caused by the very low aquifer 

recharge occurring early in the season. Generally a clear improvement is 

realized, but not when it is needed most. Improved farm efficiency is not 

therefore, an effective remedy under a severe surface water drought 

condition as experienced in 1952, 1954, 1955 and 1957. 

Merit of Series IV Strategy (Increased Groundwater Pumping) 

Under this strategy the system outflow is further reduced because 

much more water is available on the farm even when surface water supply 

is very scarce. Irrigation water requirements are more fully met, result

ing in a decrease of system outflow. Note that the steady application, 

starting in 1952, of this pumping strategy leads promptly to a new 

equilibrium between the stream and the aquifer, apparently in a couple 

of years. The relative pattern of the outflows is very much the same 

in 1960 as it was in 1953. In other words, the strategy does not 

result in a continued mining of the aquifer but rather in a new 

equilibrium. To save computer costs, at some point in the duration 

of the study it was considered to make runs only for a few years. Now 

with hindsight it is fortunate that a lO-year horizon was chosen 

because the fears of a continuous decline in aquifer storage with 

time as a result of increased ground water pumping appear unfounded. 

This is a very significant result with important management implications. 

With this strategy, satisfaction of irrigation water requirement is 

drastically improved as compared to the previous strategies (see 

I:igurcs 3 and 4) even during periods of severe surface water drought 

(c.g., weeks 4-7 of 1954 season, 5-7 of 1955 season, etc.). Lining of 

canals and increased farm efficiency arc only relative remedies. With 

these strategies the extra amount of available water is proportional 

to the amOlll1t av~ilable. If it is small, the water saving is also 

small. /\. strategy of increased pumping making better use of the 

growld water reservoir is an absolute remedy. Except for pump capacity 

limitations, water is made available as needed. 
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Merit of Series V Strategy (Combination Run) 

Under this combination strategy downstream flows are further reduced 

and irrigation satisfaction is increased. With this strategy 100% irriga

tion satisfaction is achieved practically every year for the irrigation 

season. Notice that the same result could have been achieved with 

increased pumping capacity alone. Where pumping capacity is limiting 

(see weeks 5-7 of 1955 season) improved (75%) farm efficiency brings the 

system to perfect performance. With more pumped water available the 

same result could be achieved. 
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VI. SUMMARY AND CONCLUSIONS 

1. Irrigation water use efficiency can be viewed from a number 

of different standpoints. The individual farmer is primarily concerned 

about how efficiently he can use water on his farm. Officials of 

canal and reservoir companies are principally concerned about delivering 

a high percentage of the amount of water diverted from the river to 

the farm turnouts. On a larger scale, the efficiency of water use 

within a river reach or river basin is important. This 3tudy was dir

ected at evaluating the effects of improved farm and canal system 

efficiencies upon river reach water use efficiency. 

2. Existing farm irrigation efficiencies in the study area were 

evaluated by the study team using technical guidelines of the Soil 

Conservation Service together with opinions of professionals exper

ienced in the area. The estimated farm irrigation efficiency ranges 

from 31 percent to 50 percent with an average of 41 percent. 

3. Estimates of existing canal and reservoir system efficiencies 

were obtained from canal and reservoir company personnel and other 

individuals knowledgeable in the study area. The delivery efficiencies 

of the systems vary considerably, but most are in the 60-80 percent range. 

One system delivers less than 30 percent of the water it diverts from 

the river, but most of the losses from the system are recovered by 

downstream ditches and wells. 

4. Costs of improving farm and canal system efficiencies were 

estimated. The cost of raising the average farm irrigation water use 

efficiency from 41 percent to 62 percent by improved water management 

(scheduling) may be only a few dollars per acre per year. The cost of 

further increasing the average farm efficiency to 75 percent would be on 

the order of $30 per acre per year because significant capital investments 

and operation costs would be required. 

5. The computer model analysis in which major senior-priority 

ditches were aS3umed to be lined showed little gain in the overall 

efficiency of water use in the study reach (lower 90 miles of the 

South Platte River in Colorado), Although the satisfaction of irrigation 

need on individual ditch systems that were lined was improved, no addi

tional water was made available to other appropriators. 
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6. The computer model analysis in which the average farm irrigation 

efficiency in the study reach was raised to 75% resulted in slightly 

improved river reach efficiency. However, during times of water short

age the reach efficiency was improved very little. Obviously, the 

improvement of farm irrigation efficiency can help an individual farmer 

use limited water, but a large-scale program of farm irrigation 

efficiency improvement would not make significantly more water avail

able to a reach or river basin at those times of the season or in dry 

years when additional water is most needed. 

7. The computer model analysis in which additional groundwater 

pumping was allowed to supplement surface water supplies showed the 

greatest increase in overall water use efficiency in the river reach of 

any of the changes from historic conditions that were tested. The 

improvement is due principally to the fact that water can be made avail

able when and where it is needed through conjunctive use of the ground

water reservoir. In effect, water is saved for additional beneficial 

uses in the reach. Improvements in ditch conveyance and farm irrigation 

efficiencies do not accomplish the same result. An important finding 

from this analysis is that under increased pumping a new equilibrium 

was rapidly (2 years) established in groundwater level and return flow. 

This means that increased pumping on a sustained basis is possible. 
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VII. FUTURE STUDIES 

The improvement in efficiency of water use in a river basin or 

reach has many physical, legal, economic, social and institutional 

ramifications. The study reported herein only addresses a portion of 

the physical aspects and should be considered only the beginning of 

studies necessary for a basis of making major water management 

decisions. Brief descriptions of further studies needed follow: 

1. Optimal ~se of the groundwater reservoir in conjunction with 

surface water supplies to meet specific goals should be determined. The 

study reported herein shows the potential for increasing overall water 

use efficiency in the study reach, but does not necessarily assume 

the most optimum combination of conjunctive uses for various water 

availability situations. 

2. Model studies should be extended to upstream reaches of the South 

Platte River in order to evaluate the total effect of water use efficiency 

and management changes in the basin. The influence of such changes can 

reach upstream because of changes in calls by senior appropriators. 

3. The potential of increased control of surface water flows by 

on-stream storage reservoirs in conjunction with planned groundwater 

storage and use should be explored. Such studies could evaluate proposed 

reservoirs, such as Narrows, for capturing flood flow~ and releasing 

same for planned groundwater storage. Substitution of groundwater 

storage for surface storage could also be evaluated. 

4. The increased consumptive use of water and increased water use 

efficiency in a reach or river basin can also have negative aspects, such 

as the increase in salinity that may result. Also, consideration should be 

given to interstate compact obligations. 

5. Many legal and institutional problems need to be solved in 

implementing a conjunctive use plan. For instance, flexibility in 

water withdrawals from surface and groundwater sources (still in 

harmony with water right ownership) will be necessary to implement 

improvements in utilization of the annual combined supply which are 

found to be possible by this model study. This model did not differentiate 

areas served only by surface sources. To accomplish the satisfaction of 
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irrigation water requirement calculated in the model, transfers of water 

under each ditch system would be required such that at times all or most 

of the surface water would supply lands where wells cannot be obtained. 

Similarly, during times of surplus surface water those lands overlying the 

alluvial aquifer should take additional ditch water for purposeful re

charge. The techniques and authorities for accomplishing and financing 

these kinds of transfers need to be worked out, with the roles of the 

ditch and reservoir companies, the Conservancy District and the 

Colorado Division of Water Resources defined. Legislative action 

may be required. 
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APPENDIX A 

MATHEMATICAL BASIS FOR 
THE STREA~l-AQUIFER INTERACTION MODEL 

Background 

Isolated aquifer 

At the heart of the mathematical modeling of the physical (hydrologic) 

interaction of an alluvial water-table aquifer with a hydraulically con-

nected stream is the Boussinesq equation, namely: 

"I "I " "I "Is P ... 2.! _ _C (T~) 0 (T 0 ) \" ... at ax ax - ay oy = L q 
p=l P 

(1) 

where • is the effective poros,ity (sp-ecific yield),. s is drawdown at 

the point of horizontal coordinates x and y and at time t, T is 

the transmissivity of the aquifer at point of coordinate x and y, 

is the net pumping (withdrawal) rate per unit area at well (with-

drawaI) point p and P' is the total number of well (\~ithdrawal) 

points. 

For an c.quifer which is not mined and relatively deep, the trans-
t. 

missivity can be considered to be constant. Then Eq. (1) is a linear 

equation and it is known then that the solut ion of Eq. (1) for dra\ido\~n 

at a point w for week n is of the form: 

P n 
sw(n) = L L 0wp (n-v+l) Qp(v) 

p=I v=l 
(2) 

where 0 () is the discrete kernel function (influence function) of wp 

drawdown at point w due to pumping at point p and . Qp(v) is the net 

withdrawal volume from the well p. The coefficients °wp( ) are cal-

culated for a given system by a numerical solution of a finite-difference 
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approximation to the Boussinesq Eq. (1). These procedures are discussed 

in detail in various publications (Morel-Seytoux and Daly, 1975; Morc1-

Seytoux et a1., 1975). Figure A-I displays a typical grid system _super-

imposed on the area of interest with one well at the center. Figure 6 

shows the discrete kernel function of drawdown 350 m (about 1000 feet) 

~way from the center well due to pumping at the center well. " As an 

example let us assume that the well pumped water volumes during 10 weeks 

according to the schedule shown in Table 1. 

TABLE I 

Week I 2 3 4 5 6 7 8 9 10 

Volume 
(million m3) 0.2 0 0 0.1 0 0 0.2 0 0.1 0 

o( ) 
m/mil1ion m3 3.6 3.3 2.6 2.0 1.5 1.3 1.1 1.0 0.9 0.8 

Drawdown 
em) 0.72 0.66 0.52 0.76 0.66 0.52 1.14 1.01 1.19 1.00-

The values of 0 (in m/million m3) in Table 1 were read from FigureA-2 

From Eq. (2)'one can calculate drawdown 350 m away from the well at the 

end of one week, two weeks, three weeks, etc., namely: 
J.. 

5(1) = 0(1) Q(l) = 3.6 x 0.2 = 0.72 m 

5(2) = 0(2) Q(l) + 0(1) Q(2) = 3.3 x 0.2 = 0.66 m 

Note that duririg week 2 the water table recovers at point w. Proceeding 

similarly for the other weeks: 

5 ( 3) = 0 ( 3) Q ( 1) + <5 ( 2) Q ( 2) + <5 ( 1 ) Q ( 3) = 2. 6 x O. 2. = O. 52 m 

5(4) = 0(4)Q(I) + 6(3)Q(2) + 0(2)Q(3) + o(l)Q(4) = 2.0 x 0.2 + 3.6 x 0.1=0.76 m 

The other values are shown in Table 1, and the drawdowns plotted on 

Figure A. ... 3 .. 

A-2 









Once the <5 coefficients have been calculated then it is an easy 

matter to calculate drawdownanywhere at any time. Note that contrary 

to usual finite difference procedure it. is possible to calculate draw-

dO\4JIl at the end of week 8 for example without calculating drawdowns for 

the previous weeks. Also it is possible to calculate drawdown at one 

point without calculating it at other points~ In other words, draw-

downs are calculated only at points and times of interest. Therein lies 

a reason for the (relative) cost-effectiveness of the "discrete kernel" 

appr9ach. On the other hand, the drawdown at one point does depend upon 

the entire history of pumping since time zero at all withdralval points. 

Aquifer-stream interaction 

Considering the stream to behave mathematically as a long and 

.narrow withdrawal strip, then net drawdown in an aquifer cell is the 

combined effect of withdrawals from wells, from the river (return flOW, 

base flow) and recharge from field irrigation (negat~ve withdrawal). 

Then Eq. (2) applies provided Q (v) p be interpreted as the net with-

drawal volume from the cell p for week v. If return flows in a reach 

were knOlt/fl as a function of time then application of Eq. (2) would yield 

drawdown at point w. 
I. 

Of course, the <5 () . wr coefficients of drawdown 

at point w due to return flow into reach r must be known. 

Reach transmissivity 

In practice return flows may be known between two stream gauging 

stations some 100 miles apart but not at much 5m~11er intervals. The 

return flows over the reaches within an aquifer cell (zone of influence) 

are not known and in fact depend on the rela-tivc position of the water 

table with respect to the water level in the river. It has been 
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postulated (Morel-Seytoux and Daly, 1975; Morel-Seytoux, 19753,b) and 

verified wi th reasonabl e accuracy (Peters and ~forel-Scytoux, 1978) that 

the return flow, Qr' into a reach within a cell was proportional to 

the difference between the mean aquifer drawdown and mean river drawdown 

(river level measured from a high datum) in the cell or mathematically: 

(3) 

where rr is the reach transmissivity and ar is the river drawdown. 

The reach transmissivity can be estimated from the stream and the 

aquifer properties by the relation (Peters and Morel-Sp.ytoux, 1978; 

II langasekare , 1978): 

W 
TL cf + e) 

e 
e (L + 2), 

(4) 

where T is aquifer transmissivity, L is reach length, is wetted 

perimeter of the stream, and e is saturated thickness. 

South Platte study 

Grid system. Figure 1 displays the river section of interest, with 

diversion canals, storage reservoirs and wells and the selected grid 
j. 

system. Previously developed computer programs (~lorel-Seytoux et al., 

1975) \~ere used to calculate the <5 coefficients. The number of 0 

coefficients to be stored is very large and would be prohibitive if the 

o were calculated on a weekly basis over 15 ~ears. Instead onlY,a 

limited number of <5 on a we~kly basis are calculated (say 4), then a 

limited number of 0 on a monthly basis (actually 4 weeks) are calcu-

lated (say 4) and 15 yearly values are calculated. Thus to calculate 

drawdown after 90 \~eeks, a modified version of Eq. (2) is used. Let 
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Qp(V) be the weekly pumping rates. Let ~(A) be the monthly pumping 

rates occurring at integer multiple number of months prior to the date of 

interest. For example for the date of 90 weeks then Qm(l) is: 

86 
~(l) 

and similarly:· 

82 

= I Qp(v) 
'11=83 

~(2) = I Qp(v); 
'11=79 

Q (3) = 
m 

78 
L Qp(v); 

v=75 
~(4) = 

74 

I 
v=71 

Q (v) 
p 

Let Qy(a) be the yearly pumping rates occurring at integer multiple 

number of years prior to the date of interest. Fo~ example again for 

the date of 90 weeks, then: 

70 
I 

v=19 

18 
<ly(2) = I 

v==1 

Q (v) 
p 

Q (v) p 

The modified form of Eq. (2) is: 

90 4 2 ' 
s(90) = I 0w(90-v+l)O (v) + I 0 (A+l)~(A) + L 0 (a+l)Q (a) 

v=87 ~ A=l m a=l y y 
J. 

Instead of 90 weekly 0 coefficients, only 4 + 4 + 2 = 10 coefficients 

are needed. For a date corresponding to IS years when 15 x 52 = 780 

weekly coefficients would be needed, still 23 coefficients suffice. 

However, there is a computer price for this storage saving because the 

monthly and yearly pumping volumes must be recalculated every \ieek (like 

a moving average). 

Initial conditions. The original computer programs were developed 

to solve aquifer operational management problems using optimization on 
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a seasonal basis. They were not designed to simulate long periods of 

time nor to calibrate system parameters. For simulation purpose it is 

necessary to superimpose upon the effect of the withdrawals on drawdown 

as given by Eq. (2) an a.dditional term corresponding to the na.tural 

evolution of the aquifer if initially not at rest. A very promising 

and partially tested methodology has been developed but the computer 

program was not operational at the beginning of this study. Due to the 

serious time limitation of the study (then relaxed some\~hat) it was de

cided to treat the effect of the initial condition with the introduction 

of a warm-up period. At the beginning of the \~arm-up period the aquifer 

is in flat equilibrium. As time proceeds the water-table builds up due 

to a net recharge from river diversions and field irrigation. By grad

ually increasing the return flows through the warm-up period until 

they reach actually observed values at the end of the warm-up period, 

an initial condition is recreated for the simulation period. If the 

calculated return flows (using Eq. 3) match the obse~rved values during 

the early part of the simulation period then an acceptable initial 

condition was recreated. If not the trial and error calibration must 

be repeated. 
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APPENDIX B 

DESCRIPTION OF CALIBRATION PROCEDURES 
AND RESULTS OF SOUTH PLATTE COMPUTER MODEL 

Available D~t::l 

The entire area under study was divided into 35 subareas referred 

to as ".6 e/Lv-ic.e. Me.a..6". A J.:, eJtv-ic.e. Me.a cons ists of a set of farms (and 

associated land area) supplied by a aommon ditch bringing to the area 

water diverted from the stream and/or by a aommon outlet from a reservoir 

and/or from wells. For each of the service areas the following aata were 

gathered and compiled on a weekly basis for the period 1947-1961: 

(a) surface water made available, 

(b) total amount of ground water pumped from 

wells, 

(c) amount of precipitation received, 

(d) an average irrigation efficiency for the farms. 

For the same period the following South Platte streamflow data were 

compiled on a weekly basis: 

(a) Stream flow at a point upstream of Balzac gaging station 

(upper houndary of the study area). 

(h) Stream flow at a point downstream of Julesburg gage at the 

Colorado-Nebraska state line (lower boundary of the study area). 

(c) Return flow to the stream between diversions. 

In addition the following information was also gathered: 

(a) Phreatophyte losses, 

(b) Seepage from canals under average flow ~onditions, 
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(c) Seepage from reservoirs, and 

(d) Stage discharge relationships at Balzac and Julesburg gages. 

Calibration Criterion 

Historical data for two types of state variables were available 

for the stream-aquifer system for the purpose of calibration, namely: 

the aquifer return flows and the stream outflow measured at the down

stream houndary of the system. The observed return flows in the sub

reaches are functions of the stages in the stream (state of stream) and 

the aquifer water table elevations (state of the aquifer). The observed 

downstream flows show the aggregated effect of the state of the total 

system. The observed outflows were selected as a measure of calibration, 

taking into consideration the fact that more reliable weekly outflow data 

compiled from daily flow data were available as compared to the weekly 

return flows compiled from monthly estimates. Also, the outflow which is 

also the flow into Nebraska becomes an important parameter to 

he analysed in drawing major conclusions from the study. 

Calihration Runs 

A simulation period of 350 weeks, starting from the first week of 

.July. 1951 to the last week of February, 1958, was selected for calibra

tion. An important consideration given in the selection of this period 

was that it includes the drought years 1953 through 1956. These drought 

years with fairly low ohserved downstream flows are bounded by the wet 

years of 1952 and 1957 with ohserved high flows. The main objective 

was to calibrate the model for the low flow drought years for which the 

overall project ohjective of studying the impact of different physical 

and/or managerial strategies was addressed. The 46-weeks wet period 
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starting from the first week of the simulation period and ending at the 

beginning of the 1952 irrigation season was treated as a "stabilization 

pepiod" for the model. During this period the responses of the system 

due to the different excitations were allowed to stabilize. No attempt 

was made to calibrate the system to match the observed and computed out

flows during the stabilization period. 

Data in the form of aquifer water table elevations were not available 

to define the initial conditions of the system at the beginning of simu

lation. The only available information was the observed return flows. 

As mentioned previously, the return flow depends on the state of the 

system. In the absence of initial aquifer drawdown data the observed 

initial return flows were used to define the initial conditions. This 

was achieved indirectly by using an artificial history referred to as 

the "warm-up period". The zl)arm-up period includes an assumed excitation 

history of 20 years during which the aquifer excited in such a way to 

bring the aquifer from an assumed initial steady state to the observed 

initial state. The selected 20-year period was approximately the memory 

period of the aquifer. The artificial history during the warm-up period 

was manipulated to create approximately the observed return flows at the 

beginning of the simulation period. The data from actual observed his

tory for the period of 1947-1961 was used as an initial approximation 

for the artificial history during the warm-up period. The system was 

calibrated to ohtain a reasonahle match between the observed and computed 

outflows by manipulating the excitations during the warm-up period. A 

few changes in the (somewhat) known historical excitations were made to 

create the artificial history. First, it was observed that the histori

cal excitations created a mining situation in the downstream section of 
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the aquifer. This resulted in high negative return flows at the down

stream reaches. This was corrected by setting all the net withdrawal 

excitations to be zero during the warm-up period. Second, a mass balance 

comparison of the net aquifer recharge and net aquife~ return flow to 

stream during the warm-up period showed that the lattcr was in excess 

by .17 x 1010 cubic meters. This quantity is equivalcnt to an average 

depth of 6 meters distributed throughout the aquifer. To allow for this 

unaccounted quantity of water the aquifer level was raised throughout 

the aquifer. A raise in mean water table elevation of 7.8 meters gave 

the best match for the calibration. 

The system was simulated using the artificial warm-up period and 

the observed history on a weekly basis. The observed outflows and the 

computed outflows for the final calibration run are shown on Figure B-1. 

Calibration Results 

The observed and computed outflows do not match perfectly but there 

are several positive results, which can be readily seen from the figure. 

The most critical period is that of low downstream flows, occurring 

regularly in June, .July, August and September of each year. These low 

flows are predicted reasonably well. During the period of high down

stream flows occurring regularly in December, January, February and 

March, the comparison between observed and computed flows is quite good 

in 1953 and in 1954. Starting in 1955 there is a tendency for the model 

to over-predict. However, by 1958 following the wet 1957 year, the agree

ment for the months of .January and February was even a little better 

than 1953. Note that even though through the years (1954-1955-1956) the 

difference between predictions and observations increases cumulatively, 

the two curves show very similar patterns. 

B-4 



One interpretation of the results is that the downstream low flows 

in August and September occur when return flows are small because: 

(1) the aquifer level has heen lowered as a result of pumping, (2) up

stream inflow~ are fairly high, and (3) surface diversions are extensive. 

The downstream outflows are conditioned mostly by the diversions. The 

small return flows do not affect significantly the streamflow. On the 

other hand, in December, .January, February and March the upstream inflow 

is quite low. The river stage is at its lowest through the stream and 

the downstream flows are conditioned by the return flows and diversions, 

diversions being possible only from the existence of return flows. The 

drift in the predictions during these months may be caused either by 

overpredictien of water-table elevations in the aquifer, thus causing 

higher return flows from the aquifer to the stream or by underprediction 

of diversions from the stream. Overprediction of water-table elevations 

in the aquifer could be due to underestimation of pumped volumes (Bureau 

of Reclamation data are used in the study) or underestimation of irriga

tion efficiency (i.e., overprediction of recharge) or underestimation of 

evapotranspiration losses (or losses from phreatoph tes). The purpose 

of the calibration runs was mostly to check the possibility of errors 

in the programs and to check that the values of reach transmissivities 

and of the stage-discharge relations in the stream. The 

results indicate that the reach transmissivities and the stage-discharge 

curves require no adjustments. 

As indicated previously, a possible cause of apparent drift in the 

prediction of the high downstream flows could be that the Bureau of 

Reclamation data on pumping, diversions and return flows are somewhat 

in error, but it could be due to errors in estimation of irrigation 
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e;f;fi.c:iencr~ One could have played on th.ese ;factors to obtain a better 

;fit but it is difficult to time the impact of a correction and many 

trial and error "nms would have been required. It was too costly to do 

with the resources allocated to this study. However, with hlnd6ight 

looking at the results of the Series IV run it is clear that by pro

gressively increasing values of pumping for the historical period 

1953-1956 over the estimated Bureau of Reclamation values one could 

have obtained a better match between predicted and observed outflows 

in 1955 and 1956. 
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6/72 G.OO 
6/72 5.00 
7/72 5.00 
8/72 5.00 
8/72 5.00 
8/72 5.00 
9/72 5.00 

9/72 5.00 
6/72 5.00 

11/72 5.00 

12/72 5.00 
12/72 5.00 
12/72 5.00 
12/72 5.00 
2/73 5.00 
6/73 7.50 
6/73 7.50 

6/73 7.50 
6/73 3.00 
6/73 7.50 
6/73 5.00 
8/73 7.00 

6/73 25.00 
8/73 7.00 

12/73 10.00 
3/74 30.00 
6/74 8.00 
6/74 3.00 

6/74 2.00 
1/75 3.50 



INFORMATION SERIES 
(Available from the Center at price shown) 

No. Title 

1. Inventory of Environmental Resources Research in Progress - Colorado State University 
2. Economics of Water Qua~ity--Sa1inity Pollution - Abridaed Bibliography 
3. Inventory of Environmental Resources Research in Progress - Colorado Statp. University 
4. Proceedings Workshop on Hoole Sewaqe Disposal in Colorado 
5. Directory of Envi ronmenta 1 Research Facul ty - Colorado State Universi ty 
6. Water Law and Its Relationship to Environmental Quality: Bibliography of Source 

Material 
7. Wildlife and the Environment, Proc. of Governor's Conference. March 1973 
8. Inventory of Current ~ater Resources Research at Colorado State University 
9. Proceedings of the Symposium on land Treatment and Secondary Effluent 

10. Proceedings of a Workshop on Revegetation of High-Altitude Disturbed Lands 
11. Surface Rehabilitation of Land Disturbances Resulting from Oil Shale Development 
12. Water Quality Control and Administration laws and Regulations 
13. Flood Plain Management of the Cache La Poudre River Near Fort Collins 
14. Bibliography Pertinent to Disturbance and Rehabilitation of Alpine and Subalpine 

Lands in the So~thern Rocky Mountains . 
15. Proceedings of the Syrr.posium on Water Policies on U.S. Irrigated Agriculture: Are 

Increased Acreages Needed to Meet Domestic or World Needs? 
16. Annotated Bibliography on Trickle Irrigation 
17. Cache La Poudre River Near Fort Collins Colorado - Flood Management Alternatives -

Relocations and levies 
18. Minimum Stream Flows and lake Levels in Colorado 
19. The Environmental Quality Objective of Principles and Standards for Planning 
20. Proceedings, Second Workshop on Home Sewage Disposal in Colorado 
21. Proceedings: High A1t'tude Revegetation Workshop No.2 

. 22. Implementation of the National Flood Insurance Program in Larimer County, Colorado 
23. Inventory of Colorado's Front Range Mountain Reservoirs 
24. Factors Affecting Public Acceptance of Flood Insurance in Larimer and Weld Counties, CO 
25. Surveillance Data - Plains Seoment of the Cache la Poudre River, Colorado 1970-1977 
26. Hater Use and Management in an Arid Region (Fort Collins, Colorado and Vicinity) 
27. Proceedings, Colorado Drouqht WorkshQPs 
28. Proceedings: High Altitude Revegetatlon \~orkshop No.3 

29. Proceedings, Third Wo~kshop on Home Sewage Disposal in Colorado - Community Management 

30. The Larimer-Weld Council of Governments 208 Water Quality Plan: An As~essment and 
Suggestions for Future Directions 

TECHNICAL REPORT SERIES 

No. Title 

1. Surface Rehabilitation of Land Disturbances Resulting From Oil Shale O~velopment 
2. Estimated Average Annual Water Balance for Piceance and Yellow Creek Watersheds 
3. Implementation of the Federal Water Project Recreation Act in Colorado 
4. Vegetative Stabilization of Spent Oil Shales 
5. Revegetation of Disturbed Surface Soils in Various Vegetation Ecosystems of the 

Piceance Basin 
6. Colorado Environmental Data Systems (abridged) 
7. Manual for Training in the Application of Principles & Standards (Water Resources 

Council) 
8. Models Designed to Efficiently Allocate Irrigation Water Use Based on Crop Response 

to Soil Moisture Stress 
9. The 1972 Federal Water Pollution Control Act's Area-Hide P1arining Provision: Has 

Executive Implementation Met Conqressional [ntent? 
10. Efficiency of Wastewater Disposal in Mountdin Areas 
11. Federal Water Recreation in Colorado: Comprehensive View and Analysis 
12. Recreation Benefits of Water Quality: Rocky Mountain National Park, South Platte 

River Basin, Colorado 

Date Price 

1/71 Free 
6/71 11. 00 
7/72 Free 
6/72 Free 

12/72 Free 

1/73 7.00 
3/73 3.00 
7/73 Free 

11/73 3.00 
7/74 3.00 
6/74 Free 

74 15.00 
8/74 2.75 

2/75 . 3.00 

3/75 4.00 
6/75 Free 

8/75 5.00 
8/75 8.00 
8/75 7.00 
9/75 3.00 
8/76 4.00 
9/76 4.00 
5/77 5.00 
9/77 3.00 
1/78 5.00 
9/77 5.00 

11/77 Free 
6/78 4.00 
7/78 4.00 

8/78 2.00 

Date Price 

6/74 10.00 
8/74 Free 

.. 

6/74 Free 
12/74 3.00 

12/74 4.25 
10.72 5.00 

12/74 10.00 
5/77 4.00 

11/77 5.00 

1/78 5.00 
5/78 5.00 

5/78 4.00 



COMPLETION REPORT SERIES 
(Available from the Center at price shown) 

No. Title 

60. Research Needs as Related to the Development of Sediment Standards in Rivers 
61. Economic and Institutional Analysis of Colorado Water Quality Management 
62. Feasibility and Potential of EnhanCing Water Recreation Opportunities on 

High Country Reservoirs 
63. Analysis of Colorado Precipitation 
64. Computer Estimates of Natural Recharge from Soil Moisture Data-High Plains 

of Colorado 
65. Urban Ora i nage and Flood Control Projects: Economi c, Legal and Financf4l Aspects 
66. Individual Home Wastewater Characterization and Treatment 
67. Toxic Heavy Metals in Groundwater of a Portion of the Front Range Mineral Belt 
68. Systematic Design of legal Regulations for Optimal Surface-Groundwater Usage 

Phase 2 
69. Engineering and Ecological Evaluation of Antitranspirants for Increasing 

Runoff in Colorado Watersheds 
70. An Economic Analysis of Water Use in Colorado's Economy 
71. Salt Transport in Soil Profiles with Application to Irrigation Return Flow -

The Dissolution and Transport of Gypsum in Soils 
72. Toxic Heavy Metals in Groundwater of a Portion of the Front Range Mineral Belt 
73. Production of Mutant Plants Conducive to Salt Tolerance 
74. The Relevance of Technological Change in Long-Term Water Resources Planning 
75. Physical and Economic Effects on the Local Agricultural Economy of Water Transfer 

to Cities 
76. Determination of Snow Depth and Water Equivalent by Remote Sensing 
77. Evaporation of Wastewat~r From Mountain Cabins 
78. Selecting and Planning High Country Reservoirs for Recreation Within a Multipurpose 

Management Framework 
79. Evaluation of the Storage of Diffuse Sources of Salinity in the Upper Colorado 

River Basin 
80. Achieving Urban Water Conservation. A Handbook 
81. Achieving Urban Water Conservation: Testinq Community Acceotance 
82. Development of a Subsurface HydrologiC Model and Use for Integrated ~1anagement 

of Surface and Subsurface Water Resources 

83. Modelling the Dynamic Response of Floodplains to Urbanization in Eastern New England 

SPECIAL REPORTS 

1. Design of Water and Wastewater Systems for Rapid Growth Areas (Boom Towns -
Mountain Resorts) 

2. Environment and Colorado - A Handbook 

3. Irrigation Develop~~nt Potential in Colorado 

4. Piceance Basin Inventory 

5. A. Guide to Colorado Water Law 

Date 

3/75 
3/75 

6/75 
6/75 

1/76 
7/75 
7/75 
6/75 

9/75 

9/75 
12/75 

1/76 
6/76 
7/76 

10/76 

10/76 
6/76 
3/77 

7/77 
9/77 

9/77 
9/77 

12/77 

1/78 

7/76 

73 

5/77 

12/71 

9/78 

Price 

3.00 
5.00 

4.00 
2.00 

4.00 
10.0~ 
8.m: 
3.00 

12.00 

2.50 
5.00 

5.00 
4.00 
4.00 
3.50 

3.00 
2.00 
8.00 

6.00 
4.00 

6.00 
5.00 
3.00 

6.50 

4.00 
4.00 

4.00 

10.00 

2.50 
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