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ABSTRACT 

Simulation and Analysis of Stream-Aquifer Systems 

by 

Morton W. Bittinger, Doctor of Philosophy 

Utah State University, 1967 

Major Professor: Dr. Calvin Clyde 
Department: civil Engineering 

As defined for this study, a stream-aquifer system is 

a hydrologic system in which there is an intimate hydraulic 

interrelationship between one or more aquifers and a peren­

nial stream. The objectives of this study are to better 

understand the response behavior of typical stream-aquifer 

systems, to look at the response behavior as influenced by 

water management practices, and to consider the problems 

and possibilities of integrated management of groundwater 

and surface water supplies within stream-aquifer systems. 

A brief history of water development practices and 

policy, particularly in the Western United States, indi­

cates that the tendency over the years has been to attempt 

to improve efficiency of use and increase water availability 

by means of coordinated management of sources and uses of 

water within hydrologic units. This tendency is manifested 

by the concepts of "basin planning," "multiple purpose pro­

jects," and "comprehensive planning." Also, history shows 

that surface and groundwater have typically been developed 

separately with little regard for the interrelationships 

between the two. 

Through the cooperation of the U.S. Geological Survey, 

major stream-aquifer systems in the Western United States 

have been identified. The Soil Conservation Service 
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provided information on water management problems, causes,' 

and needs found within the major stream-aquifer systems. 

Components of stream-aquifer systems are classified into 

(1) input variables, (2) system parameters, (3) output or 

system responses. Techniques for modeling stream-aquifer 

systems are discussed, and the mathematical model technique 

used is presented. 

Over 160 stream-aquifer systems were simulated, utiliz­

ing mathematical models and digital computer solutions. The 

response behavior was measured in terms of the change of 

groundwater levels and the pattern of outflow to the stream. 

The latter system response is emphasized because of the ef­

fect upon other water users which is often not considered 

when changes are made in water management practices. The 

influence of such variables and parameters as (1) the total 

water added to the aquifer, (~) the time distribution of 

the water added, (3) the areal distribution of the water 

added, (4) the aquifer hydraulic characteristics, (5) the 

geometric characteristics of the aquifer, and (6) the 

initial configuration of the water table surtace are dis­

cussed with results presented in tabular and graphical 

form. 

The effect of common water management practices 

(drainage, phreatophyte control, improvement of irrigation 

efficiency, and lining of canals),along with further water 

management practices desirable in a fully integrated stream­

aquifer system are discussed. 
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INTRODUCTION 

The ever-increasing demands upon the Nations' water 

supplies present a substantial challenge to water re­

searchers, educators, administrators, and legislators, as 

well as to the public in general. The more spectacular and 

glamorous aspects of this challenge include the possibili­

ties of large-scale continent-wide transport of water from 

water-rich to water-poor areas and the possibilities of in­

creasing water supplies through weather modification and 

saline-water conversion. Although these aspects command 

greater public attention, the fundamental challenge to the 

majority of workers concerned with water is that of increas­

ing the beneficial use of existing sources of supply through 

improved efficiency and integrated management. 

History of Water Development 

In many regions of the arid west, the era of develop­

ment of new water supplies is rapidly drawing to a close. 

Problems of managing supplies are necessarily related to 

physical, social, and legal aspects of the developmental 

period. Therefore, a brief discussion of historical develop­

ment of water is given as an introduction to the main theme 

of this treatise. 

Initial development of 
surface water 

The initial pattern of water development was typically 

haphazard and spotty. In general, the sources and locations 

in which water could be most easily converted from natural 

conditions to a usable state were developed first. Initially, 

the developments were through the efforts and financing of 

individuals and small groups. In the Western States, this 

phase of surface water development occurred generally be­

tween 1860 and 1900. During this period groundwater develop­

ment occurred on a very minor scale, being prior to any 



extensive exploration or knowledge of aquifers and the de­

velopment of advanced technology related to well construc­

tion, pumps, power units, and power supplies. 

Large-scale storage and 
conveyance -facili ties .. 

As development of surface-water supplies progressed 

and uses increased, the need for stream-flow regulation 

became apparent. Flows during the spring and other high­

runoff periods were greater than could be utilized, whereas 

supplies were often insufficient during peak-use and low­

runoff periods. Thus, the late 1800~s and early 1900ijs be­

came a period in which large-scale storage and conveyance 

facilities were constructed. The greatest impetus to this 

era came with the Reclamation Act of 1902 and subsequent 

amendments which provided for Federal financial and tech­

nical assistance in the design and construction of large­

scale water projectso 

Basin-planning and 
mul tip'l~~purpose _donce.p~s 

The earlier surface~storage reservoirs were generally 

designed and constructed for a single purpose~ As compe­

tition for water supplies increased, the "basin=plan u and 

"multiple-purpose" concepts evolved as a means of achieving 

greater efficiency in water development and use. These 

concepts inferred the inclusion of more than one water use 

and consideration of a larger portion of societyU s needs in 

the design of projectso 

The Tennessee Valley Authority Act of 1933 initiated 

the first large~scale treatment of a river basin as a unit 

for the planning and development of water resourcese 

Multiple-purpose projects began receiving attention upon 

passage of the Flood Control Act of 1936 and subsequent 

legislation authorizing the Army Corps of Engineers and the 

Bureau of Reclamation to construct projects serving flood 

control, irrigation and power purposess More recent 
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legislation and government policy statements such as the 

well-known Senate Document 97 (U.S. Senate, 1962) explicitly 

set forth the various purposes and benefits which must be 

considered in the planning and cost allocation of Federally 

financed projects. 

Concurrently, during this period, efforts to conserve 

and protect soil and water resources through vegetative 

management and upper watershed treatment became prominent. 

The Soil Conservation Act of 1935 created the Soil Conser­

vation Service within the Department of Agriculture. This 

agency and the research arm of the Department of Agricul­

ture, the Agricultural Research Service, have devoted con­

siderable effort toward improving the efficiency of water 

utilization in agriculture. 

Groundwater development period 

Large-scale development of groundwater supplies gener­

ally began in the 1930's with the advent of rural electri­

fication and improved vertical-turbine pumps. Favorable 

agricultural prices and drouth conditions contributed to 

another surge in the 1950 us. MacKichan (1961) estimated 

over 51 million acre-feet of groundwater were withdrawn in 

the United States in 1960. Irrigation was the largest user 

of groundwater (34 million acre-feet) with the states of 

California, Texas and Arizona accounting for about two­

thirds of the irrigation usage (21.4 million acre-feet) and 

over one-half of the total groundwater withdrawn (over 26 

million acre-feet) . 

With few exceptions, groundwater development has been 

accomplished through private initiative and investments. 

During the initial stages of development within an area, 

irrigators and others using large quantities of groundwater 

generally enjoyed an independence and flexibility rarely 

available to surface-water users. As numbers of wells in­

creased, with accompanying increases in quantities of water 



withdrawn, problems of interference, depletion, impaired 

quality, etc., have arisen which cannot be solved by indi~ 

vidual action alone. This has resulted in movements to 

organize into groundwater districts (Smith, 1956, 1962; 

4 

Smith and Bittinger, 1964) and other well-users associations. 

Comprehensive planning 

Now, in the 1960·s, the increasing pressures for better 

management and higher efficiency of water use have resulted 

in what many refer to as the "comprehensive plan" of devel­

opment and use. Whereas the mUltiple-purpose concept was 

primarily concerned with the uses to which a particular 

source of water was to be put, the comprehensive plan infers 

a broader concept applied to entire basins and to several 

established and potential uses and sources. However, as 

pointed out by the u.s. Senate Select Committee on National 

Water Resources, the term has not been used as broadly as 

many desire~ 

••• The concept of comprehens1ve development should 
be redefined to include all purposes served by water 
resources and all measures available for meeting 
prospective demands, including the preservation and 
improvement of water quality, instead of limiting 
this definition to the mere volumetric management 
of surface water resources, which has generally 
gone under the term of "comprehensive development" 
in the past •.. (U.S. Senate Select Committee, 1961, 
p. 45). 

The implementation of conjunctive use and integrated 

management plans has been slow, partly because the opera­

tional characteristics of groundwater basins have not been 

fully understood. The U.S. Senate Select Committee on 

National Water Resources recognized this need: 

... as one facet of comprehensive planning for the 
development of water resources, there is need for de­
veloping information which will help in improving the 
use of groundwater and integrating its use with the 
use of surface water. (U.S. Senate Select Committee, 
1961, p. 58). 
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Scope and Objectives 

This treatise is an attempt to contribute to the know­

ledge necessary for implementation of the integrated manage­

ment of groundwater and surface water supplies. Its scope 

is limited to a specific type of hydrologic system referred 

to as a "stream-aquifer system." This term, as used herein, 

refers to a single, watercourse, unconfined alluvial aquifer 

and an overlying hydraulically connected perennial stream. 

In such a system, the use of water from the stream or the 

aquifer influences the space and time distribution of water 

in the other source. Stream-aquifer systems in the Western 

United States in which irrigation constitutes the major use 

of water are emphasized. 

The primary objectives of this study are~ 

1. To study the operational behavior of typical 

stream-aquifer systems as influenced by system 

parameters. 

2. To determine the sensitivity and type of response 

of stream-aquifer systems to changes in water­

management practices. 

Secondary objectives pursued to provide background in­

formation and to achieve the primary objectives are: 

1. To determine the location and extent of the major 

stream-aquifer systems in the Western united 

States. 

2. To determine the types of water management prob­

lems, causes, and needs within these major 

stream-aquifer systems. 

3. To review methods of describing stream-aquifer 

systems (e.g., from geomorphologic, hydrologic, 

hydraulic, etc., standpoints) and determine the 

pertinent components of stream-aquifer systems to 

quantify in order to meet the primary objectives. 
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4. To discuss and analyze the applicability of various 

simulation techniques for modeling the hydraulic 

interrelationships of stream-aquifer systems. 

5. To discuss the potentials and problems of imple­

menting integrated management of groundwater and 

surface water within complex stream-aquifer systems. 

The first four of the secondary objectives are covered 

in the following three sections: "Stream-Aquifer Systems in 

the Western united States," "Description of Stream-Aquifer 

Systems," and "Simulation Techniques." The fifth is covered 

in the section titled "Stream-Aquifer System Behavior"--

the section which also covers the primary objectives. 

Conjunctive use and integrated management 

The conjunctive use of surface and groundwater storage 

facilities has been advocated as a practice which may im­

prove the efficiency of water use. Many prominent hydrolo­

gists and organizations (including Conkling, 1946; Banks, 

1953; Thomas, 1955; Todd, 1959; and the ASCE Committee on 

Groundwater, 1961) have discussed the potentials of con­

junctive use in general terms. Clendenen (1954) applied the 

concept to the u.S. Bureau of Reclamation~s Folsom Project 

in California. He showed that water utilization could be 

increased from 51 percent to 82 percent of the average 

basin runoff by the planned operation of a groundwater 

reservoir in conjunction with the projectVs surface water 

reservoir. One of the largest conjunctive use projects is 

outlined in the California Water Plan (State of California, 

Department of Water Resources, 1957). This plan contemplates 

the utilization of 31 million acre-feet of groundwater stor­

age capacity within the Central Valley in conjunction with 

surface storage facilities. 

The term "integrated management" of surface water and 

groundwater generally carries a slightly different conno­

tation than the term "conjunctive use." The integrated 

management concept is usually applied to situations in 



which the two supplies have already been fully developed by 

many separate and independent--but often conflicting and 

overlapping--interests. The integration of these supplies 

and interests into one management or administrative unit 

requires not only a thorough understanding of the inter­

acting hydrologic and hydraulic factors, but also full 

recognition of vested legal rights, financial investments 

in facilities, and established organizations. 

7 



STREAM-AQUIFER SYSTEMS IN THE WESTERN UNITED STATES 

Figure 1, adapted from Thomas (1951, Plate I), shows 

approximately 175 reaches of rivers and streams in the 

conterminous 17 Western States identified as "watercourse" 
i 

aquifers. Thomas referred to these as comprising one of 

three types of aquifers classified:according to the kind of 

problems encountered in development and use of groundwater. 

His designation corresponds to the;term "stream-aquifer 

system" used herein as evidenced b~ his description of a 

watercourse aquifer: 

1. It is a geologic 
varying textures 
by the stream. 

I 

unit comprised of materials of 
and permeabilities all deposited 

2. It is a hydrologic unit, ~n which both surface 
water and groundwater are moving toward the same 
general destination. 

3. The watercourse may cross other groundwater 
reservoirs, in which case the other reservoir 
may discharge water into the groundwater reservoir 
and the stream of the watercourse, or vice versa, 
depending upon the hydraulic gradient. 

4. In the watercourse, the impermeable bed provides 
no more than local isolat~on of surface water 

8 

from groundwater, or of the water in individual 
aquifers of the groundwat~r reservoir. In general, 
there is intimate relatio~ship to the extent that 
water traveling in the wa~ercourse may be classed 
successively as groundwat~r, surface water, and 
"diffused surface water" (!Thomas, 1951, p. 136-7). 

Stream-aquifer systems, or watercourse aquifers, exist 

within all the major river basins of the United States. In 

general, those of the Western State!s present more problems 

for integrated management because qf over-appropriated 

surface-water supplies, recharge of groundwater and return 

flow as a result of the use of surface water for irrigation, 

and erratic seasonal and annual runoff patterns. 

In order to obtain information on stream-aquifer 

systems in the Western States, the writer contacted each 
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Watercourse Aquifers 

Unconsolidated and. 
Semi - Consolidated Aquifers 

Fig. 1. Watercourse and other unconsolidated aquifers 
in the conterminous 17 Western States (after 
Thomas, 1951)" 
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of the District Offices of the UeS. Geological Survey in the 

17 western States. Information requested of these offices 

included~ 

1. An indication of the major river reaches in each 

state in which there exists an alluvial aquifer 

of economic consequence hydraulically connected 

to a perennial stream. 

2. References to published reports and reports in 

progress which describe the pertinent geohydro­

logical components of each systeme 

3. Comments on the principal water management prob­

lems, causes, and needs within each of the major 

stream-aquifer systemse 

Personnel of the U.Se Geological Survey showed much 

interest in this study and responded with considerable 

information. A tabulation of the results received lS given 

in Appendix A. The following sections summarize the infor­

mation and supplement it with pertinent geohydrological 

information drawn from the Ue S. Geological Survey Water~ 

Supply Papers and State Water Agency publications listed in 

Appendix Ao For convenience, the stream-aquifer systems 

are classified below by river basins rather than by statese 

Columbia and Snake River Basins 

The dominant aquifers of the Columbia and Snake River 

Basin are the extrusive volcanic rocks of the large 

Columbia Lava Plateau~ Several thousands of feet of lava 

provide large storage capacities, and large openings allow 

rapid intake and movement of water. The Columbia, Snake 

and other tributaries deeply dissect the lava bedsG Allu­

vium along the rivers is hydraulically connected with the 

lava beds, but the importance of the alluvium as a water 

supply is minor compared to the lavae 

Parts of the Spokane and Yakima River valleys, tribu~ 

taries of the Upper Columbia River, were listed by USGS 
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personnel as major stream-aqulfer systems~ The Walla Walla, 

in both Washington and Oregon, and part of the Willamette 

Valley in Oregon also comprise major stream-aquifer systemsQ 

Two reaches of the Snake and six of its tributaries (Raft, 

Big Lost, Little Lost, Big Wood, Boise, and Payette Rivers) 

were identified' as major systems in Idaho. Three Snake 

River tributaries in Oregon (Malheur, Powder, and Grande 

Ronde) were so identified. 

The Great Basin 

The valleys of the Great Basin occupy structural and 

topographic lows and are bordered by mountain and plateau 

areas of Nevada, Utah and California. The fill of each 

valley consists of coalescing alluvial fans deposited at 

the mouths of canyons. During the Pleistocene, precipita­

tion was high and slopes were steep, resulting in coarse 

materials being deposited in the lower portions of the 

fills~ During the Recent epoch the climate became arid, 

flows diminished, and finer debris contributed to the 

valley fills. The interbedded aquifers and aqulcludes, 

along with bowl-shaped structure, resulted generally in 

artesian conditions. 

Present-day streams emerging from the mountains flow 

onto the valley floors and end in lakes and sinks. A 

number have significant alluvial aquifers, most of which 

are hydraulically connected with the deeper artesian 

aquifers. 

Major stream-aquifer systems in Nevada include reaches 

of the Humboldt, Truckee, and Walker Rivers. Those in Utah, 

all in the Great Salt Lake Basin, include portions of the 

Jordon, Provo, Sevier, Beaver, Weber, Ogden, and Bear 

Rivers. 
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Colorado River Basin 

The Upper Colorado River Basin is composed of extensive 

areas of sedimentary strata, principally sandstones and 

limestones, having poor hydraulic characteristics and low 

natural rechargee Some alluvial deposits exist, but the 

Green River in Wyoming was the only one considered as a 

major stream-aquifer system. 

The Salt and Gila Rivers, tributaries to the lower end 

of the Colorado River, have large, highly developed aquifers. 

Reaches of these rivers are listed as stream-aquifer systems 

but due to reservoirs, diversions, groundwater use, and 

phreatophytes, flow is no longer perennial. A large storage 

capacity is available, however, and these rivers may become 

important again as stream-aquifer systems when additional 

surface water is imported into Central Arizona. 

Portions of the main stem of the lower Colorado River 

contain alluvial aquifers of importance and represent 

systems worthy of consideration for integrated management 

operations. 

Western Gulf of Mexico Basins 

The Rio Grande heads in the mountains of southwestern 

Colorado, flows through a large structural basin of deep 

fill (San Luis Valley), then southward into New Mexico and 

Texas. The recent alluvium along the river in Colorado is 

hydraulically connected with deeper artesian aquifers as 

well as an extensive shallow unconfined aquifer, resulting 

in an extremely complex system~ 

Conditions in the lower Rio Grande are somewhat simi~ 

lar to that of the Salt and Gila Rivers of Arizona. Several 

reaches of the main stem would be considered as stream­

aquifer systems, as well as part of the Pecos River in 

Texas. 



Other major stream-aquifer systems in Texas include 

reaches of the Colorado River and its tributary, Beale 

Creek; part of the Guadalupe River and its tributary, the 

San Marcos River; and the Brazos, San Jacinto, and Nueces 

Rivers. All of these rivers flow across the Gulf Coastal 

Plain in their lower reaches, and are in hydraulic connec­

tion in various degrees with lower artesian interbedded 

aquifers. 

Missouri River Basin 
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A large portion of the Missouri River Basin is com­

posed of plains and plateaus underlaid with sedimentary 

rocks of the Paleozoic, Mesozoic and Middle Tertiary. The 

upper part of the basin was glaciated and carries a mantle 

of glacial drift. The drift contains scattered aquifer 

material and also serves as a source of recharge to the bed­

rock aquifers below. However, watercourse aquifers provide 

the largest production of the area. 

The main stem of the Missouri contains important 

stream-aquifer systems, although on-stream surface reser­

voirs have inundated many of the aquifers in the Dakotas. 

Reaches of the Yellowstone River in North Dakota are also 

major stream-aquifer systems. The Bighorn, Wind and North 

Platte River Valleys of Wyoming contain major systems. 

In South Dakota the Grand, Cheyenne, Bad, White, James, 

Vermillion, and Big Sioux Rivers are considered such. The 

Platte River, including the North Platte of Wyoming and 

Nebraska; the South Platte of Colorado and Nebraska; and 

the main stem in Nebraska have important stream-aquifer 

connections. Also, the Republican, Smoky Hill, and Solomon 

Rivers of Nebraska and Kansas are major stream-aquifer 

systems. Although the upper Missouri and its tributaries 

have watercourse aquifers with little or no connection 

with other aquifers, the Platte, Republican, Smoky Hill, 

and Solomon Rivers cross the Ogallala formation of the 
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High Plains in Nebraska and Kansas. These streams are in 

hydraulic connection with the groundwater in the Ogallala 

formation. 

Lower Mississippi River Basin 

Tributaries of the lower Mississippi identified as 

major stream-aquifer systems include portions of the 

Arkansas River in Colorado and Kansas, and its tributaries 

the Cimarron and North Canadian Rivers. Also, the Red 

and Washita Rivers in Oklahoma are listed. These rivers 

traverse areas where aquifers other than the Recent 

Alluvium are relatively unimportant, as well as areas 

having other important aquifers in hydraulic connection. 

Typical Water-Management Problems 

Identification of many water-management problems, 

causes, and needs within 89 stream-aquifer systems in the 

Western united States was provided by State Conservation 

Engineers of the Soil Conservation Service, United States 

Department of Agriculture. A summary of the results ob­

tained on questionnaires, using the major stream-aquifer 

systems identified by USGS personnel, is given in Table 1. 

Of the 89 stream-aquifer systems reported on by the 

SCS personnel, 64 percent have drainage problems and nearly 

54 percent have nonbeneficial uses of water related to an 

excessively high water table. Causes of these conditions 

include canal seepage~ reservoir seepage, excessive irriga­

tion, water use on adjoining uplands, and leakage from 

artesian zones. 

Quality problems were reported for 67.5 percent of the 

stream-aquifer systems. Although not an objective of this 

treatise, this high percentage points up the need to always 

consider the quality aspects when planning water-management 

programs. 
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Table 1. Water-management problems, caus~s, and needs in 
major stream-aquifer systems. (a) 

Problems 

1. Drainage 
2. Nonbeneficial uses 
3. Surface water-groundwater 

conflict or interference 
a. now a problem 
b. potentially a problem 

4. Quality problems 
a. chemical 
be bacteriological 
c. physical 

5. Other 

Causes 

1. Canal seepage 
2. Reservoir seepage 
3. Excessive irrigation 
4. Water use on adjoining uplands 
5. Leakage from artesian zones 
6. Poor natural drainage 
7. Lack of coordinated use of 

groundwater and surface water 
8. Other 

Needs 

1. Artificial drainage 
2. Phreatophyte control 
38 Improvement of irrigation 
4. Sealing of canals and/or 

reservoirs 
5. Planned integrated management 

of groundwater and surface water 
6. More information on system 

responses to changes in manage­
ment practices 

7. Legislation allowing integrated 
management of groundwater and 
surface water 

8. Other 

Percent of the 
89 reported 

Minor Major Total 

25.9 
33.6 

10.1 
13.5 

20.3 
5.6 

12.4 
2.2 

29.2 
7.9 

20.3 
18.0 

6.7 
34.9 

30.4 
2.2 

27.0 
24.7 
14.6 

20.3 

25.9 

24.7 

15.7 
3.4 

38.1 
20.3 

19.1 
6.7 
3.4 
7.9 

20.3 
4.5 

36.0 
15.7 

3.4 
19.1 

16.8 
9.0 

31.5 
11.2 
43.9 

25.9 

21.4 

20.3 

9.0 
9.0 

64.0 
53.9 

21.3 
32.6 

3904 
12.3 
15.8 
10.1 

49.5 
12.4 
56.3 
33.7 
10.1 
54.0 

47.2 
11.2 

58.5 
35.9 
58.5 

46.2 

47.3 

45.0 

24.7 
12.4 

aSummarized from questionnaire returned by State Conser­
vation Engineers, SCS, USDA. Detailed returns are tabu­
lated in Appendix B. 
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The problem of conflicts between surface water and 

groundwater users, such as infringement of surface-water 

rights caused by use of groundwater, exists in over 21 per­

cent of the stream-aquifer systems. It is expected to be­

come a problem in another 33 percent as groundwater users 

increase. In this regard, SCS personnel reported that 

planned coordinated or integrated management of interrelated 

groundwater and surface water is needed in over 47 percent 

of the stream-aquifer systems. They also indicated that 

information is needed on system responses to changes in 

water management practices in 45 percent of the systems. 
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DESCRIPTIONS OF STREAM-AQUIFER SYSTEMS 

Qualitative Classifications 

The geologic processes of river downcutting, lateral 

erosion, and deposition which have produced the present day 

valleys and alluvial aquifers are described qualitatively 

in the literature of geomorphology and physical geography 

such as Thornbury (1954) and Strahler (1960). Rivers and 

valleys are commonly classified as young, mature, and old. 

As shown in Figure 2, the latter stage of development of 

valleys is characterized by a wide flood plain constructed 

by lateral erosion, an alluvial deposition, and a meandering 

stream. 

Other qualitative classifications of valleys include: 

(1) classification according to genesis (consequent, sub­

sequent, insequent, obsequent, and resequent)i (2) classi­

fication according to controlling geologic structure 

(homoclinal, anticlinal, synclinal, fault, fault-line, and 

joint}, and (3) classification according to effects of 

change in base level (drowned, rejuvenated). 

Fisk (1944, 1947) classified alluvial deposits along 

the lower Mississippi River as graveliferous and non­

grav·eliferous. In examining logs of several thousand wells, 

he found that the graveliferous deposits generally form the 

basal portion of the alluvial fill. The coarsest materials 

are commonly found at the mouths of tributary valleys in a 

series of alluvial fans. Within the non-graveliferous 

classification, Fisk made the following subdivisions: 

1. Meander deposits 

a. Point-bar deposits 

b. Abandoned channel fillings 

c. Natural levee deposits 

2. Backswamp deposits 

3. Braided stream deposits 

4. Deltaic plain deposits 



A. In the initial stage a stream has lakes, waterfall., and rapich. 

C. Early maturity brings a smoothly graded profile without 
ropids or falls, but with the beginnings of a flood plain. 

f. Full maturity is marked by a broad flood plain and freely 
developed meanders. L = Levee; 0 = oxbow lake; y = yazoo 
stream; A = alluvium; 8 = bluffs; F = flood plain. 

•• By middle youth the lakes are gone, but falls and rapids per. 
list along the narrow incised gorge. 

D. Approaching full maturity, the stream has a flood plain 01. 
_t wide enough to accommodate its meanders. 

;F~g. 2. Stages of river and valley development (after 
Strahler, 1960). 
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The above classifications are illustrated in the 

generalized cross section shown in Figure 3, taken from 

Davis and DeWeist (1966). Davis and DeWeist also observe 

that most alluvial valley deposits have a simple vertical 

succession from coarse sands or gravels near the bottom of 

the channels to silt and clays at the top. They indicate 

that, in general, alluvial deposits of modern or Late 

Pleistocene rivers are from 20 to 150 feet thick and have 

at least five, and, more commonly, several tens of feet of 

coarse sands and gravels near their bases. 
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Leopold and others (1954, 1964) have presented classi­

fication schemes of alluvial valleys based upon the suc­

cession of fills and the number of terraces remaining. The 

basic classification of "inset" and "overlapping" alluvial 

fills and the further classifications by number of fills 

and number of terraces is shown in Figure 4. Leopold and 

Maddock (1953), Leopold and Wolman (1957) and Schumm (1963a, 

1963b) have studied the geometry of river meanders in 

alluvial valleys. 

The term 'Psinuosity" has been utilized by fluvial geo­

morphologists and river mechanists and is defined as the 

ratio of channel length to the down-valley distance. If 

this index, the sinuosity, is greater than 1.5 the river is 

considered meandering and if the index is less than 1.5 it 

is considered straight. 

By studying field situations, empirical relationships 

have been derived between stream discharge, channel width 

and depth, meander length, and sediment size. Correlations 

relating meander amplitude to channel width have been at­

tempted but have generally shown poor relationships. The 

amplitude of the meanders is determined more by erosion 

characteristics of the stream banks and by other local fac­

tors than by any hydrodynamic principle. A relation which 

holds for a predominance of cases is the ratio of the mean 

curvature radius of the meanders to the width of the stream. 



Fig. 3. Typical river-valley alluvial deposits (after Davis and DeWiest~ 1966). 
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Classification of river-valley alluvial fills 
(after Leopold and others, 1954, 1964). 
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This ratio generally lies between two and three. Leopold, 

Wolman and Miller (1964) stated that "when a map of the 

reach of the Mississippi River is laid next to one for a 

small creek, each to a scale that makes the meander length 

equal on the printed page, one cannot tell by inspection 

which is a map of a large river and which of a small river." 

These researchers also found that the wavelength of a valley 

meander is generally about ten times the wavelength of the 

river meanders within the valley. 

The foregoing discussion points up the fact that the 

geologic history of a river valley may be reconstructed by 

means of a systematic detailed study of the topographic 

forms and alluvial deposits within the valley. Unfortu­

nately, the reverse is rarely possible; i.e., knowing 

something of the climatic conditions, gradient changes, 

and sediment sources over geologic history it is not 

possible to predict the log of a well at a particular 

location except in very general terms. 

Quantitative Description of Stream-Aquifer Systems 

In order to simulate a complex stream-aquifer system 

adequately, the interrelationships and interactions of the 

pertinent components of the system must be identified and 

quantified. In general, a system can be divided into three 

parts~ (1) input of material and/or energy into the system, 

(2) interaction of the pertinent components within the sys­

tem, and (3) an output or response of the system. An under­

standing of the relationships of these parts and their 

interacting elements is basic to the ill systems II concept. 

Figure 5 shows a general scheme of a stream-aquifer 

system including the usual pertinent elements contributing 

to input, the system parameters, and the response variables. 

All but a few of these elements must be described in terms 

of time as well as space coordinates. Thus, if quantities 

and rates are inserted in Figure 5 they can only represent 
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one point in time and space; and must of ne~essity be re­

lated to the state of those variables durinq t~e immediately 

preceding time periods as well as to the immediately sur­

rounding points in space. 

Input variables 

Input variables are considererl to be positive if they 

add water to the system and negativ~ if ""ater is '.vithc.rawn 

from the system. All of the input variables are functions 

of both the space and time coor~inates. 

Precipitation input. The portion of pr.ecipitation 

which contributes directly to the system may include the 

contribution from precipitation falling on t:he soil cirectly 

above the aquifer as well as overland flow and runoff from 

higher elevations tributary to the stream valley. These 

variables are stochastic in both time and space but ar~ 

often modified by the activities of man. For instance: 

cultivation and cropping influence interception, evapo­

transpiration, and infiltration characteristics so that a 

different proportion of the precipitation reaches the 

groundwater system. Other activities of man which may modi­

fy the precipitation .input include (1) the diversion and usa 

of a portion of the precipitation falling on tributary lands, 

(2) activities which change the normal groundwater levels 

thereby influencing the amount and location of water re­

jected, added, or discharged, and (3) weather modification, 

either intentional or unintentional. 

Input from irrigation activities. In many of the 

irrigated valleys of the western United States the inpnt to 

the stream-aquifer system from irrigation activities is of 

greater magnitude than that from precipitation. In most 

cases, however, the variability in both time and space may 

be as great as found in an area in which precipitation is 

the predominating variable. It tends, however, to be more 

of a deterministic than stochastic nature. This is because 



of both the nature of the supply and the, location of the 

points of irrigation water losses. In general, although 

irrigation water supplies may vary from year to year, the 

variability will be smaller than natural precipitation if 

storage facilities are available. An areal variability 

may occur because (1) only part of the land is irrigated, 
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(2) of a wide difference in irrigation application ef­

ficiencies by various farm operators, and (3) of losses of 

intense proportions at certain locations such as under 

canals and reservoirs. Thus the time-pattern of irrigation 

losses to the groundwater system at anyone location may be 

similar from year to year but the variability may be quite 

large from point to point within a system. 

Evapotranspiration factor. Direct evaporation from 

the groundwater system may occur at points where the water 

table is close to the land surface. Also, under certain 

conditions of high water table and vegetation, transpiration 

losses may occur directly from the water table. Phreato­

phytes, such as salt cedars, cottonwoods, and willows, 

have the ability to extract water directly from the ground­

water system. This loss to the system may occur under 

natural conditions and may be either increased or decreased 

by man's activities depending upon how they influence the 

height of the water table and the growth of vegetation. 

For any set of physical conditions, the amount and timing 

of evapotranspiration losses directly from the groundwater 

system are fairly consistent and reasonably predictablec 

Pertinent climatic factors are the air temperature, humid­

ity, wind activity, and solar radiation. Although these 

climatic factors vary, the range of variance is commonly 

not as great as is found in the precipitation or irrigation 

input variables discussed above. Characteristically, the 

evapotranspiration has an annual cycle, but may also have a 

long-term trend due to gradual changes in water table levels 

or vegetation. 
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Withdrawals from wells. Water pumped from wells for 

irrigation, municipal, or industrial purposes is distinctly 

a man-made, negative, input factor. The amount and timing 

of this factor is somewhat probabilistic in that the uses 

to which the water is put may be dependent upon climatic 

or other random variables. Figure 5 shows a portion of 

the water pumped returning to the groundwater system as 

one of the input components. The amount and timing of 

this return-flow component is dependent upon many of the 

same factors as discussed under precipitation and irriga­

tion losses above. 

Other hydraulically-connected aquifers. In those 

stream-aquifer systems other than the most simple (water­

courses with alluvial deposits in impermeable bedrock 

channels) flow into or out of the recent alluvium will 

occur wherever it is in contact with other aquifers. The 

direction of flow will be dependent upon the relative 

piezometric heads in the adjoining aquifers. The flow may 

be reversed, increased, or decreased due to man's activities 

influencing one or more of the aquifers concerned. This 

factor may be of considerable importance in many instances, 

but is often neglected because of unknown relationships 

between the aquifers. 

Artificial recharge. Artificial recharge of the 

groundwater reservoir may be an important part of the 

integrated management of the groundwater and surface-water 

resources of a stream-aquifer system. Artificial recharge, 

as opposed to recharge incidental to irrigation activities, 

is planned replenishment of water to the groundwater 

system. Many studies have been made and techniques devel­

oped for effective artificial recharge. For the purposes 

of this treatise the input to the groundwater system by 

artificial recharge is considered as only that part which 

actually reaches the groundwater table. 
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tJh, Change in WTelevation 
or piezomtJtric head =;, (x,y. t) 

Deep per co/. from precipitation = ¢, (x, y, t) AOUIFER CHARACTERISnCS 
( I) Permeobility = f, ( x, y, Z) 

( 2) Specilic yield = II ( X, y, z) 
Irrigation losses = ~ (x,y, t) ( 3) Aquiler width = I.J ( x) 

(4) Saturated Thickness =, ( x, y, z) 

Artificial recharge = 91" ( x, y, t ) BOUNDARY CONDITIONS 
( I ) Bedrock elevation = f6 ( x, y ) 
(2) Lateral aquifer boundtlries = (, (x,y) 

Hydr. connection with other aquilers = ~ (x,y, t) (3) Stream loctJIion + width = IT ( x,y ) 
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Pumping = Ps (x, y, tJ 

I U;;;;----I 
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(/) Initial water fable elevtlfion = f.( x,y) 
(2) Initial stream elevation = f,(J (x, y) 

Evapotranspiration· 9!, (x, y, t) S~fJW augmentation or d~ =;1 (x,y,l) 

Fig. 5. Principal components of stream-aquifer systems. 
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System parameters 

The system which transforms the input variables into 

response variables contains many interacting elements. The 

fate of these elements in time and space must be quanti­

tatively described. They may be conveniently divided into 

three categories: (1) aquifer characteristics, (2) boundary 

conditions, and (3) initial conditions. 

Aquifer characteristics. Two hydraulic and two geo­

metric characteristics of the aquifer are pertinent. The 

hydraulic characteristics, permeability and specific yield, 

are functions of space but not time. Various field and 

laboratory measurements are available for estimating the 

permeability and specific yield within an aquifer. u.S. 

Geologic Survey publications show a wide range of values 

for permeabilities of Recent alluvium along streams. In 

general, however, the value of permeability lies in the 

neighborhood of 1000 to 5000 gallons per day per square 

foot for good alluvial aquifers. Values of over 10,000 

are sometimes encountered as well as values below 1000. 

The range of values for specific yield of alluvial aquifers 

is not as great, generally ranging between 0.15 and 0.25. 

The geometric characteristics of an aquifer of impor­

tance are the width and the saturated thickness. The width 

of an aquifer may vary slightly as the water table fluctu­

ates up or down, but it is usually a minor factor compared 

to the total width and therefore neglected. The aquifer 

width may vary with length along the river valley. The 

saturated thickness varies in both time and space. At any 

location, the product of the saturated thickness and the 

permeability is called the transmissibility of the aquifer 

at that pointo The transmissibility is an index of the 

water carrying capacity of the aquifer. If the fluctuation 

in saturated thickness is small compared to the total satu­

rated thickness, the thickness or transmissibility may be 

considered constant in time with little error. However, 
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for the thin aquifers often encountered in alluvial systems 

this idealization may bring erroneous results. 

Boundary conditions. Impermeable, semipermeable, and 

hydraulic boundaries exert important influences on the be­

havior and response of stream-aquifer systems. These 

boundaries may include~ (1) the elevation of the bedrock 

underlying the alluvium; (2) the location and shape of the 

lateral boundaries along the aquifer sides; (3) the lo­

cation, width and course of the stream; and (4) the fluc­

tuation of the stream surface. If the aquifer is of the 

watercourse type embedded in an impermeable channel within 

the bedrock, the first two items listed will constitute 

impermeable boundaries. If the alluvial material is in 

hydraulic contact with older aquifers, either or both the 

bedrock or lateral boundaries may be semipermeable. The 

portions of such boundaries which are semipermeable, allow­

ing interchange of water between aquifers, must be located 

and evaluated in order to adequately simulate the systeme 

The hydraulic boundary of concern in the stream-aquifer 

system is the stream. Interchange of water from the 

aquifer to the stream is influenced by the relatlve posi­

tions of the water table within the aquifer and the water 

level in the streame Thus a fluctuation of the stream level 

caused by an outside source will influence the response of 

the system as measured by the interchange of water between 

the aquifer and the stream. 

Initial conditions. The state of two time~dependent 

aquifer parameters influence the response of the system 

and must be defined at time zero prior to beginning a 

simulation. These parameters are the initial water table 

elevations within the aquifer and the initial stream~ 

surface elevation. These initial conditions are not 

necessarily constant in spaceo For instance, the initial 

water table elevation may vary in directions at right angles 

to the stream as well as parallel to the stream. 



29 

Output, or system response 

Two measurements of system response are of interest 

here. One is the change of water table elevations in both 

time and space, and the other is the amount of groundwater-­

surface water interchange with time and distance along the 

stream. The changes in water table elevations are a reflec­

tion of the change in storage of water within the system. 

The interchange of water between the aquifer and the stream 

is an exterior representation of the behavior of the system 

in response to various input conditions and system states. 
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SIMULATION TECHNIQUES 

Many simulation techniques have been developed and a+e 

suitable for simulating stream-aquifer systems. Desirable 

attributes of techniques for modeling such systems have 

been suggested by the author and his colleagues (Bittinger, 

Duke, and Longenbaugh, 1967). These attributes are: 

1. Ability to simulate nonsteady conditions. 

2. Ability to simulate at least two space dimensions. 

3. Ability to simulate irregular geometric and hy­

draulic properties realistically without undue 

idealization. 

4. Ability to simulate nonlinear conditions. 

5. Ability to simulate, in both time and space, the 

simultaneous effects of many inputs and inter­

acting elements of the system. 

6. Capable of being easily modified to facilitate 

verification and to study effects of many dif­

ferent operating conditions. 

7. Capable of being readily adapted to different 

study areas by introducing new geologic and 

hydrologic data. 

8. Provide results in immediately usable forms 

(tables, graphs, etc.). 

9. Utilize equipment and personnel readily available. 

10. Provide rapid analyses at reasonable costs. 

Physical Model~ 

Models of groundwater systems which faithfully repre­

sent the geometry of the systems have historically been 

accomplished with sand tanks. A basic problem with sand­

tank models is the disproportionately large capillary zone 

in the model compared to the prototype. This disadvantage 

can be overcome, but for a complex nonsteady state situation 

a sand-tank model requires either a great amount of labor 



for its operation or extremely complicated and expensive 

instrumentation. One can see that attempting to (1) simu­

late several hundred wells on various pumping schedules, 

(2) provide for deep percolation and aquifer interchange 
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at various locations and time distributions, and (3) measure 

the water-table response and streamflow accretion with time 

at many points would require very sophisticated instrumen­

tation. In addition, modeling of varied permeability dis­

tributions is difficult and changing the same is a major 

jobe 

Of the physical models available for simulating stream­

aquifer systems, the electric analog is the most versatilee 

Two types of electric analogs are in use. One, the active~ 

element analog, consists of electrical circuitry capable 

of solving the differential equations of groundwater flow. 

Construction of an active-element electric analog of a size 

necessary to simulate the many interacting factors of in­

flow, system parameters and response for a complex stream­

aquifer system is expensive and requires the services of 

expert electronic technicians for its construction and 

operation. An advantage of the active-element analog is its 

adaptability to different problems and different areas. 

The passive-element electric analog (resistance­

capacitance network) is utilized for studying unsteady 

state groundwater systems. The technique has been utilized 

by the petroleum industry and in recent years by the Us S. 

Geological Survey in groundwater studies. Electrical re­

sistors and capacitors are chosen in particular sizes to 

simulate permeabilities and storage coefficients within an 

aquifer. Thus, the analog is specifically built for a 

particular area and is not easily adapted to a new area. 

Generally a completely new model is built for each area 

studied. 
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Mathematical Models 

If mathematical expressions describing the inter­

relations of the input variables and the system parameters 

and their influence upon the response variables can be 

stated, a mathematical model may be constructed. Mathe­

matical models may be wholly deterministic or part determin­

istic and part probabilistic. A general nonlinear partial 

differential equation may be derived from Darcy~s law and 

continuity considerations which describes three-dimensional 

flow in an unconfined aquifer: 

~(K h a~) + ~(K h a~) + __ d(K h ~) = S aE + Q (1) 
dX x ax ay· y ay az z dZ at ox6y6z 

where K equals the permeability in the x, y, and z direc­

tions at any point (x,y,z), h equals saturated thickness 

of the aquifer, H equals the hydraulic head, or potential, 

above an established datum, S equals storage coefficient 

or specific yield of the aquifer at point (x,y,z), Q equals 

net lnflow, and t equals time. 

Exact solutions 

Two methods of obtaining an approximate solution of 

this differential equation are common. If flow is predom­

inately horizontal the flow in the vertical direction may 

be neglected. In addition, if the total saturated thick­

ness h 1S large compared to its change with time, h may 

be considered constant. If, in addition, K = K = K (i.e., x y z 
isotropic conditions) the following equation is evolved; 

d 2 HaL H s aH Q 
8"X7 + d Y L = Kh IT + 6 x <5 Y k~: · · • • • • • (2) 

Equation 2 is a linear partial differential equation 

in two dimensions which has many particular solutions for 

various boundary and initial conditions. The equation is 

commonly referred to as the heat conduction equation, or 

the diffusion equation. Exact analyt1c solutions of 
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Equation 2 for various groundwater situations may be found 

in Glover (1964) and Hantush (1964). These and other solu­

tions are summarized in Maasland and Bittinger (1963). If 

the idealizations necessary to make the mathematics trac­

table are not too excessive compared to actual field condi­

tions, excellent results may be obtained from the analytic 

solutions. The aquifer must be modeled assuming simple 

geometric shapes and the aquifer characteristics must be 

considered constant throughout the system. The influence 

of hydraulic and impermeable boundaries must be taken into 

consideration by utilizing the "image theory." The theory 

of superposition is utilized to sum up the effects of 

several wells, boundaries and other effects on the water 

table at a point. This will result in error if in fact the 

prototype system is not truly linear, as is the situation 

when fluctuations of the water table are large compared to 

the total saturated thickness of the aquifer. 

Finite-difference approximations 

For two-dimensional flow in an unconfined aquifer 

Equation 1 may be rewritten as follows: 

a (Kh d ~) + _d (Kh a H) = S ~ + Q 
ax ax ay ay at (ox) (oy) (3 ) 

This is a nonlinear partial differential equation which 

more accurately describes the groundwater flow in space 

and time within thin unconfined aquifers than does the 

linearized version (Eq. 2). Since no analytical solution 

exists for this nonlinear equation, it must be solved by 

numerical methods. Numerical methods have long been avail­

able, but have not come into their own until large and 

rapid digital computers have allowed economical solution of 

large sets of such equations. Many recent texts such as 

Richtmyer (1957) and Varga (1962) discuss numerical methods 

for solution of partial differential equations. 
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The bases of numerical methods for solving Equation 3 

require that it be stated in finite-difference form. When 

a function f and its derivatives are single-valued, 

finite, and continuous functions of x, Taylor's expansion 

gives: 

f ( x + A x ) = f ( x) + A x f ~ (x) + ~ ( II x) 2 f n (x) + i ( II x) 3 fill ( x) + . . (4) 

and 

f(x-Ax) = f{x) -- llxf 6 (x) + ~(llX) 2'f" (x) - ~(llX) 3fUf (x)+ .. (5) 

Addition of these expansions results in: 

f(x+Ax) + f(x-llX) = 2f(x) + (llx) 2fn (x) + 0 (Ax 4 ) ••• (6) 

where O(llx 4 ) denotes the remaining terms containing fourth 

and higher powers of llx in the series expansion. If one 

assumes that such terms are negligible in comparison with 

the lower powers of Ax it follows that: 

f"{x) = d 2 f(x) = f(x+Ax) - 2f(x) + f(X-llX) • • • (7) 
dx 2 (llx) 2 

with a leading error on the right-hand side of order (llx)2. 

In the same manner, subtraction of Equations 4 and 5 

and neglect of terms of order of (Ax)3 and above leads to: 

f v ( ) = df(x) = f(x+Ax) - f(X-llX) (8) 
x dx 2(Ax) · · · · · · 

with an error of order (IlX)2. 

Equation 8 is an approximation of the slope of the 

tangent at P as indicated by the chord AB in Figure 6. 

This is commonly referred to as the central-difference 

approximation of the first derivative or slope. The slope 

of the tangent at P may also be approximated by the slope 

of the chord PB, giving the forward-difference formula 

f(x+llx) - f(x) f U (x) = 
llx (9) 



or the slope of the chord AP, giving the backward~ 

difference formula: 
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f ~ (x) = f(x) - f (X-llx) (10\ 
IJ.x • " • 0 • • • • • • •• J 

Both the forward~difference and the backward-difference 

formulas may be derived directly from Equations 4 and 5 by 

assuming the second and higher powers of llx to be negli­

gible. Therefore, the leading errors for the forward and 

backward-difference formulae are both of order IJ.x. 

f (x) 

f(x+Ax) 

f (x) -------LJI 

f(x-llx) 

----------------------~--~~~------------------- x 
x 

x-llx x+llx 

Fig. 6. Graphical representation of finite-difference 
schemes for slope at P. 
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When more than one independent variable is involved, 

it is convenient to use a subscript notation. Assume, as 

in Equation 2, that H is a function of the three inde­

pendent variables x, y, and t. The x-y plane is then sub­

divided into rectangular grids of dimension x and y. 

Layers of x-y planes are spaced at intervals of time t. 

Therefore, the coordinates (x,y,t) of any grid intersection 

may be defined by ~x = i~x,~y = j~y, and t = n~t; where i, 

j, and n are positive integers. The value of H at each 

grid point may then be denoted by H(i~x, j~y, n~t) = H .. 
1,J,n 

Using this notation, Equation 2 may be written in one 

finite-difference form as~ 
.')1'\ 

(
H' l' -2H .. +H. l' 1 (H .. 11'2H .. +H .. 1 1 1- ,J/n 1,J,n 1+ ,J,n + 1,J-' 1,J,n 1,J+ ,n 

(~x)2 (~y)2 

S 
= Kh (

H.. I-H.. 1 1,),n:
t 

1,),n + Q • . . (11) 
S~x~y 

Equation 11 is an explicit finite-difference represen­

tation of Equation 2, in that only one term, H. . +1' is 1,],n 
unknown if calculations are started with known values of 

H at all x and y at an initial time t . o 

Development of a Mathematical Model 
for Stream-Aquifer Systems 

The nonlinear equation given in Equation 3, applicable 

to nonhomogeneous unconfined aquifers, may be approximated 

by the following finite-difference equation; 

( 
KhH. 1 . - 2KhH. , +KhH. l' 1 1- ,J,n 1,J,n 1+ ,J,n + 

(Llx)2 

(
KhH .. 1 -2KhH .. +KhH .. 1 1 (H .. I-H .. 1 1,J- ,n l,J,n 1,J+ ,n =s 1,J,n+ 1,J,n + ~ 

(~y)2 ~t ~x~y 

(12) 
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The nonlinearity of this equation (i.e., variable 

coefficients, Kh) may be handled by adjusting the value of 

h for each grid point after each time-step calculation and 

by considering K to be uniform throughout each grid cell. 

If h does not change greatly during a time step, and if K 

changes gradually in respect to the x and y distances, 

the error involved in making these assumptions should be 

small. 

Equation 12, like Equation 11, is an explicit finite­

difference representation which can be solved directly for 

the value of H at any point (x,y) for the next point in 

time. As is proven in most numerical analysis texts, this 

form is not stable (i.e., round-off errors accumulate) for 

values of Kh/S Il/(6x)2 + 1/(6y)2]At: > 1/2. Figure 7 may 

be used to determine the maximum value of 6t for specific 

values of 6x and Kh/S, when 6x equals 6y. For the 

example shown by the dotted lines, if Kh/S = 2.50 ft 2/sec, 

and 6x = ~y = 1320 feet, the maximum time step to assure 

stability with the explicit method is approximately two 

days. 

Many different ways of constructing a finite-difference 

representation of Equation 3 are available. Common desig­

nations for the equations or methods include~ 

1. Explicit Method 

2. Crank-Nicolson Implicit Method 

3. Alternating Direction Implicit Procedure 

4. Alternating Direction Explicit Procedure. 

These and other methods are discussed by Quon, et al 

(1965, 1966) as applied to the analysis of petroleum reser­

voirs. Crank and Nicolson (1947) applied their finite­

difference development to heat conduction problems and 

showed that the method reduced the volume of calculation 

and was convergent and stable for all values of ~x, ~y, and 

~t. The Crank-Nicolson method requires the solution of 
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10.0 r----......---,...-...,...-~~--r-,...,...--~/.,.--..,1-r---rJ~-:1"....,1T'1f n 
I / I L ) 

Kh 
T 

/ / / '( 1/ 
Kh Ax 2 / / / L j 

~ A tMAx : 5 ( 2) -I---I---I-t-+-+--l-J--)-i7'--HV~-rt/-;-Vt1-t-H) 

I I j I I If 1_ 

A x, feet 

Fig. 7. Chart for determining the maximum time step 
for stability of explicit finite difference 
calculations. 

10,000 
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(M-,l) (N-l) simultaneous equations (where M = number of grid 

points in the y-direction, and N = number of grid points 

in the x-direction) for each step forward in time. Thus, 

for models containing many grids, use of a high speed digi­

tal computer is desirable~ 

Peaceman and Rachford (1955) introduced the Alternating 

Direction Implicit Procedure (ADIP) and applied it to petro­

leum reservoir analyses. They showed that the method re­

quired about 1/25th the work of an explicit solution and 

1/7th the work of a Crank-Nicolson solution for a typical 

problem. Their technique replaces only one of the second­

order derivatives, say a2 H/dX 2 , by an implicit difference 

approximation, while the other second-order derivative 

a2 H/ay2, is replaced by an explicit expression. For the 

next time step the implicit and explicit expressions are 

applied to the opposite second-order derivatives, etc. 

Thus, for each calculation there are (M-l) independent 

systems of equations, each containing (N-l) unknowns--or on 

the alternate step (N~l) independent systems of equations, 

each system involving (M~l) unknowns. Both computer time 

and core storage may be conserved by using this technique 

as compared to fully implicit methods. Irby and Arpa (1964) 

report successful analyses of models containing 5000 grid 

points utilizing ADIP. 

Sauliyev (1964) and Larkin (1964) have reported on the 

Alternating Direction Explicit Procedure (ADEP). Quon et al 

(1965, 1966) state that ADEP is stable and computationally 

efficient. 

It should be noted that the finite-difference technique 

can also be used for grid cells which are not rectangular 

or uniform in size ..• California Department of Water 

Resources personnel (Chun and Weber, 1963; Tyson and 

Weber, 1964) have favored irregular polygons constructed 
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about each well for which historical water-level data are 

availablee The polygons are constructed by bisecting lines 

joining the wells, known as the Thiessen Polygon Method in 

other applications. In this way, cell sizes are related to 

the density of information which provides a built-in vari­

able accuracy to the model comparable to the field situa­

ation. Somewhat the same results may be accomplished with 

rectangular grids by "focusinglV with smaller ~x and ~y 

dimensions where field information or desired results justi­

fy the additional computational time (Bittinger, Duke, and 

Longenbaugh, 1967). 

Description of models studied 

For purposes of this study, a series of one- and two­

dimensional models of stream-aquifer systems were analyzed. 

Groundwater flow in the one-dimensional models is restricted 

to right angles to the stream, whereas the downstream gradi­

ent of the aquifer and stream may be taken into considera­

tion in the two-dimensional modelse Results of analyses 

are reported in the following sections~ One-dimensional 

models are identified with a three-digit number beginning 

with one, whereas the two-dimensional model numbers begin 

with a twoe Detailed descriptions of the input variables 

and the system parameters used in each model are given in 

Appendixes C and E. Calculated responses, in terms of 

percentage outflow to the stream during 10-day and 30-day 

periods, are given in Appendixes D and F. All calculations 

were made utilizing a backward-difference, implicit repre­

sentation of Equation 3, as follows: 

S 
AH .. 1 ·1 + BH, 1 . +1 + (-A-B-C-D- At)H. , +1 1,J- ,n+ l- ,J,n u 1,J,n 

Q. , 
+ CH + D H . = ~ H" + 1 , J ,n ... (13) 

i,j+l,n+l 1+1,j,n+l ~t 1,J,n ~x ~y 

where the coefficients A,B,C and D are equal to the 

following expressions: 
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+ (Kh) , , (Kh) , , 1 
A = 

" ~,3~ ,n ~ -,] ,n · o (14) · • 0 · · · · · 2(llx)2 

(Kh) , 1 ' + (Kh) , , 
B = ~- ,],n ~,] -,n 

• (15) · · · . · 0 · · 0 

2(6y) 2 

(Kh) " ' +1 + (Kh) , . 
c = 

- ~,] ,n 1,],n 
• (19) · · · ~ · · · • · 2(llx)2 

(Kh) ' +1 ' + (Kh) , , ~ 

;'''' D = ~ ,],n ~,],n 
• (17) · · · · · 2(lly)2 

1 

Equation 13 contains five unknowns, and if reduced to 

a one-dimensional equation it- contains three unknowns a A 

set of MxN equations (where M is the number of rows of 

width lly and N - is the number of columns of width llx) 

must be solved for each time step. For the one-dimensional 

case only M sim~ltaneous equations are involved 0 For the 

analyses -reported herein, the classical Gaussian elimina­

tion technique was used in solving the sets of simultaneous 

equations. 

Accuracy of· result$ as affected - by 
finite=difrerence approximation 

The finite~difference procedure replaces a continuous 

function with a representation based upon discrete segments · 

of both time and spaceo Although a finite - difference equa­

tion may be mathematically stable, the accuracy with which 

its solution approximates the true solution of the partial 

differential equation is affected by the time-step size 

(llt) and the grid size (llX and lly) 0 The ~erson plan~ing 

a mathematical model for a particular basin should choose 

time~step sizes and grid sizes which are compatible with 

the accuracy of the available phys i cal data and with the 

accuracy desired of the results. 
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Comparisons of return-flow calculations made with one­

day and ten-day time steps are pr~sented in Table 2. These 

calculations were made utilizing a one-dimensional implicit 

backward-difference equation 0 The sets of simultaneous 

equations for each time step were solved by means of the 

Gaussian elimination procedure. 

The comparisons shown in Table 2 illustrate that the 

largest discrepancies due to an increase in time-step size 

are encountered when the water table elevation is changing 

rapidly due to addition or wi:t:hdrawal of water from the 

aquifer. The table also shows that the influence df time­

step size is not as great for a wide aquifer(Model 161) as 

it is for one which is narrow (Model 158) a But even for 

the one-half mile wide aquifer, the maximum accumulated 

error due to a change from a one-day time step to a ten~day 

time step was 3.3 percent of the water added to the aquifer. 

The maximum discrepancy during anyone ten-day period was 

203 percent and during anyone thirty-day period (30-60 days) 

was 5 .. 5 percent 0 In contrast, for an aquifer three miles 

in width calculations shown in Table 2 indicate that the 

maximum discrepancy during any ten.-day period would be about 

Oe5percent of the water added to the aquifer, and the max= 

imum discrepancy over a thirty-day period would be only 100 

percent 0 This is also the maximum accumulated error 0 It 

should be noted that these figures will vary somewhat de­

pending upon the .input conditions and the system parameterso 

Because of the small differences rnoted between calcu­

lations made on one~day intervals and lO=day intervals, the 

remainder of the calculations reported in this study were 

made using a time-step of ten days~ 

Comparisons of return-flow calculations using various 

values for ~x and ~y are given in Table 30 As can be 

noted from the results in the table, the accuracy of the 

results obtained are not very sensitive to the size of ~x 

and 6y within the ranges studied. Even when the width of 



Table 2. Comparison of return-flow percentages obtained from calculations using 
.at = 1 day and ,1t = 10 days. 

Model ISSa Model 158 Model l61a Model 161 
computed comput-ed 121ff~~ence computed computed Difference 

with with (per with with (per 
10-day llt=l day 6t=10 days 10-day At=l day At=10 days 10-day 
:eeriod (% returned) (% returned) period) CAecum) (% returnecO (% returned) period) (Aeeum) 

0-10 4.0 5.0 -1.0 0.7 0.9 -0.2 
10-20 11.2 12.2 -1.0 -2.0 1.9 2.2 -0.3 -0.5 
20-30 23.9 25.2 -1.3 -3.3 4.3 4.S -0.5 -1.0 
30-40 24.3 22.0 +2.3 -1.0 4.8 4.7 +0.1 -0.9 
40-50 17.8 16.0 +1.8 +0.8 4.3 4.2 +0.1 -O.S 
50-60 9.7 8.3 +1.4 +2.2 3.4 3.2 +0.2 -0.6 
60-70 4.6 4.1 -0.1 +2.1 2.8 2.7 +0.1 -0.5 
70-80 2.3 2.7 -0.4 +1.7 2.5 2.4 +0.1 -0.4 
SO-90 1.1 1.5 -0.4 +1.3 2.2 2.2 0.0 -0.4 
90-100 0.6 0.9' -0.3 +1.0 2.0 2.0 0.0 -0.4 

100-110 0.3 0.5 -0.2 +0.8 1.9 1.9 0.0 -0.4 
110-120 0.1 0.3 -0.2 +0.6 1.8 1.8 0.0 -0.4 
120-130 0.0 0.2 -0.2 +0.4 1.7 1.7 0.0 -0.4 
130-140 0.0 0.1 -0.1 +0.3 1.6 1.6 0.0 -0.4 
140-150 0.0 0.1 -0.1 +0.2 1.5 1.5 +0.1 -0.3 
150-160 1.5 1.5 0.0 -0.3 
160-170 1.4 1.4 0.0 -0.3 
170-180 1.4 1.4 0.0 -0:.3 

aMode1 158 represents an aquifer 1/2-mile wide and Model 161 represents an aquifer 3-miles 
wide, other input variables and system parameters remaining the same. See Appendix C 
for detailed description of models. 

.c:a. 
w 
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Table 3" Comparison of return-flow percentages obtained 
from calculations using D.y = 66 feet and D.y = 
660 feet. 

Model l58 a Model 158 Difference 
with with (per 

10-day D.y=66 ft D.y=660 ft 10-day 
periods (% returned) (% returned) period) (Accum 0 ) 

0-10 5.1 5.0 +0.1 
10-20 12.4 12.2 +0.2 +0.3 
20-30 26.0 25.2 +0.8 +1.1 
30-40 21.9 22.0 -0,,1 +1.0 
40-50 15.9 16.0 -0.1 +0.9 
50-60 8.1 8.3 -0.2 +0.7 
60~70 4.6 4.7 -0.1 +0.6 
70~80 2.6 2.7 -001 +0 0 5 
80~90 1 .. 5 1.5 0.0 +0.5 
90-100 0.9 0.9 0.0 +0.5 

100-110 0.5 0.5 0.0 +0.5 
110-120 0.3 0.3 0.0 +0.5 
120-130 0.2 0.2 0.0 +0.5 
130-140 0.1 0.1 0.0 +0.5 

a See Appendix C for detailed description of Model 158. 

the aquifer was divided into only four parts, the maximum 

difference during a 10-day period compared to an aquifer 

divided into 40 parts was 0.8 percent. Similar results 

were found in the two-dimensional models. Fortunately, the 

errors due to time-step size and grid size tend to counter­

act each other. Therefore, in the remainder of the models 

studied and reported herein, the standard size for D.y in 

the one-dimensional models was 660 feet. The standard 

sizes for D.X and D.y in the two-dimensional models were 

2,640 feet and 1#320 feet, respectively. 

A comparison of analytical and finite-difference 

solutions--using these grid sizes and a lO-day time step-­

is given in Table 4. Both calculations are for a two-mile 

wide aquifer which receives a uniform input Q at time 
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zero, and none thereafter. The results are given in percent 

of the water added which returns to the stream during each 

10-day period. The analytical solution is for the linear, 

one-dimensional partial differential equation, whereas the 

finite~difference equation is set up to approximate the 

nonlinear form (variable Kh). As would be expected, the 

most discrepancy between the two solution techniques occurs 

during the first 10 days when the water table is changing 

most rapidly. During the first 30 days the discrepancy is 

only 1.7 percent of the water applied, and becomes essen­

tially zero within any 10-day period after 50 days. 

Table 4. Comparison of return-flow percentages obtained 
from analytical and finite-difference calculations. 

Model 153a 

Finl. te- . DIfference 
Analytical difference (per 

10-day solution solution 10-day 
period (% returned) (% returned) period) (accum. ) 

0-10 15.7 13.1 +2.6 
10-20 6.5 7.1 -0.6 +2.0 
20-30 5.0 5.3 -0.3 +1.7 
30~40 4.2 4.4 -0.2 +1.5 
40-50 3.7 3.8 -0.1 +1.4 
50-60 3.4 3.4 0.0 +1.4 
60-70 3.1 3.1 0.0 +1.4 
70-80 2.9 2.9 0.0 +1.4 
80-90 2.7 2.7 0.0 +1.4 

a See Appendix C for detailed description of Model 153. 

Basic assumptions 
- -.. ,- . . 

Several basic assumptions are common to all of the 

models studied. These include (1) a free interchange be­

tween groundwater and surface water--influenced only by the 

relative elevations of the two, (2) groundwater flow be­

tween finite~difference cells is horizontal and uniform 

throughout the saturated thickness, and (3) a single un­

confined aquifer is modeled which is bounded on the sides 

and bottom by an impermeable formation. 
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STREAM-AQUIFER SYSTEM BEHAVIOR 

As shown in Figure 5, the response behavior of a 

stream=aquifer system may be influenced by many 'input vari­

ables and the interaction of many system parameters~ The 

number of possible combinations of these factors existing 

in nature is infinite--not only in terms of magnitudes of 

the factors, but also in variations in both time and space. 

Even for rather simple stream~aquifer systems, it is quite 

unlikely that an investigator can depend on there being a 

unique combination of inputs and system parameters which 

will produce a particular rl=sponse e In addi tion , it is 

rarely economically feasible to quantitatively evaluate 

many of the input variables and system parameters with pre~ 

cision o It is"therefore, quite important that an investi­

gator designing and developing a model of a stream-aquifer 

system be aware of the response behavior as influenced by 

these variables and parameterse Knowledge of the response 

sens~tivity can help avoid needless time and expense ex­

pended on collecting superfluous information q 

Influence of Input Variables 

As discussed previously, the amount of water added to 

the system and its distribution in both tlme and space in­

fluences the behavior of thE~ response variables.. Analyses 

were made to determine the sensitivity of response to a= 

mounts of water added, the time distribution of the addi= 

t,ion, and the areal distribution of the water added 0 

Effect of total input Q 

Models 101, 151, and l:i2 were identical except for the 

total amount of water added to the groundwater system~ These 

models simulated an aquifer two miles wide with a water 

application pattern extending over a 50-day period~ A 

comparison of calculated return flow to the river for these 

three models is given in Table 5e This tabulation shows 



Table 5. Comparison of return-flow percentages obtained 
from calculations using different-quantities of 
water added to the aquifer. 

Model 151 Model 101 Model 152 
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net Q=~foota net Q=1 foota net Q=2 feeta 
Time (% returned) (% returned) (% returned) 

-

0-10 days 1.3 1.3 1.3 
0-30 days 11.9 11.9 12.0 
0~60 days 29.9 30.0 30.4 
0-120 days 48.8 49.2 50.0 
O~360 days 82.9 83.1 83.8 

aNet Q added uniformly to the aquifer in the following time 
patterns: 10% during first 10-day period, 20% during second 
10 days, 40% during third 10 days, 20% during fourth 10 
days, and 10% during fifth 10 days. See Appendix C for 
further description of Models 101, 151, and 152. 

that a nearly direct relationship occurred between the total 

amount of water applied and the timing of water returning to 

the stream from the aquifer. In other words, within a rea­

sonable range the percent of error that may be involved in 

estimat1ng the amount of deep percolation of irrlgation 

water to the groundwater system is reflected in a like 

percentage of error in the estimation of the return flow 

at any point in time. The small discrepancies shown in 

Table 5 are probably because a larger area of flow is 

available for the groundwater in cases of larger amounts of 

water added. For instance, the two feet of water applica­

tion in Model 152 represented ten feet of water in the 

aquifer or an additional 20 percent of flow area above the 

original saturated thickness of 50 feet. On the other hand, 

the one=half foot of water added to Model 151 represented 

2~ feet of water in the aquifer, an increase of only 5 per­

cent above the original 50-feet of saturated thickness. 

The other response parameter, the fluctuation of the 

water table, is especially sensitive to the amount of 

water added or withdrawn from the aquifer. The response 
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is magnified by a factor of liS, usually equal to from four 

to six for most aquiferso Therefore, if an error of one 

foot is made in estimating the amount of deep percolation 

of irrigation water to the groundwater system, an error of 

four to six feet will be made in the estimation of the 

water table responseo 

Effect of time distribution of input Q 

Response of a stream-aquifer system, in terms of the 

groundwater return flow to the river, appears to be rather 

insensitive to the time distribution of the water applied. 

Table 6 compares three models in which the water input to 

the aquifer varied with time, with the total water added 

being identical. The time distribution patterns of water 

added to the aquifer in models 201C and 201B were used to 

simulate irrigation periods of 50 and 80 daysa As can be 

noted from Table 6, the water applied during anyone 10-

day period varied considerably, but the return flow calcu­

lations show only minor differences. Even if all of the 

water is applied instantaneously (as in Model 201A), the 

difference in the return flow pattern compared to applica­

tions over 50- and 80-day periods is amazingly small 0 For 

the conditions depicted in Table 6, it appears that soon 

after all of the water has been added the return flow 

pattern is essentially the same. Therefore,-unless one 

wishes to study the return flow pattern during the time of 

water addition, a great deal of concern about duplicating 

the prototype time distribution of water application may 

not be justifiedo 

Effect of areal distribution of input Q 

All of the models discussed above received a uniform 

addition of water to the aquifer over its entire surface. 

Many field situations occur in which an area next to the 

river is not irrigated 0 This is usually because of a flood 



Table 6e Comparison of return-flow percentages obtained 
from calculations using same 'total net Q but 
different time distributionse 

Model 201Ca a Model .201Aa 
Time Model 201B 

(% returned) (% returned) (% returned) 

0=10 days 102 1e2 
0=30 days 11,,4 10.9 13.0 
0-60 days 29,,7 26.3 30.5 
0=120 days 49,.1 47~6 49,.4 
0~360 days 83 .. 1 82,,7 82.9 

a . f Portion 0 total net Q added dur ing 1 O=~day intervals as 
follows~ 

Model 201C Model 201B Model 201A 
0=10 days 10% 10% 
10-20 days 20% 30% 
20-30 days 40% 20% 100% 
30~40 days 20% 15% 
40~50 days 10% 10% 
50=60 days 5% 
60-70 days 5% 
70=80 days 5% 

See Appendix E for further description of Model 2010 

hazard, or a consistently high water table e Models 102, 

103 and 104 were designed to determine the influence of 

water added to varying portions of the aquifer" As shown 

in Figure 8, Model 102 represented a situation in which a 

strip one-fourth the width of the total aquifer, lying 
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next to the river, was not irrigated.. Likewise, Models 103 

and 104 represented situations in which this strip was 50 

percent and 75 percent of the total aquifer width. In 

Figure 8 it can be seen that widening the strip which re= 

ceived no additon of water caused a delay in the peak re-

turn flow and reduced its magnitude compared to the total 

amount of water added. For instance, with a full applica­

tion of water over the entire aquifer (as represented in 

Model 101), the peak return flow occurred at approximately 

30 days after the beginning of water application~ Model 
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Model 102 shows a peak at 50 to 60 days, Model 103 at 80 to 

90 days, and Model 104 at 100 to 110 dayso The return flow 

during the peak 10-·day period for these models was 702 per= 

cent for Model 1011 4e3 percent for Model 102, 3 0 5 percent 

fo~ Model 103 and 3.4 percent for Model 104. These are 

percentages of the water added to the aquifer in each caseo 

Models 105 through 109 were also used to study the 

effect of water added at different locations in the aquifero 

Using the basic Model 101 as a reference, Figure 9 graphi~ 

cally summarizes the return-flow response behavior due to 

various application area situations~ Each curve shown in 

Figure 9 was obtained by div~ding (1) the percent of water 

added to the application area which returned to the stream 

during each time period by (2) the percentage returned dur­

ing comparable time periods in Model 101. Thus, the ordi­

nate of these curves represents the factor by which one 

should multiply the return flow calculated for an aquifer 

receiving water over its entire area to convert it to a 

situation in which only part of the aquifer receives water~ 

It is noticeable that these curves reverse their positions 

relative to one another and cross the unity line in approx­

imately 90 to 100 days for the situations studiedo The 

timing of this characteristic would undoubtedly be different 

for different input Q conditions and different system param= 

eters, particularly the hydraulic characteristics of the 

aquifer 0 

Models 229-and 230 were utilized to study the return 

flow response caused by randomly located water application 

areaso Model 229 represented an aquifer area of 2 miles 

by 10 miles. This was divided into 160 grid cellsQ Twenty 

models were constructed, each having the irrigated area 

designated by a random process in which each cell had a Oa75 

probability of being chosen. As shown in Table 7, the per­

cent-of the total area irrigated in the twenty models 

ranged from 70 to 81~2f with a mean of 76 e O and a standard 
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Table 7. Return=flow characteristics of aquifers receiving 
water on approximately 75% of the surface area. 

Time 

0-10 
0-30 
0-60 
0~120 

0=360 

days 
days 
days 

days 
days 

- -

Model 229 (Composite of 20 models)a 

Appli_~at_~on area (% of total area) 

Range 
70.0 to 81.2 

Mean 
7b":"o 

Standard deviation 
3.0 

Return flow (% of water added) 

Range Mean Standard deviation 

1.1 to 1.4 1.3 0.1 
10.5 to 12.6 11.6 0.5 
27.8 to 31.8 29.8 1.0 
47.2 to 50.9 49.0 0.8 
82.4 to 83.6 83.0 0.3 

.. ..- - - -

a See Appendix for full description of Model 229. 

deviation of 3.0. The return flow from each model was cal­

culated in terms of the percent of water added to each 

model. Table 7 shows a summary of results for various time 

periods in terms of the range, the mean, and the standard 

deviation .. 

Model 230 was similar to Model 229, except that each 

grid cell was given a 0.50 probability of receiving water. 

Of the twenty models studied, the percentage of area re~ 

ceiving water ranged from 41.9 to 58.1. As shown in Table 

8, the mean return flow percentages from Model 230 were 

very similar to that of Model 229, except that the ranges 

and standard deviations were somewhat larger. As would be 

expected, the variance of the return flows within the 

twenty models was strongly influenced by the location of 

irrigated areas close to the stream. These results do 

show, however, that if the water application areas are 

fairly uniformly distributed over the aquifer, the per­

centage return flow at any time is very little different 

from that of an aquifer which received a uniform distri­

bution of water over all of its area. 
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Table 8 Q Return-flow characteristics of aquifers rece1v1ng 
water on approximately 50% of the surface area o 

Model 230, (ComP9site of 20 models)a 

AEElication area (% of total area) 

Range Mean Standard deviation 

41.9 to 58.1 50.5 4.0 

Return£low (% of water added} 

Time Range Mean Standard deviation 

0-10 days 1.0 to 1.6 1.3 001 
0=30 days 9,,2 to 14 .. 1 11.6 1.1 
0=60 days 25.2 to 34.1 29.6 2.0 
0-120 days 44.7 to 52.5 48 .. 7 1 .. 8 
0-360 days 8104 to 84.1 83.7 0.6 

a See Appendix E for full description of Model 230. 

Influence of System Parameters 

Several one-dimensional and two-dimensional models were 

studied to determine the influence of various system parame­

ters upon response characteristics. Results of these studies 

are discussed in the following sections. 

Effect of aquifer characteristics 

As indicated in Figure 5, the aquifer characteristics 

of importance include (1) permeability, (2) specific yield, 

(3) aquifer width, and (4) saturated thickness. The perme­

ability, K, the specific yield, S, and the saturated thick­

ness, h, are often combined to form an aquifer constant, a~ 

a = Kh 
S .. (18) 

The aquifer constant has dimensions of L2/T when the 

individual factors are expressed in fundamental foot-pound­

second unitso Utilizing principles of dimensional analysis, 

the following functional relationship may be derived: 
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Ctt 
q = f (W) • • • • • • • • • • (19) 

In Equation (19), q represents the portion of the net 

Q added to the aquifer which returns to the stream in time 

t, and W represents the aquifer width. 

The importance of the dimensionless parameter at/W2 

is borne out by the exact solutions which have been derived 

for the linear partial differential equations describing 

the return-flow response to additions or withdrawals of 

water from an aquifer. Such an exact solution, for an 

idealized aquifer receiving a uniform application of water 

at time 0, is given below, adapted from Glover (1964). 

n=oo 

q = 1.0 = ~2 L 
1T 

n=l,3 ,5 ••• 

exp{ _ (~) 2 (~)} 
2 WL 

• • • (20) 

Another exact solution adapted from Glover (1964) for 

the case of a canal leaking water to an aquifer or a well 

pumping water from an aquifer is as follows: 

q=l.O·= 
2 

x 

JI4ut -u2 
e du • 0 •••••• (2l) 

o 

The x in Equation (21) represents the distance from 

the canal or well to the stream, and the u is a variable 

of integration. The integral in Equation (21) is a form 

of the standard normal probability function, tabulations 

of which are widely available. 

Equations (20) and (21) describe groundwater flow to 

(or from) the stream with time after an instantaneous addi­

tion (or withdrawal) of water at the initial time O. Most 

of the one=dimensional models analyzed in this study had 

water added to the aquifer over a period of time and are 

not strictly comparable to the above equations. However, 

Model 153 simulated a condition of water applied only 
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during the first 10~day period. Figure 10 shows a compari­

son between the solutions of Equation (20) and finite-dif~ 

ference calculations for Model 153. These curves are plotted 

using the dimensionless parameter lat/w versus the percent 

of the total quantity of water added returning prior to time 

t. Model 153 underestimated the return flow as compared to 

that obtained from Equation (20). This is as would be ex­

pected because of the application of water being spread over 

10 days compared to an instantaneous application at the be­

ginning of the period. However, the differences are minor 

compared to inaccuracies that are generally involved in the 

estimation of other factors used in the calculation. 

To affirm that the constant, a, is a true aquifer 

characteristic, Model 137 was compared with Model 101. 

Model 137 had a permeability twice that of Model 101, but a 

specific yield also twice as large so that the value of a 

was the same as used in Model 101. Results of these and 

similar analyses produced identical return-flow responses, 

as can be noted in Appendix D. 

P~rm~abil~ty magnitude. The influence of the magnitude 

of permeability upon the return-flow response is illustrated 

in Figure 11. This figure compares Models 101, 125, 126, 

127, and 128. The latter four models are compared with the 

basic model by dividing the calculated return flows by those 

obtained for Model 101. Model 128 had a permeability five 

times that of Model 101, but its return flow ranged from 

2.3 times to 0.3 times that of Model 101. Model 127, which 

had a permeability twice that of 101, ranged only from 1.4 

times the outflow of the basic model to about 0.5 at the 

end of the year. Models 125 and 126 had permeabilities of 

one-tenth and one~half the basic model and show a percentage 

outflow less than Model 101 for most of the one-year period. 

An important feature to note from Figure 11 is that if one 

overestimates the permeability of an aquifer, his calcu­

lation of return flow will be too high during a period of 
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time immediately after application of water and too low 

during the latter part of the calculation. If the perme~ 

ability is estimated too low, the tendency is for the re­

turn flow calculations to be too low throughout the entire 

period of study. It is also noticeable that a 100-percent 

error in estimation of permeability will not result in an 

error of that magnitude in estimating the return flow. In 

addition, if several years of calculations are made, the 

error tends to become smaller. 
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per~_eability_ distribution. Models 141, 142, 143, and 

144 were designed to study the effect of permeability dis­

tribution in aquifers. These models represented aquifers 

two miles in width in which the permeability varied accord= 

ing to the chart shown in Figure 12. The arithmetic mean 

permeability of each aquifer was the same, 0.01 feet per 

second. The return flow response calculated for these 

models is compared to Model 101 in Figure 12. The ratios 

of return flows for each of the four models to the return 

flows calculated for Model 101 show that the major dif­

ferences occur dur~ng the first 50 or 60 days (or es­

sentially durlng the period of water addition to the aqui­

fer). Model 141 simulated an aquifer in which the perrne~ 

ability was less than average at the impermeable boundary 

and greater than average at the stream. The range of perme-

ability was from 0.006 to 0.014 feet per second. The maxi-

mum ratio between the return flows from Model 141 and Model 

101 was less than 1.2~ Model 142 had a similar permeability 

gradient but a wider range--from 0.002 feet per second at 

the impermeable boundary to 0.018 feet per second at the 

stream. The maximum ratio for this condition was 1.3. The 

extreme permeability distribution studied, that in Model 

144, resulted in a ratio of 0.65 at the beginning of the 

period~ becoming near 1.0 after about 80 days. These re­

sults seem to indicate that a fairly wide areal distribution 
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of permeability may be safely classified into one average 

value for simulation of an aquifer. 
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The two-dimensional models 208, 209, 210, and 211, were 

developed to determine if slope in the bedrock and initial 

water table would result in different return flow-valueso 

These conditions made little difference in the response so 

the results are not shown here. It should be commented, 

however, that if in field conditions a stream meanders 

around a valley which has high and low permeability areas, 

or directional permeability such as in Model 211, the return 

flow pattern along the stream may vary considerably. 

Aquifer width. Models 159, 101, 161, 162, and 163 were 

identical except for width of the aquifers~ The widths sim­

ulated by these models were 1, 2, 3, 4, and 5 miles, respec­

tively. Graphs of the results obtained from these five 

models are shown in Figure 13. It will be noted that a dis­

tinct similarity in shape of the five curves exists, but they 

do not superimpose over one another when plotted against the 

dimensionless parameter, lat/w~ This figure illustrates 

that as the aquifer width is increased, the peak lO-day per­

centage return flow is reduced in direct proportionQ Also 

the location of the peak on the abscissa scale reduces in 

direct proportion to the increase in aquifer width. Thus, 

the following two relationships can be obtained: 

k 10 d 0 return flow = 14~5 pea ~ ay 15 aquIfer widthln miles 

.. (23) 

1'" a--t: 
peak 10-day % return flow = 176 (aquife-r wTdth in miles) 

• e •• (24) 

These equations are applicable only to the input Q time 

distribution pattern used in these models, but similar re­

lationships may be derived for other input Q conditions. 
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Effect of boundary conditions 

Because field situations rarely occur in which bound­

aries are uniform and geometrically simple, several models 

were studied to determine the effect of converging and di­

verging lateral boundaries and of different configurations 

of the bedrock underlying the aquifer. 
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Lateral boundaries. Models 221 and 222 were utilized 

to study diverging and converging lateral boundaries, re­

spectively. Both of these models simulated an aquifer 

averaging two miles wide but in which the lateral boundary 

either diverged or converged in respect to the river at the 

rate of one mile per five miles of valley length. In each 

model the bedrock sloped toward the river and downstream at 

the rate of 8 feet per mile. The return-flow response from 

these models is compared with Model 206 in Figure 14. Model 

206 was an otherwise identical model with parallel bound­

aries. The area of water application was the same for all 

three models. The return flow response from the model hav­

ing diverging lateral boundaries continually decreased com­

pared to that of the parallel boundary model. The ratios 

between results from Model 221 and Model 206 range from 0.99 

at the end of the first 10-day period to 0.72 at the end of 

a year. Similarly, the ratios for the converging boundary 

case ranged from slightly less than 1.0 for about 140 days 

then increased to 1.4 by the end of a year. The effect of 

the converging boundary was to force additional groundwater 

to the stream, the amount increasing with time. It is like­

ly that the long-term effect would be considerably more than 

indicated in Figure 14. 

Bedrock configuration. Models 146, 147, and 148 were 

used to study the effect of different bedrock configurations 

upon the return flow response. The average saturated thick­

ness was 50 feet, and the aquifer width 2 miles. Model 146 

simulated an aquifer in which the bedrock sloped at a rate 

of 8 feet per mile toward the stream (the saturated thickness 
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ranged from 41.5 feet at the impermeable boundary to 58.0 

feet at the stream). Model 147 simulated an aquifer in 

which the slope of the bedrock was a'way from the stream at 
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a rate of 8 feet per mile (the saturated thickness ranged 

from 58.5 feet to 42.0 feet). Model 148 simulated an aquifer 

in which the deepest part existed midway between the stream 

and the impermeable boundary. The slope of the bedrock 

toward the deepest part of the aquifer was at a rate of 16 

feet per mile (the saturated thickness ranged from 57.0 feet 

to 43.0 feet). 

Results obtained from Models 146, 147, and 148 are com­

pared with Model 101 (horizontal bedrock and 50-foot satu­

rated thickness) in Table 9. Although saturated thicknesses 

deviated as much as 17 percent from the average of 50 feet, 

the return-flow responses varied less than 3 percent over a 

yearWs period from that obtained under horizontal bedrock 

conditions. These results indicate that extensive subsurface 

exploration to determine bedrock elevations may not be justi­

fied in many instances. 

Effect of initial conditions 

Except for Models 221 and 222, all of those discussed 

heretofore were simulations beginning with a horizontal 

water table at the same elevation as the stream level at 

time o. This is an idealization of what normally is found 

in field conditions. Therefore, a combination of Model 206 

and Model 213 was compared with Model 204 in Table 10 to de­

termine the influence on the calculated response of a water 

table initially sloping toward the river and downstream. 

Model 204 simulated a 2-mile wide aquifer in which a 

50-day addition of water was applied to an initially level 

water table. Model 206 was a similar aquifer except that the 

initial water table and bedrock surfaces sloped toward the 

river and downstream at the rate of 8 feet per mile. Model 

213 had water table and bedrock conditions identical to Model 

206, but no water was added to it. Therefore, in Model 213 the 



66 

initially sloping water table was allowed to drain to the 

stream with no additions or withdrawals. The difference be­

tween the return flow response measured in Models 206 and 

213 is compared to that measured in Model 204 in Table 10. 

This shows that results obtained by superposition were 

somewhat larger but quite comparable to results obtained by 

direct calculation. Superposition can be a useful technique 

in modeling, often considerably reducing the number or runs 

which one needs to make. It should be pointed out that the 

more nonlinear a system is (such as one with a very thin 

aquifer), the more error that will be imposed by utilizing 

superposition. 

Table 9. Comparison of return-flow percentages obtained 
from calculations using various configurations 
of the bedrock. 

Model lOla Hodel 146 a Model 147a Model 148a 

Time (% returned) (% returned) (% returned) (% returned) 

0-10 days 1.3 1.4 1.2 1.2 
0·-30 days 11.9 12.9 11.0 11.1 
0=60 days 30.0 31.8 28.0 28.5 
0-120 days 49.2 51.4 46.4 47.5 
0~360 days 83.1 84.9 80.7 82.1 

. -

a d' See Appen 1.X C for full description of the one-dimensional 
models. 

Table 10. Comparison of return-flow percentages obtained 
from calculations for models having sloping and 
level initial water table surfaces. 

Time 

0~10 days 
0-30 days 
0-60 days 
0-120 days 
0~360 days 

'Model 206A 
minus 

Model 213Aa 

(% returned) 

13.8 
27.4 
40.0 
56.5 
85.1 

Model 204Aa 

(% returned) 

13.0 
26.0 
37.9 
54.1 
84.8 

Difference 

+0.8 
+1.4 
+2.1 
+2.4 
+0.3 

aSee Appendix E for full description of the two-dimensional 
models. 
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Influence of Water Management Practices 

A previous section of this report identified the water 

management problems, causes, and needs existing within major 

stream-aquifer systems in the Western united States. Several 

models were designed to simulate some of these water manage­

ment practices, such as artificial drainage, phreatophyte 

control, improvement of irrigation practices, and lining 

of canals. Since these practices performed in a stream­

aquifer situation influence the groundwater regime (and, 

therefore, the surface water regime) it is desirable to 

evaluate their influences on the system responses. 

Drainage 

Artificial drainage practices, whether by open ditch 

or closed tile lines, tend to have a significant influence 

upon the amount and timing of return flow to the stream in 

a stream-aquifer system. If the drainage water is returned 

directly to the stream, either by gravity or by pumping, 

the total quantity of water returned may be increased be­

cause of the salvage of water which may have been previous­

ly used unbeneficially by evapotranspiration. The second 

effect upon response is reflected in the timing and quantity 

of the peak return flow. Drainage practices increase the 

accessibility of the groundwater to the surface water por­

tion of the system, therefore, the tendency is for the re­

turn flow pattern to have a higher peak and one which occurs 

earlier than that prior to installation of drainage facili­

ties. This effect is shown in Figure 8, where if one as­

sumes that drainage facilities are constructed along the 

lower edge of an irrigated area which was previously at 

some distance from the stream, the return flow pattern 

would move toward that obtained when the stream is immedi­

ately adjacent to the irrigated area. 

Phreatophyte control 

Because of the usual location of phreatophyte growth 

adjacent to stream channels, it would be expected that 
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changes in water use by phreatophytes would be rapidly re~ 

flected in the return~flow response of the system. Models 

117 and 102 are compared in Figure 15 to show this effect. 

Both models simulated a 2-mile wide aquifer having a l~­

mile wide irrigated area. In Model 117 the 1/2-mile non­

irrigated strip next to the stream had water withdrawal by 

phreatophytes from a strip 660-feet wide. For comparison 

purposes, the withdrawal pattern was assumed to be the 

exact negative of the addition pattern for the irrigated 

area. It will be noted in Figure 15 that the model with 

phreatophytes experienced a negative return flow (flow from 

the stream to the aquifer) during the early portion of the 

study period, although the total water withdrawn was only 

one~twentieth of the water applied to the aquifer. The 

phreatophyte consumption both lowered and delayed the peak 

return flow. 

Improv~ment of irrigat~onefficie~c~ 

The discussion above under the heading "Influence of 

Input Variables" essentially covers the effect of an in­

crease in irrigation efficiency. Assuming that the water 

saved is consumptively used or applied elsewhere, the re­

duction in deep percolation from the irrigated fields 

directly influences the quantity of return flowe In other 

words, if the water added to the aquifer is reduced 50 

percent and other factors remain the same, the amount of 

return flow at any time t will be reduced by 50 percent. 

If in addition the reduction in deep percolation occurs 

principally during the high application period, such as 

the spring months, the peak return flow may be diminished 

by more than 50 percent. 

Lining of canals 

Models 110, 111, 112, and 113 were designed to study 

the effect of canal seepage on the return=flow response. 

Each model represents a 2~mile wide aquifer with the canal 

located at various positions in respect to the aquifer 
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boundaries and the stream. A comparison of the return flow 

calculated for these four models is shown in Figure 16. 

The curves show that the peak return-flow was about 10.7, 

5.1, 3.3, and 3.2 percent of the total canal loss when 

located ~, I, l~, and 2 miles from the stream, respectively. 

Also of significance is the delay and flattening of the 

peak return flow depending on the distance of the canal 

from the stream. 
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C,0!ll~o~l_te effects 

Since the above-mentioned water management practices 

have dlfferent effects both positive and negative, upon 
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the return flow=response of the stream-aquifer system, it 

is interesting to observe what the composite effect may be 

for a more typical situation. Model 118 simulated an aqui­

fer 2-miles in width with an irrigated area l~-miles wide. 

An unlined canal was simulated above the irrigated area 

and a band of phreatophytes was simulated next to the 

stream. The return~flow pattern calculated for Model 118 

was compared with a similar stream-aquifer system in which 

the deep percolation losses from the irrigated area were 

reduced 50 percent, the phreatophyte consumption was re­

duced 50 percent, a drainage ditch was constructed along 

the lower edge of the irrigated area and the canal losses 

were elimlnated by lining. This comparison is shown in 

Figure 17. The actual values of return flow expressed in 

this figure are not of particular importance, but the rela­

tive pos~tion of the curves presents a good illustration of 

how comblnaotion water management practices may qui te mater­

ially affect the surface water reglme by f~rst affecting 

the groundwater system. It is not, the intent here to em­

phasize that such water management practices may be detri­

mental to downstream water users, but only to point out 

that water management or admlnistrative personnel should be 

cognizant of (and be able to predict effects of) proposed 

water management practices. 

Integrated Management of Groundwater 
- -" -- ---and Surface Water 

Integrated management of groundwater and surface water 

within a stream-aquifer system can, and often should, go 

well beyond the normal water management practices hereto­

fore conSidered. Knowing the response behavior of a par­

ticular system, many operational procedures may be 

considered. 
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Planned groundwater pumping 
-- - ..... _- -- - '-

programs 

The groundwater reservoir within a stream~aquifer 

system should be considered as an active storage facility 

underlying the major areas of groundwater use. As in any 

storage facility, the normal method of operation would be 
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to attempt to keep the reservoir as full as possible, re­

plenishing water whenever favorable supplies are available. 

On the other hand withdrawals from the groundwater reser­

voir should be planned for utilization of water during 

those periods of time in which surface supplies are inade­

quate. In an inter-connected system withdrawal of ground­

wa.ter will affect the stream flow as has been previously 

shown. Thus, excessive groundwater development without 

planned management of groundwater and surface water sup­

plies often creates a conflict of interest between the users 

of water from the two sources. Under a plan of integrated 

management, the conflict should be alleviated~ An obvious 

method of operation of such a system is to utilize as much 

of the available surface water in the upper reaches of the 

stream-aquifer system as possible. Thus, the major return 

flow is developed as high as possible in the system creating 

a stabilized source of supply in the lower reaches. The 

water users in the lower reaches of the stream-aquifer 

system would depend heavily upon groundwater supplies during 

below average surface supply years. Determining the proper 

balance from year-to=year for the utilization of ground­

water and surface water would require setting up a specific 

model for the stream-aquifer system in question. General 

tendencies for the operational characteristics can be 

ascertained from the results given in this treatise, how­

ever, specific models should be constructed for each stream~ 

aquifer system in which there will be an earnest attempt to 

completely integrate the two water supplies. Development 

of operational plans for stream=aquifer systems should 



74 

include optimization studies designed to maximize predeter­

mined objectives and minimize water loss from the system. 

Planned recharge 
- - . - -

Knowledge of the return-flow response characteristics 

of a stream~aquifer system can be useful in planning the 

timing and location of artificial recharge. For instance, 

it is typical that supplies of water are often more than 

adequate during the early spring months and become deficient 

during the late summer months. By utilizing the response 

characteristics of an aquifer, the excess water can be re­

charged to the groundwater system such that the water will 

return according to a desired pattern during the time when 

it i.s needed downstream. 

Problems of implementation 
. - . ~-

The development of plans for the integrated management 

of groundwater and surface water in a complex stream-aquifer 

system will usually require a large amount of technical in­

formation and ability. Fortunately, the tools in the fields 

of hydraulics, hydrology, and mathematics are becoming avail­

able to handle analyses of such systems. Thus it seems 

likely that implementation of integrated management programs 

may often be deterred by social, economic and legal rather 

than physical problemse 

The water-right, a property right prized dearly in the 

arid West, must be recognized and protected under any pro­

posed change in operation. Strict compliance with this rule 

indicates that no changes could take place, an approach which 

cannot be justified as demands upon water supplies increase. 

The philosophy needed is that a water user is basically inter­

ested only in being able to depend upon having: (1) water of 

sufficient quantity, (2) water of sufficient quality, (3) de­

livery at times it is needed, and (4) delivery at the place 

of use. Thus, under an integrated management plan, a senior 

water=right holder would have to be assured of these four con­

ditions to be as good or better than he has always enjoyed 

them, but the source may be surface water, groundwater or a 

mixture of the two. 
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SU~~RY AND CONCLUSIONS 

~ummary 

This study was concerned with the consideration of a 

hydrologic unit referred to as a stream-aquifer system. As 

defined for this studY,a stream-aquifer system is a hydro­

logic system in which there is an intimate hydraulic inter­

relationship between one or more aquifers and a perennial 

stream. The objectives of the study were to better under­

stand the response behavior of typical stream-aquifer sys­

tems, to determine the response behavior in terms of water 

management practices, and to consider the problems and 

possibilities of integrated management of groundwater and 

surface water supplies within stream-aquifer systems. 

A brief history of water development practices and 

policy, particularly in the Western United States, is 

presented. The main thrust of this presentation is that 

the tendency over the years has been to attempt an improve­

ment of efficiency and availability by coordinated manage­

ment of sources and uses of water within hydrologic units. 

This tendency is manifested by the concepts of nbasin 

planning," "multiple purpose projects," and "comprehensive 

planning~' which have received attentlon through the years. 

Through the cooperation of the U.S. Geological Survey 

major stream-aquifer systems in the western united States 

have been identified. The Soil Conservation Service pro­

vided information on the water management problems, causes, 

and needs found within these stream-aquifer systems. Com­

ponents of stream-aquifer systems are classified into 

(I) input variables, (2) system parameters, and (3) output 

or system responses. Techniques for modeling stream-aquifer 

systems are discussed, and the mathematical model technique 

utilized is presented. 
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Mathematical models and dl.gital computer solutions were 

utilized to simulate over 160 stream~aquifer systems. The 

response behavior was measured in terms of the change of 

groundwater levels and the pattern of outflow to the stream. 

The latter system response is emphasized because of the ef­

fect upon other water users which is often not considered 

when changes are made in water management practices. The 

influence of such variables and parameters as (1) the total 

water added to the aquifer, (2) the time distribution of the 

water added, (3) the areal distribution of the water added, 

(4) the aquifer hydraulic characteristics (such as perme­

ability, speciflc yield, and saturated thickness), (5) the 

geometric characteristics of the aquifer, (such as converg­

ing or diverging boundaries and bedrock configuration), and 

(6) initial configuration of the water table surface were 

studied and reported herein. The effects of such water 

management practices as drainage, phreatophyte control, im­

provement of l.rrigation efficl.ency, and lining of canals were 

studied and d~scussed. Further water management practices 

desirable for full integrated management of groundwater and 

surface water wl.thin a stream~aquifer system are discussed. 

Conclusions 

Conclusions derived from this study include~ 

1. The return-flow response of stream=aquifer systems 

is principally dependent upon the total volume of 

water added to the aquifer, the width of the aqui­

fer, and the location of the application area in 

respect to the stream. The effects of the time dis­

tribution of the added water and the random addition 

of the water to the aquifer are minor compared to 

the effect of the total volume of water added. 

2. The effect of aquifer characteristics can be in­

cluded in one aquifer constant, a = Kh/S, where K 

is the permeability of the formation, h 1.S the 
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saturated thickness, and S is the specific yield. 

Another constant, which incorporates the width of 

the aquifer, W, and time since water application, 

t, with the aquifer constant, a, to make a dimen­

sionless term, o:t/W~ is of importance in return­

flow calculations. The percent of return flow to 

the stream is nearly directly proportional to the 

square root of this dimensionless term when it is 

less than 0.6. 

3. Areal variations of permeability which exist within 

an aquifer do not greatly influence the return-flow 

pattern. Therefore, a single average value may be 

adequate to determine the return-flow response un­

less extremely high or low values of permeability 

eXlst along the stream. 

4. A lateral boundary which converges with the stream 

may have a major effect upon the return-flow pattern 

in time and space if a sizeable downstream water 

table gradient exists. The configuration of the 

bedrock underlying the aquifer has a rather minor 

effect upon the return=flow response in a stream­

aquifer system. 

5. The initial configuration of the water table surface 

may be taken into consideration by adding the re~ 

sponse from additions to (or withdrawals from) the 

aquifer calculated on the basis of an initially 

level water table. Except for thin aquifers in 

which the nonlinearity of the system becomes im­

portant, the use of superposition of results gener­

ally will yield only minor inaccuracies compared to 

those introduced by inadequate knowledge of other 

variables or parameters. 
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6. The common water management practices of drainage, 

phreatophyte control, improvement of irrigation 

practices, and lining of canals may significantly 

change the timing and magnitude of water available 

to users downstream from a stream-aquifer system. 

Recommendations for Furt?_e.r:. ~tudy 

It is recommended that further study of stream-aquifer 

systems should include~ 

1. Study of the effect of auxiliary aquifers hydrauli­

cally connected to the major aquifer of the stream­

aquifer system. 

2. Study of the effects of less than 100 percent free 

intercommunication between the stream and the aqui­

fer. This is particularly important for situations 

in which the water table may be drawn below the 

stream bed level at times, thus plac1ng a restric­

tion upon the hydraulic connection because of 1nf11-

tration limitations of the stream bed. A recent 

publication by Walton (1967) covers a study made of 

this phenomenon. 

3. Study of the quality problems and their methods of 

prediction for operation of stream~aquifer systems. 

The study reported herein has dealt entirely with 

the hydraulic features of stream-aquifer systems. 

In actual field situations, the quality of the 

water may place more severe restrictions upon the 

operational procedures than the water supply 

characteristics. 

4. Study of how the operations of a stream-aquifer 

system may be planned and implemented in order 

to optimize particular objectives. Such a study 

would require the application of operations re­

search techniques to stream-aquifer systems. 
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5. Study of the various legal, sociali and economic 

problems related to the operation of stream-aquifer 

systems. Once an adequate model of the hydraulics 

of a system has been developed, one can introduce 

economic factors such as pumping costs, surface 

water delivery costs, recharge costs and income 

to make operational studies to maximize economic 

returns. 
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APPENDIX A 

Table 11. Summary of USGS District Office responses to questionnaire on major stream­
aquifer systems. 

State 

ARIZONA 

COLORADO 

IDAHO 

KANSAS 

MONTANA 
NEBRASKA 

NEVADA 

NORTH 
DAKOTA 

OKLAHOMA 

River 

Gila 

Salt 
Arkansas 
So. Platte 

Rio Grande 
Snake 

Raft 

Big Lost 
Boise 
Payette 
Little Lost 

Big Wood 
Republican 

Arkansas 

Cimarron 

Smoky Hill 

Solomon 

Missouri 
No. Platte 

So. Platte 
Platte 

Republican 

Humboldt 

Truckee 
Walker 

Missouri 
Yellowstone 
Souris 
James 
Sheyenne 
Cl.marron 
No. Canadian 

Arkansas 

Washita 
Red 

Reach 

Safford-Duncan 

Lower Basin 
Pueblo-State line 
Denver-State line 

Del Norte-State line 
Bliss-Milner 
American Falls-Roberts 
All(?) 

Ail(?) 
Below Boise 
Below Emmett 
Al1(?) 

Magic Res-Hailey 
Colo-Nebr State lines 
Nebr. line-Junction 
City 

Colo. line-Grt. Bend 

Grt. Bend-Okla. line 

Colo. line-Okla. line 

Colo. line-Junction 
City 

Above Jct. w/Smoky 
Hill 

Ft. Peck Dam-St. line 
All 

All 
All 

All 

Winnemucca 
Basin 
Truckee Meadows 
Smith Valley 
Mason Valley 

All 
All (?) 
Below Verendrye 
Jamestown-State line 
Bald Hill Dam-Kathryn 
All 
Above Bethany 

All 

Above Lake Texoma 
Below Lake Texoma 

Selected references a 

Gatewood et aI, 1950; Thomas et aI, 
1963; Harshbarger et aI, 1966. 

II It n" n 

Weist, 1963; Voegeli & Hershey, 1965; 
Bjorklund & Brown, 1957, Smith et aI, 
1964. 
Powell, 1958. 
Mundorff et aI, 1964. 

II 

rr ; Nace, 1961, 
Mundorff & Siscas, 1963. 
Mundorff et aI, 1964; Stearns et ale 

II Nace et aI, 1957. 

Mundorff et aI, 
1963. 
Mundorff et aI, 1964; Smith, 1959. 
Prescott, 1953. 
Fishel, 1948; Frye, 1952; Fishel et aI, 
1956; Walters & Bayne, 1959; Bayne & 
Walters, 1959. 
Waite, 1942; McLaughlin, 1943, 1949; 
Latta, 1944, 1950: Bayne, 1956; 
Strammel et aI, 1958. 
Fent, 1950; Latta, 1950; Bayne, 1956, 
1960, 1962; Lane, 1960; Walters, 1961; 
Petri et aI, 1964. 
McLaughlin, 1942,1946; Frye, 1942; 
Byrne & MCLaughlin, 1947; Fader et aI, 
1964. 
Waite, 1947; Williams & Lohman, 1949; 
Latta, 1949; Prescott, 1951; 
Johnson, 1958; Hodson, 1960, 1963,1965. 
Frye, 1945,1949; Berry,1952j Leonard, 
1952; Prescott, 1955; Bayne, 1956. 
Hodson, 1959, Mack, 1962. 
Swenson, 1955. 
Wenzel, et al,1946; Rapp et aI, 1957; 
Babcock & Visher, 1951. 
Bjorklund and Brown, 1957. 
Lugn, 1938; Schreurs, 1956; Waite et al 
1949; Keech, 1952. 
Bradley & Johnson, 1957; Cardwell & 
Jenkins, 1963; Waite et aI, 1948. 
Cohen, 1964. 
Everett and Rush, 1965. 
Cohen and Loeltz, 1964. 
Loeltz and Eakin, 1953. 

Huxel and Petri, 1965. 
Paulson, 1964; Kelley, 1966. 
Reed and others, 1953. 
Schoff, 1939; Schoff & Stovall, 1943; 
Marine & Schoff,1962; Wood & Stacy, 
1965. 
Schoff & Reed, 1951; Lohman et aI, 
1953; Tanaka & Hollowell, 1966. 
Hart, 1965. 
Barclay & Burton, 1953; Lohman et aI, 
1953; Davis, 1960. 



Table 11. Continued. 

State 

OREGON 

SOUTH 
DAKOTA 

TEXAS 

UTAH 

WASHINGTON 

WYOMING 

River 

Willamette 
Willamette 
Grande Ronde 
Powder 
Malheur 
Walla Walla 

Big Sioux 
Skunk Crk. 
Vermillion 
James 
Missouri 
White 
Grande 
Bad 
Cheyenne 
R~o Grande 
Comanche 

Springs 
Pecos 

Big Spring 
Los Moras 

Springs 
Guadalupe 
San Marcos 
Brazos 
San Jacinto 

Nueces 

Provo 

Jordon 

Jordon 

Sevier 

Beaver 
Coal Creek 

Weber & Ogden 

Bear 
Spokane 
Walla Walla 
Yakima 

No. Platte 

Wind 
Bighorn 
Green River 

Reach 

Eugene-Albany 
Salem-Oregon City 
LaGrande-Elgin 
Baker-North Powder 
Vale-Ontario 
Milton-Freewater-State 
line 

All 
A11(?) 
Lower half (?) 
Lower 50 miles (?) 
Below Yankton 
Below Interior 
Lower 50 miles 
Below Phillip 
Below Hot Springs 
Above EI Paso 
At Fort Stockton 

Above Girvin 

At Big Spring 
At Brackettville 

Below New Braunfels 
Below Sal! r1arcos 
Below Whitney Dam 
Several of tributaries 

Below Lake Corpus 
Christi 

Lower (Utah Valley) 

Upper (Utah Valley) 

Lower (S.L. Valley) 

Upper 
Central 

Sevier Desert 
All (?) 
Cedar City Valley 

East Shore Area 

Upper 
Spokane Valley 
Above Touchet 
Main stem 

aComplete references are given on the following pages. 
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APPENDIX B 

Table 12. Summary of SCS evaluations of water management problems, causes and needs within major stream­
aquifer systems of the western States. 

Arizona 
G~la 
Salt 

River 

California 
Sacramento 
Trinity 
Feather 
American 
Colorado 

Colorado 
Arkansas 

Idaho 

So. Platte 
Rio Grande 

-----~S~n7.a~k~e~ ______ _ 

Raft 
Biq Lost 
Boise 
Payette 
Little Lost 
Biq Wood 

Kansas 
-----Repu~lican 

Arkansas 

Cimarron 
Smoky Hill 
Solomon 

Montana 
M~ssouri 

Nebraska 
North Platte 
South Platte 
Platte 
Republican 

Reach 

Safford-Duncan 
Lower Basin 

Red Bluff-Walnut Grove 
Coffee Crk-Minersville 
Marysville-Jct w~Sacr. River 
Folsom-Sacramento River 
Parker-Palo Verde 
Imper~al Res-~l.llf of Calif. 

Pueblo-State Line 
Denver-State Line 
Del Norte-State Line 

Bliss-Milner 
Amer. Falls-Roberts 
All 
All 
Below Boise 
Below Emmett 
All 
Maqic Res-Hailey 

Colo. St. Line-Nebr. St. Line 
Nebr. St. Line-Junction City 
Colo. St. Line-Great Bend 
Great Bend-Okla. St. Line 
Colo. St. Line-Okla. St. Line 
Colo. St. Line-Junction City 
Above Jct. with Smokv Hill 

Problems 

3 I 4 

IX /' /' 

~ / V 
/ / 
IX X X 
~ )( X 

V V 
V 1/ V V 
1/ V I)( V 
1/ V V IX 
I>< V V V 
I)(: 1/ 

1/ / IX 
IX 1/ V IX 

/ / V 
1/ V 1/ 
V 
'/ -

:/ IX 
1/ V V 

5 

/ 

X 
~ 

IX 

V 

~ 
~ 
IX 

Water management(a) 

Causes Needs 

--
Iii 
_til 

II 

mIl 

~, I,:. ~ 
Ft. Peck-State Line 121 !XI ITJ2'LTJ'tCi[1 I7T t)([T-18l TI 

All KI7T-r' J)(IXf- LJ 
All l7'I7T "I D<D4:[,' 1 I 
All IXJ/I7IXVOO I 1 
All IXI)C'J 1 VI)(I t I aa;lmll 

--0 
N 



Table 12 (Continued) 

River 

Nevada 
---Humbolt 

Truckee 
Walker 

New Mexico 
Gl.la 
Rio Grande 

No. Dakota 
Ml.ssouri 
Yellowstone 
Souris 
James 
Sheyenne 

Oklahoma 
Cl.marron 
No. Canadian 
Arkansas 
Washita 
Red 

Oregon 
---Willamette 

Grande Ronde 
Powder 
Malheur 
Walla Walla 

So. Dakota 
Bl.g Sioux 
Skunk Creek 
Verml.llion 
James 
Missouri 
White 
Grande 
Bad 
Cheyenne 

Reach ---
I 2 

Winnemucca 
Basin 
Truckee Meadows 
Smi th Valley 
Mason Valley 

Red Rock-Ariz. St. Line X 
Colo. St. Ll.ne-So. 6 ml.les 
Pilar-Nr. Totavi X ~ 
Cochl.tl.-Bernardo X ~ 
Jct. of Rio Salado-Nr. Hatch ~ X 
Nr. Radl.um Sprl.nqs-El Paso / 

All V 
All / 
Below Verendrye X 
Jamestown-State Line V '/ 
Balo Hill Dam-Kathryn 

All 
Above Bethany IX 
All IX 
Above Lake Texoma / !/ 
Below Lake Texoma IX 

Euqene-Albany 
Salem-Oreqon City 
La Grande-Elqin 
Baker-North Powder 
Vale-Ontario >-
Ml.lton-Freewater-St. Line 

- -- ---- -----------

All 0< / 
All '/ 
Lower Half '/ '/ 
Lower 50 ml.les 
Below Yankton )( 
Below Interior 
Lower 50 ml.les 
Below Phl.llip 
Below Hot Sprinqs 

Problems - ~- ~ -~ 

3 4 
a b a b c 5 

/ 

/ V ~ 
~ ~ ~ 
V / ~ 

/ 

I)( 
~ 

IX 

I)C: 

>< 
)( r>< 
)( 

L..-

1/ 
V '/ 
1/ I 

1/ / 
/ / 
/ / 
'/ '/ 

Water management(a) 
Causes Needs 

112131415161718 112PI415161718 

II II 
fIt1IEB 
mmlll 
• II 

I~ /" ~ V 
V V V 
V V 1/ 
V V / 

V V ~ V ~ / 
V V ~ V 
V V V 

/ V / 
/ / V /' V 

-.0 
W 



Table 12. (Continued) . 

River 

Texas 
---Rio Grande 

utah 

Comanche Sprgs. 
Pecos 
Biq Sprinq 
Los Moras Sprqs. 
Guadalupe 
San Marcos 
Brazos 
San Jacinto 
Nueces 

Provo 
Jordon 

Sevier 

Beaver 
Coal Creek 
Weber & Ogden 
Bear 

Washington 
Spokane 
Walla Walla 
Yakima 

Wyoming 
No. Platte 
wind 
Biqhorn 
Green River 

Reach ---

Above E.l Paso 
At Fort Stockton 
Above Gl.rVl.n 
At Biq Sprinq 
At Brackettville 
Below New Braunfels 
Below San Marcos 
Below Whitney Dam 
Several of Tributarl.es 
Below Lake Corpus Chrl.stl. 

Lower (Utah Valley) 
Utah Valley 
Lower (Salt Lake Valley) 
Upper 
Central 
Sevier Desert 
All 
Cedar City Valley 
East Shore Area 
Upper 

Spokane Valley 
Above Toucnet 
Main stem 

All 
All 
All 
All 

Problems 
3 4 

1 2 a b abc 5 

/)( ~ 
V V )( 
V I>C ~ 

Dei 
I)( 
I)( 
I)( 

/ V / 
/ 
V '/ / I 

[)C 

[)( r>( [lit / 

"K .A 1"- ./ 
IX 

)( 
/ [)( / 

~ rlt 
I)( 

IX( rrlilTl 
IXlIIIITTl 
IX[ , I I I TT-' 
I 1/1 l I r III 

water rnanagement(a) 
Causes 

1 2 3 4 5 6 7 8 1 2 

/ t>< 
1/ ~ / )( 

:/ ()( /' / 

'" ~ 
~ 
[)I 

1/ / L 
~ / 

/" ~ / X 

Needs 

3 4 5 6 7 8 

/ X 
~ 1/ 

}III; 
D'C; 
M 
[.)( 

/ V 

V 

umllll II bJJiIl I 
1IIIIIUlIII 

(a) The numbers in the table are keyed to the items below. Marks in the squares iridicate the 
following: 

x - The item 
/ - The item 

blank - The item 

s a major problem, cause, or need; 
s a minor problem, cause, or need; 
s of little or no importance. 

(continued) 
-.0 
.f::,. 



Table 12 (Continued) 

Water management problems 

1. Drainage problems. 
2. Non-beneficial water use 

(phreatophytes, evaporation 
from high water table, etc.). 

3. Conflicts between surface water 
and ground water users: 

(a) now a problem 
(b) potentially a problem. 

4. Quality problems 
(a) Chemical 
(b) Bacteriological 
(c) Physical (Color, odor, 

taste, etc.). 
5. Other. 

Causes 

1. Canal seepage. 
2. Reservoir seepage. 
3. Excessive irrigation applica­

tions. 
4. Water use on adjoining uplands. 
5. Leakage from underlying 

artesian aquifers. 
6. Poor natural drainage (low 

transmissibility) . 
7. Lack of coordinated develop­

ment and use of interrelated 
groundwater and surface water. 

8. Other. 

Needs 

1. Artificial drainage. 
2. Phreatophyte control. 
3. Improvement of field irriga­

tion. 
4. Lining or sealing canals and/ 

or reservoirs. 
5. Planned coordinated or inte­

grated management of inter­
related groundwater and 
surface water. 

6. More information on system 
responses to changes in 
management practices. 

7. Legislation allowing coordi­
nated or integrated management 
of interrelated qroundwater 
and surface. 

8. Other. 

~ 
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APPENDIX C 

Table 13.Description of one-~i~ensional models an'l.lyze--1 a . 

No. of Irr. tl1l i::'- '~'l tn 
active Perl"1e- Specific Initi1'l1 Land Canal area d rawa 1 trr. dral,',3 1 

Model 660' ability yie1dc wrtterd Bed- sur-& po- po- . area i Canal arfii'l (I 1 
no. rows patternb pattern table rocke 

face~ sitiong sition:1 positio!O O~ Q (Ne'll 

101 16 1 1 1 1 1 0 1-16 0 0 1 0 

102 16 1 1 1 1 1 0 1-12 0 0 1 0 

103 16 1 1 1 1 1 0 1-8 0 0 1 0 

104 16 1 1 1 1 1 0 1-4 0 0 1 0 

105 16 1 1. 1 1 1 0 5-16 0 0 1 0 

106 16 1 1 1 1 1 0 5-12 0 0 1 0 
107 16 1 1 1 1 1 0 5-8 0 0 1 0 
108 16 1 1 1 1 1 0 9-16 0 0 1 0 
109 16 1 1 1 1 1 0 9-12 0 0 1 0 
110 16 1 1 1 1 1 0-1 0 0 1 0 0 
111 16 1 1 1 1 1 4-5 0 C 1 0 0 
112 16 1 1 1 1 1 8-9 0 0 1 0 0 

113 16 1 1 1 1 1 12-13 0 0 1 __ O __ J 
114 16 1 1 1 1 1 0-1 1-16 0 1 1 0 
115 16 1 1 1 1 1 4-5 5-16 0 1 1 0 
116 16 1 1 1 1 1 8-9 9-16 0 1 1 0 
117 16 1 1 1 1 1 0 1-12 16 0 1 1 
118 16 1 1 1 1 1 0-1 1-12 16 1 1 1 
119 12 1 1 1 1 1 0 1-12 0 0 1 0 
120 12 1 1 1 1 1 0 1-8 0 0 1 0 
121 12 1 1 1 1 1 0 1-4 0 0 1 0 
122 12 1 1 1 1 1 0 5-12 0 0 1 0 
123 12 1 1 1 1 1 0 1-8 0 0 1 0 
124 12 1 1 1 1 1 0 9-12 0 0 1 0 
125 16 2 1 1 1 1 0 1-16 0 0 1 0 
126 16 3 1 1 1 1 0 1-16 0 0 1 0 
127 16 4 1 1 1 1 0 1-16 0 0 1 0 
128 16 5 1 1 1 1 0 1-16 0 0 1 0 
129 16 2 1 1 1 1 0 1-8 0 0 1 0 
130 16 3 1 1 1 1 0 1-8 0 0 1 0 
131 16 4 1 1 1 1 0 1-8 0 0 1 0 
132 16 5 1 1 1 1 0 1-8 0 0 1 0 
133 16 2 1 1 1 1 0-1 0 0 1 0 0 
134 16 3 1 1 1 1 0-1 0 0 1 0 0 
135 16 4 1 1 1 1 0-1 0 0 1 0 0 
136 16 5 1 1 1 1 0-1 0 Q 1 0 Q 
137 16 4 2 1 1 1 0 1-16 0 0 1 0 
138 16 3 1 1 2 1 0 1-16 0 0 1 0 
139 16 4 1 1 3 1 0 1-16 0 0 1 0 
140 
141 16 6 1 1 1 1 0 1-16 0 0 1 0 
142 16 7 1 1 1 1 0 1-16 0 0 1 0 
143 16 S 1 1 1 1 0 1-16 0 0 1 0 
144 16 9 1 1 1 1 0 1-16 0 0 1 0 
145 
146 16 1 1 1 4 1 0 1-16 0 0 1 0 
147 16 1 1 1 5 1 0 1-16 0 0 1 0 
148 16 1 1 1 6 1 0 1-16 0 0 1 0 

151 16 1 1 1 1 1 0 1-16 0 0 2 0 
152 16 1 1 1 1 1 0 1-16 0 0 3 0 
153 16 1 1 1 1 1 0 1-16 0 0 4 0 
154 16 1 1 1 1 1 0 1-16 0 0 5 0 
ISS 16 1 1 1 1 1 0 1-16 0 0 6 0 
158 4 1 1 1 1 1 0 1-4 0 0 1 0 
159 a 1 1 1 1 1 0 1-8 0 0 1 0 
160 20 1 1 1 1 1 0 1-20 0 0 1 0 
161 24 1 1 1 1 1 0 1-24 0 0 1 0 
162 32 1 1 1 1 1 0 1-3:' 0 0 1 0 
163 40 1 1 1 1 1 0 1-48 0 0 1 0 



Footnotes. Appendix C 

aSasic arrangement for one-dimensional Models 

Imperm. 

. . 
- - - -..:.. - - -- - - - -- ---- ---- - -- - -=- -:... -:...:..-- -=-:.::-.1 Stream 

m -;.;.;,:;,:;.;;: ... -:..-..:-===---:..-_-_-.;-,.;-=.:;.~_;.,.-"'" -..... -:2 ==.-= = -t":= 100 ft 

bpermeability 

pattern no. 
1 2 3 4 5 6 7 8 9 

Row no. 1 0.01 0.001 0.005 0.02 0.05 0.006 0.002 0.006 0.001 
2 0.01 0.001 0.005 0.02 0.05 0.006 0.002 0.006 0.001 
3 0.01 0.001 0.005 0.02 0.05 0.007 0.004 0.008 0.006 
4 0.01 0.001 0.005 0.02 0.05 0.007 0.004 0.008 0.006 
5 0.01 0.001 0.005 0.02 0.05 0.008 0.006 0.010 0.011 
6 0.01 0.001 0.005 0.02 0.05 0.008 0.006 0.010 0.011 
7 0.01 0.001 0.005 0.02 0.05 0.009 0.008 0.013 0.016 
8 0.01 0.001 0.005 0.02 0.05 0.009 0.008 0.013 0.016 
9 0.01 0.001 0.005 0.02 0.05 0.010 0.010 0.016 0.022 

10 0.01 0.001 0.005 0.02 0.05 0.010 0.010 0.016 0.022 
11 0.01 0.001 0.005 0.02 0.05 0.011 0.012 0.013 0.016 
12 0.01 0.001 0.005 0.02 0.05 0.011 0.012 0.013 0.016 
13 0.01 0.001 0.005 0.02 0.05 0.012 0.014 0.010 0.011 
14 0.01 0.001 0.005 0.02 0.05 0.012 0.014 0.010 0.011 
15 0.01 0.001 0.005 0.02 0.05 0.013 0.016 0.008 0.006 
16 0.01 0.001 0.005 0.02 0.05 0.013 0.016 0.008 0.006 
17 0.01 0.001 0.005 0.02 0.05 0.014 0.018 0.006 0.001 

cSpecific y~eld 
Pattern No. 1--Uniform throughout model at 0.20. 
Pattern No. 2--Uniform throughout model at 0.40. 

dlnitial water table 
Condition No. 1--Level. 

eBedrock configuration 
Condition No. 1--Level, 50 feet below initial water table elevation. 
Condition No. 2--Level, 100 feet below initial water table elevation. 
Condition No. 3--Level, 25 feet below initial water table elevation. 
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Condition No. 4--Sloping toward river at 8 feet per mile. Average bedrock elevation 
50 feet below initial water table elevation. 

Condition No. 5--S1oping away from river at 8 feet per mile. Average bedrock ele­
vation 50 feet below initial water table elevation. 

Condition No. 6--S1oping away from river and impermeable boundary at 16 feet per 
mile to low point at center of model. Average bedrock elevation 
SO feet below initial water table elevation. 

f Land surface 
Condition No. l--Level, 10 feet above initial water table elevation. 

gCanal position (Canal 50 feet in width) 
o - -indicates no canal. 
O-l--indicates canal is located between the impermeable boundary and the first 

660-foot row 
4-5 --indicates canal is located between the 4th and 5th GGO-foot rows. 
ETC. 

hlrrigated area position 
I-lG--indicates water applied to G60-foot rows 1 through 12, with remaining rows 

in the model not receiving water. 
ETC. 

iWithdrawal area position (6GO-feet wide) 
o --indicates no withdrawal of water. 

16 --indicates row No. 16 has water withdrawn from it. 
(continued) 



Footnotes Appendix C 

jCanal input Q 
o indicates no leakage from ~anal to ground~ater syster. 
1 indicates ('anal leal;nqe to qroundwater at the r'l~e at 2 

per mile of calial length over the ti:ne peri')~! t=D to 

kIrrigated area input Q 
o indicates no w3ter per.:;olation frorr' irriqated ,13::ds tc 
1 indicates deep percolatio~ frOM irrigated lands to the 

2 

3 

D.l ft during t 0 to 10 days 
0.2 ft during t 10 to 2~ days 
0.4 ft during t 20 to 30 days 
0.2 ft durinq t 30 to 40 days 
0.1 ft during t = 40 t.o 50 days 

and no deep percolation after t = 50 

indicates deep percolation as follows: 
0.05 ft during t o to 10 days 
0.1 ft during t 10 to 20 days 
0.2 ft during t = 20 to 30 days 
0.1 ft durinq t 30 to 40 days 
0.05 ft during t 40 to 50 days 

indicates deep percolation as follows: 

0.2 ft during tOto 10 days 
0.4 ft during t 10 to 20 days 
0.8 ft during t 20 to 30 days 
0.4 ft during t 30 to 40 days 
0.2 ft during t 40 to SO days 

jays. 

acre-feet per d3Y 
t=50 days. 

the ~rou~dwater systc~. 
groundwater as follo~s: 

4 
5 
6 

indicates 0.1 ft water added to groundwater dur nq 
ind(catps 0.2 ft water added to groundwater dur n9 
indicates' 0 • It, t't wat:er aaded to groundwater dur ng 

teO to 10 days only. 
t-l0 to 20 days only. 
te20 to 30 days only. 

lWithdrawal 
o 
1 

area net Q (negative input) 
ind1cates no withdrawals. 
indicates withdrawal of Same time schedule and amounts as the No. 1 
condition under "Irrigated Area Input 0." 
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APPENDIX D 

Table 14. Results of one-dimensional model analyses. 

Calculated groundwater outflow to stream (percent of input Q) 

Model Numbers 
Time 
(days) 101 102 103 104 105 106 107 108 109 110 III 112 113 114 

0-10 1. 31 0.30 0.07 0.02 1. 74 0.43 0.12 2.55 0.74 0.03 0.09 0.54 3.20 1. 22 
10-20 3.35 1.01 0.32 0.13 4.42 1.45 0.52 6.37 2.39 0.14 0.35 1.50 6.10 3.11 
20-30 7.25 2.48 0.90 0.39 9.54 3.52 1.39 13.59 5.63 0.35 0.75 2.62 8.16 6.75 
30-40 7.09 3.65 1. 66 0.85 9.15 5.02 2.44 12.44 7.52 0.69 1.29 3.71 9.62 6.63 
40-50 6.24 4.26 2.40 1.42 7.80 5.63 3.32 9.96 7.83 1.13 1.91 4.72 10.68 5.87 
50-60 4.74 4.31 2.94 1. 99 5.59 5.40 3.81 6.41 6.88 1.64 2.47 5.08 8.27 4.52 

60-70 4.02 4.14 3.28 2.49 4.47 4.89 3.98 4.67 5.70 2.12 2.90 4.92 6.12 3.90 
70-80 3.57 3.91 3.45 2.86 3.74 4.35 3.93 3.61 4.71 2.5l 3.17 4.53 4.49 3.50 
80-90 3.24 3.68 3.50 3.12 3.25 3.89 3.79 2.92 3.95 2.84' 3.30 4.10 3.50 3.22 
90-100 2.98 3.47 3.48 3.26 2.84 3.51 3.62 2.44 3.39 3.0~ 3.35 3.71 2.83 3.00 
100-110 2.78 3.28 3.41 3.37 2.55 3.21 3.43 2.10 2.96 2.17 3.33 3.37 2.38 2.81 
110-120 2.60 3.11 3.31 3.31 2.32 2.95 3.26 1.85 2.64 3.2"2 3.27 3.09 2.05 2.65 

120-130 2.44 2.94 3.20 3.27 2.14 2.74 3.09 1.66 2.38 3.21 3.18 2.85 1.81 2.50 
130-140 2.30 2.79 3.08 3.19 1. 99 2.56 2.93 1.51 2.18 3.17 3.08 2.65 1.62 2.37 
140-150 2.18 2.65 2.96 3.10 1.86 2.41 2.78 1.39 2.02 3.10 2.97 2.48 1.48 2.25 
150-160 2.07 2.52 2.83 2.99 1.74 2.27 2.65 1.29 1.88 3.01 2.86 2.34 1.36 2.13 
160-170 1.96 2.40 2.70 2.88 1.65 2.14 2.52 1.20 1. 76 2.91 2.74 2.21 1.27 2.03 
170-180 1. 86 2.28 2.59 2.76 1.56 2.03 2.40 1.13 1.66 2.80 2.63 2.09 1.19 1.93 

180-210 4.85 5.96 6.80 7.31 4.03 5.28 6.28 2.91 4.28 7.46 6.94 5.43 3.03 5.03 

210-240 4.22 5.18 5.93 6.41 3.50 4.59 5.48 2.52 3.71 6.57 6.10 4.73 2.62 4.37 

240-270 3.67 4.51 5.18 5.62 3.04 4.00 4.79 2.19 3.23 5.77 5.35 4.13 2.28 3.81 

270-300 3.20 3.93 4.52 4.91 2.65 3.49 4.18 1.91 2.82 5.07 4.69 3.61 1.99 3.32 

300-330 2.78 3.43 3.95 4.30 2.32 3.04 3.66 1.67 2.46 4.45 4.11 3.16 1. 74 2.89 

330-360 2.43 2.99 3.45 3.76 2.02 2.66 3.20 1. 46 2.16 3.90 3.60 2.77 1. 52 2.53 

115 116 117 

1. 59 6.23 0.33 
4.04 5.71 0.34 
8.71 12.11 0.25 
8.41 11.28 1. 93 
7.25 9.28 3.29 
5.31 6.25 4.08 

4.33 4.71 4.03 
3.70 3.74 3.84 
3.24 3.08 3.64 
2.90 2.61 3.44 
2.63 2.27 3.25 
2.41 2.01 3 .08 

2.24 1.81 2.92 
2.09 1.66 2.77 
1.96 1.53 2.64 
1.84 1.43 2.51 
1. 74 1. 34 2.38 
1.65 1.26 2.27 

4.29 3.24 5.92 

3.73 2.81 5.15 

3.26 2.44 4.49 

2.83 2.13 3.91 

2.48 1.86 3.41 

2.16 1. 63 2.97 

118 

0.30 
0.30 
0.20 
1.82 
3.09 
3.86 

3.86 
3.73 
3.57 
3.41 
3.25 
3.10 

2.95 
2.81 
2.68 
2.55 
2.43 
2.31 

6.05 

5.27 

4.60 

4.00 

3.50 

3.05 

119 

1. 75 
4.46 
9.67 
9.44 
8.29 
6.27 

5.28 
4.63 
4.14 
3.75 
3.41 
3.11 

2.85 
2.61 
2.40 
2.20 
2.03 
1.86 

4.44 

3.53 

2.81 

2.23 

1. 78 

1.42 

\D 
\D 



':able 14. (continued) 

Time 
(days) 120 121 122 

0-10 0.44 0.14 2.56 
10-20 1. 51 0.62 6.38 
20-30 3.71 1.70 13.63 
30-40 5.44 3.09 12.54 
40-50 6.32 4.34 10.19 
50-60 6.34 5.16 6.71 

60-70 6.00 5.54 5.06 
71)-aO 5.57 s.SiJ 4.09 
80-90 5.14 5.42 3.45 
90-100 4.73 5.16 3.01 
100-110 4.35 4.84 2.67 
110-120 3.99 4. 51 2.40 

120-130 3.67 4.18 2.18 
130-140 3.38 3.87 1.99 
140-150 3.10 3.57 1.83 
150-160 2.86 3.30 1.68 
160-170 2.63 3.04 1.54 
170-180 2.42 2.80 1.42 

180-210 5.77 6.70 3.38 

210-240 4.59 5.34 2.70 

240-270 3.65 4.26 2.15 

270-300 2.91 3.40 1.71 

JOO-HO 2. J2 2.71 1.37 

130-360 1.85 2.16 1.09 

Calculated groundwater outflow to stream (percent of input ~) 

Model Nwabers 

123 124 125 126 127 128 129 130 131 132 133 

0.74 4.37 0.33 0.90 1.90 3.04 0.00 0.01 0.30 1.18 0.00 
2.41 10.34 0.S9 2.31 4.80 7.62 0.00 0.06 1.13 3.82 0.00 
5.69 21.50 1.98 5.02 10.39 16.40 0.00 0.19 2.92 9.02 0.00 
7.69 17.25 2.13 4.99 10.04 15.44 0.00 0.40 4.73 12.16 0.00 
8.14 12.05 1.97 4.41 S.78 13.02 0.00 0.66 5.98 12.83 0.00 
7.34 6.02 1. 57 3.38 6.60 9.09 0.00 0.94 6.4S 11.40 0.00 

6.32 3.79 1. 33 2.86 5.54 7.01 O.O~ 1.18 6.40 9.49 0.00 
5.45 2.73 1.17 2.54 4.84 5.55 0.02 1.38 6.10 7.72 0.00 
4.77 2.14 1.06 2.31 4.30 4.44 0.0-) 1.53 5.69 6.24 0.00 
4.24 1. 78 0.97 2.14 3.86 3.56 0.04 1.64 5.24 S.04 0.00 
3.81 1. 53 0.91 2.00 3.49 2.86 O.OS 1.72 4.81 4.06 0.00 
3.46 1.36 0.85 1.88 3.16 2.31 0.07 1.39 4.40 3.28 0.00 

3.16 1.22 0.80 1. 78 2.86 1.86 0.08 1.80 4.02 2.64 0.00 
2.89 1.10 0.77 1. 70 2.60 1.50 0.10 1.82 3.66 2.13 0.00 
2.65 1.00 0.74 1.62 2.37 1.21 0.11 1.82 3.34 1.72 0.00 
2.44 0.92 0.71 1.56 2.15 0.98 0.13 1.81 3.05 1.39 0.00 
2.25 0.85 0.68 1.50 1.97 0.79 0.15 1.80 2.78 1.12 0.01 
2.07 0.78 0.66 1.45 1.79 0.64 0.16 1. 78 2.53 0.91 0.01 

4.94 1.S6 1.81 3.95 4.15 1.16 0.60 S.10 5.90 1.59 0.08 

3.94 1.49 1.68 3.62 3.22 0.65 0.70 4.82 4.57 0.93 0.14 

3.14 1.19 1. 57 3.34 2.49 0.38 0.79 4.53 3.55 0.54 0.20 

2.51 0.95 1.48 3.09 1.94 0.22 0.86 4.25 2.76 0.32 0.27 

2.00 0.76 1.40 2.86 1.50 0.13 0.92 3.97 2.15 0.19 0.34 

1.60 0.60 1.34 2.65 1.17 0.08 0.97 3.70 1.67 0.11 0.42 

134 135 136 

0.00 0.24 1. 57 
0.00 0.86 4.09 
0.03 1. 79 6.75 
0.08 2.92 9.15 
0.15 4.15 11.18 
0.26 5.13 11.27 

0.39 5.70 10.10 
0.55 5.87 8.54 
0.72 5.60 7.04 
0.88 5.51 5.74 
1.04 5.17 4.66 
LIS 4.80 3.87 

1. 31 4.43 3.06 
1.41 4.07 2.48 
1. SO 3.73 2.01 
1. 56 3.41 1.63 
1.61 3.12 1. 32 
1. 65 2.96 1. 07 

5.01 6.69 1.aa 

4.92 5.22 1.10 

4.75 4.07 0.65 

4.53 3.1a 0.38 

4.29 2.48 0.22 

4.04 1.93 O.ll 

137 

1.31 
3.34 
7.23 
7.02 
6.t7 
4.68 

3.97 
3.53 
3.21 
2.96 
2.75 
2.58 

2.43 
2.29 
2.17 
2.06 
1. 96 
1.86 

4.8b 

4.23 

3.69 

3.22 

2.82 

2.4b 

138 

1.31 
3.34 
7.23 
7.02 
6.17 
4.68 

3.97 
3.53 
3.21 
2.96 
2.7'l 
2.58 

2.43 
2.29 
2.17 
2.06 
1. 96 
1.86 

4.86 

4.23 

1.69 

1.22 

l.a2 

.1.46 

..... 
o 
o 



Table 14. (continued) 

Time 
(days) 139 141 142 143 

0-10 1.31 1.50 1.66 1.17 
10-20 3.36 3.79 4.16 3.03 
20-30 7.31 8.19 8.97 6.60 
30-40 7.22 7.88 8.51 6.64 
40-50 6.38 7.29 7.29 6.00 
50-60 4.86 5.08 5.31 4.73 

60-70 4.18 4.26 4.38 4.10 
70-80 3.65 3.73 3.79 3.69 
80-90 3.31 3.35 3.37 3.38 
90-100 3.04 3.06 3.04 3.14 
100-110 2.82 2.82 2.78 2.93 
110-120 2.64 2.62 2.56 2.74 

120-130 2.48 2.45 2.37 2.58 
130-140 2.33 2.30 2.21 2.44 
140-150 2.20 2.16 2.06 2.31 
150-160 2.08 2.04 1.94 2.18 
160-170 1.97 1.92 1.82 2.07 
170-180 1.87 1.82 1.71 1. 96 

180-210 4.84 4.68 4.38 5.08 
210-240 4.18 4.02 3.75 4.39 
240-270 4.18 3.46 3.23 3.80 
270-300 3.14 2.98 2.78 3.29 

300-330 2.72 2.57 2.40 2.85 
330-360 2.17 2.22 2.07 2.47 

Calculated groundwater outflow to .tr... (percent of input 0) 

!!2ul au.belLl 

144 146 147 148 151 152 153 154 155 

0.85 1.40 1.20 1~22 1.31 1. Jl 13.14 0.00 
2.28 3.82 3.08 3.13 3.44 3.36 1.11 13.14 
5.05 7.70 6.70 6.80 7.23 7.31 S.28 1.14 13.14 
5.44 7.46 6.61 6.73 7.02 7.22 4.38 5.29 7.20 
5.16 6.52 5.86 5.98 6.17 6.38 3.82 4.39 5.33 
4.31 4.91 4.50 4.01 4.68 4.86 3.44 3.83 4.22 

3.84 4.15 3.83 3.95 3.97 4.11 3,14 3.44 3.85 
3.51 3.66 3.42 3.52 3.53 3.65 2'.91 3.15 3.46 
3.26 3.31 3.12 3.22 3.21 3.ll 2.71 2.91 3.16 
3.05 3.04 2.88 2.97 2.96 3.04 2.55 2.72 2.92 
2.87 2.82 2.69 2.77 2.75 2.82 2.40 2.55 3.67 
2.71 2.63 2.53 2.60 2.58 2.64 2.27 2.41 2.56 

2.56 2.47 2.39 2.45 2.43 2.48 2.16 2.28 2.41 
2.43 2.32 2.26 2.32 2.29 2.33 2.05 2.18 2.28 
2.ll 2.19 2.12 2.20 2.17 2.20 1.95 2.05 2.16 
2.19 2.07 2.04 2.09 2.06 2.08 1.85 1.95 2.05 
2.09 1.96 1.94 1.98 1.96 1.97 1.17 1.86 1.95 
1.99 1.86 1.85 1.89 1.86 1.87 1.68 1.17 1.86 

5.23 4.80 4.87 4.93 4.86 4.84 4.41 4.63 4.85 
4.58 4.14 4.28 4.32 4.23 4.18 3.86 4.u4 4.43 

4.03 3.58 3.76 3.76 1.69 1.6l 3.38 3.53 3.70 

1.54 1.10 3.30 3.28 3.26 3.18 2.95 3.09 3.22 

3.12 2.68 2.91 2.87 2.82 2.72 2.59 2.70 2.82 

2.75 2.33 2.56 2.51 2.46 2.37 2.26 2.36 2.46 

156 158 159 160 

1.31 4.98 2.62 1.05 
3.34 l2.17 6.67 2.68 
7.21 25.16 14.42 5.80 
1.00 22.01 13.93 5.67 
6.13 15.98 11.99 4.99 
4.65 8.29 8.68 3.79 

3.95 4.66 6.91 3.22 
3.51 2.67 5.67 2.86 
3.19 1.54 4.70 2.61 
2.94 0.89 3.92 2.41 
2.74 0.51 3.28 2.25 
2.52 0.30 2.75 2.12 

2.42 0.17 2.90 2.01 
2.28 0.10 1.93 1.91 
2.17 0.06 1.62 1.82 
2.06 0.03 1.16 1.74 
1.95 0.02 1.15 1.67 
1.86 0.01 0.96 1.61 

0.01 1.85 4.35 

0.00 1.18 3.94 

0.00 0.76 3.S8 

0.00 0.48 3.26 

0.00 0.31 2.97 

0.00 0.20 2.71 

161 162 

0.88 0.66 
2.23 1.67 
4.84 3.63 
4.73 3.55 
4.16 3.12 
3.16 2.37 

2.69 2.01 
2.39 1. 79 
2.17 1.63 
2.01 1. 51 
1.88 1.41 
1.77 1.33 
1.68 1.26 
1.60 1.20 
1. 53 1.15 
1.47 1.10 
1.42 1.06 
1. 37 1.03 

3.75 2.84 

3.45 2.63 

1.19 2.46 

2.97 2.32 

2.77 2.20 

2.58 2.09 

163 

0.53 
1.34 
2.94 
2.84 
2.50 
1.90 

1.61 
1. 43 
1. 30 
1. 21 
1.13 
1.06 

1. 01 
0.96 
0.92 
0.88 
0.85 
0.82 

2.27 

2.11 

1. 98 

1.86 

1.77 

1.69 

.... 
o .... 



APPENDIX E 

Table 15. Description of two-dimensional models analyzeda • 

perme- specihc Laterai Inl.tl.al 
Model abilitYb yield bot;tnd(i water Bed- Land 

no. pattern patternc arl.es tab1ee rockf surfaceg 

201 1 1 1 1 1 1 
202 1 1 1 2 2 2 
~J I 1 1 3 3 3 
204 1 1 1 1 1 1 
205 1 1 1 2 2 2 
206 1 1 1 3 3 3 
207 2 1 1 1 1 1 
208 2 1 1 3 3 3 
209 3 1 1 3 3 3 
210 4 1 1 3 3 3 
211 5 1 1 3 3 3 
212 1 1 2 1 1 1 
213 1 1 1 3 3 3 
214 1 1 1 1 4 1 
215 1 1 1 1 5 1 
216 1 1 1 1 1 1 
217 2 1 1 1 1 1 
218 3 1 1 1 1 1 
219 4 1 1 1 1 1 
220 5 1 1 1 1 1 
221 1 1 2 3 3 3 
222 1 1 3 3 3 3 
211! 
22 1 1 1 1 1 1 
225 2 1 1 1 1 1 
226 3 1 J l.. 1 1 
227 4 1 1 1.. 1 1 
218 5 1 1 1 1. 1 
229 i 1 i 1 i i 
230 1 1 1 1 1 1 

aBaeie qrid arranqement for two-dimensional models. 

bpermeability 

Row 1 
2 
3 
4 
5 
6 

/// / / // / ~ / / /~ / / '" / / / 4-, 
+ 

1_ 6x 1--1 
= 320 or 26 o f 

1 1 1 1 t 1 I 
CoL 1 2 3 456 7 8 

Pattern No. 

1 2 4 

Row No. 2 0.01 0.006 0.002 0.006 
3 0.01 0.007 0.004 O. 008 
4 0.01 0.008 0.006 0.010 
5 0.01 0.009 0.008 0.013 
6 0.01 0.010 0.010 0.016 
7 0.01 0.011 0.012 0.013 
8 0.01 0.012 0.014 0.010 
9 0.01 0.013 0.016 0.003 

10 0.01 0.014 0.018 0.006 

Net Q- Net Q-

~Xh ~yi 
ti:ne j areal k 
distr. uistr. 

1 1 A,a,e W 
1 1 A,B,C W 
1 ! AlBIC W 
2 1 A,e,C W 
2 1 A,e,e W 
2 1 A,B,e \i 
2 1 A,B,C W 
2 1, A,B,e W 
2 1 A,B-,e w 
2 1 A,B,e W 
2 1 A,B,e W 
2 1 A,B,e W 
2 1 0 0 
2 1 A,B,C W 
2 1 A,B,C W 
2 1 A,B,e W 
2 i A,B,C W 
2 1 A,B,C W 
2 1 A,B,C W 
2 1 A,B,C W 
2 1 O,A,B,C O,W 
2 1 O,A,B,e O,w 

2 1 A,B,C X 
2 1 A,B,e X 
2 1 A,B,C X 
2 1 A,B,C X 
2 1 A,B,C X 
2 1 e y 
2 1 C z .I" Imperm. bdry. , ..L 

'" ft. : T lIy=1320 

i 

;±±'....i. Stream 
n T= 100 ft. 

5 

0.001 
0.006 
0.011 
0.016 
0.022 
0.016 
0.011 
0.006 
0.001 

(All values in feet per second) 

cspecific yield 
Pattern no. I--Uniform throuqhout model at 0.20. 
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Appendix E (continued) 

dLatera1 boundaries 

Condi tion No. 1 
Parallel boundaries 

~ j 
lO-mile test reach 

Condition No. 2 
Diverg ing l'ounuar ies 

1- ~ 
10-mile test reach 

• .! 
'f 
1'1) 

Condition ~o. 3 
Converging bound3ries 

I· ./ 
10-mi1e test reach 

eInitial water table 
Condition No. 
Condition No. 

l--Level with 50 feat of saturated thickness. 
2--Sloping in the x-direction at 8 feet per mile, with 50 feet of 

saturated thickness. 

103 

Condition No. 3--S10ping in the x-direction at 8 feet per mile and in the y-direction 
(toward the river) at 8 feet per mile. Average initial saturated 
thickness of 50 feet. 

f8edrock configuration 
Condition No. l--Level. 

gLand 

hOelta 

i Oelta 

jNet Q 

Condition No. 2--S1ope in x-direction (downstream) at 8 feet per mile. 
Condition No. 3--Slope in x-direction and in y-direction (downstream and toward 

river) at 8 feet per mile. 
Condition No. 4--No slope in x-direction, slope in y-direction away from the river 

at 8 feet per mile. 
Condition No. S--No slope in x-direction,slope in y-direction away from the river 

at 16 feet per mile to low point in Row No.6, then upwards at 
16 feet per mile to Row 2. 

aurface 
Condition No. l--Level, 10 feet above initial water table elevation. 
Condition No. 2--S1ope in x-direction, 8 feet per mile. 
Condition No. 3--S1ope in x-direction at 8 feet per mile downstream and slope in 

y-direction at 8 feet per mile toward river. 
x 
Condition No. l--AX • 1320 feet. 
Condition No. 2--l'lx .. 42640 feet. 

y 
Condition No. l--l'lY '" 1320 feet. 

input, time distribution 
Input O--No water added to groundwater. 
Input A--One foot of water added to groundwater initial water table t • O. 
Input 8--0.10 ft. added during t s 0 to 10 days. 

0.30 ft. added during t 10 to 20 days. 
0.20 ft. added during t '" 20 to 30 days. 
0.15 ft. added during t 30 to 40 days. 
0.10 ft. added during t .. 40 to 50 days. 
0.05 ft. added during t 50 to 60 days. 
0.05 ft. added during t 60 to 70 days. 
0.05 ft. added during t 70 to 80 days, 

Input C--O.IO ft. added during t o to 10 days. 
0.20 ft. added during t 10 to 20 days. 
0.40 ft. added during t 20 to 30 days. 
0.20 ft. added during t 30 to 40 days. 
0.10 ft. added during t 40 to 50 days. 

kNet Q input, areal distribution 
Input W--Uniform over model area. 
Input X--Uniform over all grid cells except the center grid (row 6, column 13 for the 

~X s 2640 ft. models). A negative Q of 20 acre-feet per day is superimposed 
on this grid for the full period of calculation. 

Input Y--The "C n time distribution of water input is applied to 75% of the grid cells 
chosen randomly from a uniform distribution. 

Input Z--The "COO time distribution of water input is applied to 59% of the grid cells 
chosen randomly from a uniform distribution. 
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Table 16. Results of two-dir!1ensional ~odel 3!'lal:,'ses (tthlt :. i =~e c~ i s ~ r i~.; U t.1 ::":: c" (') . 

Calculate] g!'()undwater outflow to stream (per~ent of in?'Jt (I) 

;"'o~el :1'.lmbers 
Time 
(da~s) 201A 202A ~ql-"~ __ 204A_ 20SA 20GA 207A 208A 209A 210A 211A 212A 2l-tA 

0-10 13 .03 13.03 22.24 13.03 13 .03 22.24 15.00 26.04 29.29 19.'35 18.25 13.03 11. 92 
10-20 7.4b 7.4:' 15.27 7.46 7.4C 15.28 8.17 17.09 18.47 14.72 14.02 7.45 7.05 
20-30 5.49 5.48 12.30 '.>.49 5.48 12.81 5.90 14.01 14.78 12.81 12.40 5.46 5.10 
30-40 4.51 4.50 11. 49 4.51 4.51 11. 50 4.79 12.35 12.76 U.72 11. 45 4.46 4.27 
40-50 3.92 3.90 10.59 3.92 3.91 10.60 4.11 11. 21 11. 39 10.93 10.73 3.64 4.72 
50-60 3.51 3.49 9.88 3. 51 3.50 9.89 3.64 10.34 10.35 10.26 10.12 3.40 3.34 

60-70 3.20 3.18 9.28 3.20 3.19 9.29 3. 29 9.61 9.51 9.67 9.57 3.06 3.06 
70-80 2.96 2.93 a.75 2.96 2.94 8.76 3.02 8.98 8.80 9.13 9.06 2.80 2.84 
80-90 2.76 2.72 8.26 2.76 2.74 8.27 2.79 8.42 8.19 8.63 8.53 2.58 2.65 
90-100 2.58 2.55 7.82 2.58 2.57 7.83 2.59 7.92 7.66 S.16 8.14 2.38 2.49 
100-110 2.43 2.40 7.41 2.43 2.42 7.42 2.42 7.46 7.18 7.73 7.72 2.22 2.36 
110-120 2.29 2.26 7.03 2.29 2.28 7.04 ~.28 7.04 6.75 7.32 7.33 2.08 2.24 

120-130 2.17 2.14 6.68 2.17 2.16 0.68 2.14 6.64 6.36 6.94 6.97 1. 95 2.12 
130-140 2.06 2.03 6.34 2.06 2.04 6.34 2.02 6.29 6.00 6.58 6.62 1. 83 2.02 
140-150 1.95 1. 92 6.03 1. 95 1. 94 6.03 1.91 5.96 5.67 6.25 6.30 1. 73 1. 93 
150-160 1.85 1.83 5.74 1. 85 1. 84 5.75 1.81 5.64 5.36 5.93 6.00 1. 63 1. 84 
160-170 1. 76 1. 74 5.46 1. 76 1. 75 5.45 1.72 5.35 5.08 5.63 5.71 1. S5 1. 76 
170-180 1.68 1.65 5.20 1. 68 1. 55 5.19 1.63 5.08 4.82 5.36 5.44 1. 47 1. 68 

180-210 4.38 4.31 13.68 4.38 4.35 13.63 4.22 13.21 12.53 13.99 14.31 3.82 4.48 

210-240 3.80 3.76 11. 97 . 3.80 3.79 11. 90 3.66 11.44 10.86 12.16 12.53 3.34 3.97 

240-270 3.31 3.29 10.50 3.31 3.30 10.42 3.19 9.93 9.44 10.60 H.OO 2.94 3.54 

210-300 2.89 2.88 9.24 2.89 2.88 9.14 2.78 8.65 8.23 9.25 9.68 2.60 3.16 

300-330 2.52 2.53 8.15 2.52 2.52 8.04 2.43 7.54 7.12 8.10 8.55 2.31 2.83 

330-360 2.20 2.22 7.21 2.20 2.21 7.08 2.14 6.50 6.30 7.10 7.56 2.06 2.54 

Time 
(days) 215A 216A 217A 218A 219A 220A 221A 222A 224A 22sA 226A 227A 228A 

0-10 11.96 13.03 15.00 16.67 11.56 8.44 21.98 21.96 13.80 15.89 17.65 12.24 8.94 
10-20 7.05 7.46 8.17 8.76 7.11 5.97 14.98 15.04 7.88 8.63 9.20 7.51 6.31 
20-30 5.25 5.48 5.90 6.19 5.42 4.84 12.40 12.52 5.78 6.21 6.52 5.71 5.11 
30-40 4.36 4.51 4.79 4.96 4.56 4.20 10.96 11.16 4.73 5.03 5.20 4.79 4.42 
40-50 3.81 3.91 4.11 4.21 4.02 3.78 9.95 10.24 4.10 4.30 4.39 4.21 3.97 
50-60 3.43- 3.50 3.64 3.68 3.64 3.47 9.15 9.53 3.65 3.79 3.83 3.80 3.63 

60-70 3.14 3.19 3.29 3.30 3.34 3.22 8.48 8.94 3.32 3.41 3.40 3.48 3.37 
70-80 2.91 2.95 3.01 2.98 3.10 3.01 7.89 8.44 3.05 3.11 3.07 3.21 3.13 
80-90 2.72 2.75 2.78 2.73 2.89 2.83 7.37 8.00 2.83 2.86 2.79 2.99 2.93 
90-100 2.56 2.57 2.59 2.52 2.71 2.67 6.90 7.60 2.64 2.65 2.57 2.79 2.76 
100-110 2.42 2.42 2.42 2.34 2.55 2.52 6.46 7.25 2.48 2.47 2.37 2.62 2.60 
110-120 2.36 2.29 2.27 2.18 2.41 2.39 6.07 6.93 2.33 2.30 2.20 2.46 2.46 

120-130 2.10 2.17 2.13 2.04 2.23 2.27 5.71 6.63 2.19 2.16 2.05 2.32 2.32 
130-140 2.06 2.06 2.01 1. 91 2.16 2.16 5.37 6.36 2.08 2.03 1.91 2.19 2.20 
140-150 1.97 1.95 1.90 1.30 2.04 2.06 5.06 6.11 1. 95 1. 90 1. 79 2.07 2.09 
150-160 1.88 1.36 1.80 1.69 1. 94 1. 96 4.77 5.78 1. 85 1. 79 1. 67 1. 95 1. 98 
160-170 1. 7!1 1.77 1. 70 1. 60 1. 84 1. 87 4.51 5.65 1. 75 1.69 1.57 1. 84 1. 88 
170-180 1.71 1. 69 1.60 1. 51 1. 75 1. 78 4.25 5.45 1. 66 1. 59 1. 48 1. 74 1. 79 

180-210 4.52 4.44 4.16 3.89 4.53 4.70 10.97 14.90 4.26 4.04 3. 73 4.46 4.66 
210-240 3.99 3.90 3.59 3.35 3.93 4.13 9.41 13 .63 3.65 3.41 3.14 3.80 4.04 

240-270 3.54 3.44 3.10 2.89 3.41 3.64 8.08 12.54 3.12 2.88 2.64 3.23 3.50 
270-300 3.14 3.04 2.68 2.50 2.96 3.22 6.93 11.60 2. {,7 2.42 2.22 2.75 3. 04 

200-330 2.80 2.70 2.32 2.16 2.58 2.84 5.94 10.78 2.27 2.03 1. 86 2.33 2.63 

330-360 2.51 2.40 2.01 1. 87 2.24 2.52 5.09 10.06 1. 93 1. 69 1.5·1 1. 96 2.28 



APPE~;)E F 

Table 17. Results of t;...o-c'llr.'.cnsiol1"ll ~,oc1el a:l3..:.::'SCs ("5" :::i::e (:.:.strlb:.lti:o:'. c' 0l. 

C31culatcd grou~dw~ter outflow to stre~~ (per:0nt nf in~u';: QJ 

Time 
(day.,;;;s.:....) __ 2_01 R 

0-10 1.23 
10-20 4.44 
20-30 5.28 
3G-40 5.48 
40-50 5.25 
50-60 4.66 

60-70 4.42 
70-80 4.30 
80-90 3.63 
90-100 3.23 
100-110 2.96 
110-120 2.77 

120-130 2.56 
130-140 2.40 
140-150 2.26 
150-160 2.14 
160-170 2.03 
170-180 1.92 

180-210 5.00 

210-240 4.34 

240-270 3.77 

270-300 3.28 

300-330 2.86 

330-360 2.49 

Time 

202Il 

1. 23 
4.44 
5.23 
5.43 
5.23 
4.65 

4.40 
4.28 
3.61 
3.21 
2.92 
2.72 

2.53 
2.39 
2.22 
2.11 
2.00 
1. 90 

4.93 

4.29 

3.74 

3.27 

2.87 

2.52 

~(d~a~y~s~) ____ 2~1~5~B~~216B 
0-10 1.12 1.23 
10-20 4.06 4.44 
20-30 4.91 5.28 
30-40 5.15 5.48 
40-50 4.97 5.24 
50-60 4.46 4.66 

60-70 4.24 4.41 
70-80 4.15 4.30 
80-90 3.55 3.61 
90-100 3.18 3.23 
100-110 2.92 2.95 
110-120 2.71 2.73 

120-130 2.54 2.55 
130-140 2.40 2.40 
140-150 2.27 2.27 
150-160 2.15 2.14 
160-17C 2.04 2.04 
170-180 1.35 1.93 

180-210 5.12 5.06 

210-240 4.51 4.43 

240-270 3.99 3.81 

270-300 3.53 3.51 

300-330 3.]4 3.04 

330-360 2.31 2.70 

2038 

9.6C! 
11.92 
12.43 
12.39 
11. 92 
11. 08 

10.5'> 
10.17 
9.28 
8.55 
8.01 
7.54 

7.12 
6.74 
6.39 
6.07 
5.76 
5.48 

14.38 

12.56 

11. 01 

9.68 

8.53 

7.54 

217R 

1. 42 
5.09 
5.92 
6.07 
5.74 
5.03 

4.72 
4.58 
3.78 
3.33 
3.01 
2.77 

2.56 
2.39 
2.24 
2.11 
1. 98 
1. 87 

4.81 

4.13 

3.56 

3.07 

2.G6 

2.30 

r~odcl n;Jrlbers -------
2040 205" 2068 2J7R -------.. --.-,,~- . 

1. 23 
4.44 
5.24 
5.43 
5.19 
4.61 

4.37 
4.26 
3.59 
3.20 
2.92 
2.71 

2.54 
2.38 
2.25 
2.13 
2.02 
1.92 

4.99 

4.35 

3.79 

3.31 

2.89 

2.53 

218B 

1. 58 
5.63 
fi.45 
6.54 
6.11 
5.28 

4.93 
4.74 
3.84 
3.33 
2.99 
2.71 

2.50 
2.31 
2.15 
2.01 
1. 88 
1.77 

4.52 

3.87 

3.32 

2.87 

2.41l 

L. 15 

1. 23 
4.44 
5.2fi 
5.4~ 

5.24 
4.66 

4.41 
4.30 
3. 62 
3. 22 
2.94 
2.73 

2.54 
2.39 
2.25 
2.13 
2.02 
1. 91 

4.97 

4.32 

3.76 

3.28 

2.87 

2.51 

219B 

1.09 
3.98 
4.87 
5.17 
5.05 
4.59 

4.39 
4.31 
3.72 
3.35 
3.08 
2.87 

2.68 
2.52 
2.38 
2.24 
2.12 
2.01 

5.21 

4.50 

3.90 

3.39 

2.Q4 

2.56 

9.70 
11. 92 
12.44 
12.39 
11. 92 
11. 03 

10.56 
10.17 
9.23 
8.56 
8.01 
7.54 

7.12 
6.74 
6.39 
6.06 
5.76 
5.47 

14.33 

12.50 

10.93 

9.58 

8.42 

7.41 

220B 

7.87 
2.95 
3.85 
4.26 
4.32 
4.07 

3.96 
3.92 
3.51 
3.22 
2.99 
2.80 

2.64 
2.50 
2.36 
2.24 
2.13 
2.03 

5.32 

4.67 

4.10 

3.62 

3.20 

2.83 

1.42 
5.09 
5.92 
6.;J 7 
5.74 
5.01 

4.73 
4.58 
3.79 
3.33 
3.02 
2.77 

2.57 
2.40 
2.27 
2.10 
2.00 
1.89 

4.87 

4.21 

3.65 

3.18 

2.77 

2.43 

221B 

9.65 
11.72 
12.08 
11. 91 
11.32 
10.39 

9.79 
9.34 
8.36 
7.66 
7.09 
6.60 

6.17 
5.78 
5.43 
5.10 
4.80 
4.53 

11. 63 

9.95 

8.53 

7.31 

6.27 

5.37 

208E 

11. 60 
13.6Q 
13.89 
13.53 
12.85 
11. 77 

11.10 
10.61 

9.51 
8.74 
8.12 
7.60 

7.14 
6.63 
6.43 
5.99 
5.67 
5.37 

13.94 

12.05 

10.45 

9.08 

7.92 

6.92 

222B 

9.66 
11. 77 
12.19 
12.08 
11. 58 
10.74 

10.23 
9.87 
8.98 
8.35 
7.86 
7.45 

7.08 
6.75 
6.46 
6.19 
5.94 
5.71 

15.55 

14.17 

12.99 

11. 97 

11.10 

10. H 

--=2:..;0...::.9..;:.8__ 210 B 

13.26 r!.t6 
15.09 11.20 
14.92 12.06 
14.31 12.25 
13.32 11.96 
12.01 11.26 

11.21 10.79 
10.63 10.42 
9.39 9.55 
8.55 8.88 
7.90 8.33 
7.35 7.84 

6.87 7.40 
6.45 7.00 
6.07 6.63 
5.72 6.28 
5.40 5.96 
5.11 5.66 

13.24 14.75 

11.44 12.80 

9.93 11.14 

8.64 9.72 

7.54 8.50 

6.60 7.45 

224B 

1. 30 
4.69 
5.56 
5.77 
5.50 
4.88 

4.61 
4.48 
3.76 
3.33 
3.03 
2.BO 

2.60 
2.44 
2.29 
2.15 
2.03 
1. 92 

4.92 

4.21 

3.68 

3.08 

2.63 

2.24 

2259 

1. 50 
5.37 
6.24 
6.38 
6.02 
5.26 

4.93 
4.77 
3.93 
3.43 
3.10 
2.83 

2.61 
2.43 
,;L26 
2.12 
1. 99 
1. 87 

4.72 

3.99 

3. !. I 

2.39 

2.00 

21113 

7.95 
10.52 
11. 50 
11. SO 
11. 60 
11. 00 

10.58 
10.25 

9.45 
B.83 
8.30 
7.84 

7.42 
7.03 
6.67 
6.34 
6.03 
5.74 

15.06 

13.16 

11. 57 

10.14 

8.95 

7.91 

226B 

1.67 
5.94 
6.79 
6.87 
6.40 
5.51 

5.13 
4.93 
3.97 
3.43 
3.06 
2.77 

2.53 
2. )] 
2.16 
2.01 
1. 87 
1. 75 

4.40 

3.69 

3.10 

2.60 

2.20 

1.83 

212B 

1. 23 
4.4·1 
5.27 
5.-17 
5.21 
4. 61 

4.34 
4.21 
3.51 
3.09 
2.79 
2.56 

2.36 
2.20 
2.05 
1. 92 
1. 81 
1. 70 

4.39 

3.81 

3.32 

2.92 

2.58 

2.29 

227B 

1.15 
4.20 
5.13 
5.44 
5.30 
4.80 

4.59 
4.49 
3.87 
3.47 
3.;18 
2.95 

2.75 
2.57 
2.42 
2.28 
2.15 
2.02 

5.17 

4.41 

3.75 

3.19 

2.71 

2.30 

105 

2148 

1.11 
4.04 
4.87 
5.10 
-L 91 
4.39 

4.17 
4.07 
3.47 
3.10 
2.84 
2.64 

2.48 
2.34 
2.22 
2.11 
2.01 
1. 91 

5.05 

4.47 

3.97 

3.53 

3.16 

2.83 

2288 

0.83 
3.12 
4.05 
4.48 
4.53 
4.26 

4.14 
4.09 
3.65 
3.34 
3.09 
2.89 

2.71 
2.55 
2.41 
2.28 
2.16 
2.05 

5.32 

4.60 

3.99 

3.46 

3.00 

2.60 
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APPENDIX F 

Table 18. Results of two-dimensional model analyses ("C" time distribution of Q) • 

Calculated groundwater outflow to stream (percent of input Q) 

Model numbers 

Time 
(da;ls) 201C 202C 203C 204C 20SC 206C 207C 208C 209C 2l0C 211C 212C 214C 21SC 

0-10 1. 23 1. 23 9.69 1. 23 1. 23 9.70 1. 42 11.60 13.26 Q.66 7.95 1. 23 1.11 1.11 
10-20 3.21 3.21 10.70 3.20 3.21 10.69 3.66 12.27 13.51 10.11 9.52 3.21 2.93 2.94 
20-30 7.00 7.00 14.10 6.97 7.00 14.10 7.95 15.85 17.15 13.48 12.78 6.99 6.41 6.44 
30-40 7.09 7.07 14.03 7.01 7.0B 14.04 7.88 15.41 16.31 13.77 13.22 7.07 6.58 6.64 
40-50 6.30 6.2B 13.03 6.22 6.30 13.03 6.89 14.05 14.59 13 .04 12.64 6.27 5.91 5.98 
50-60 4.85 4.83 11. 31 4.78 4.84 11.32 5.18 11. 97 12.16 11. 56 11. 33 4.80 4.59 4.68 

60-70 4.09 4.07 10.25 4.04 4.08 10.26 4.31 10.71 10.73 10.58 10.43 4.01 3.89 3.97 
70-80 3.61 3.59 9.48 3.57 3.60 9.4B 3.76 9.80 9.71 9.84 9.73 3.50 3.44 3.53 
80-90 3.27 3.24 B.85 3.23 3.26 8.86 3.37 9.08 8.91 9.21 9.14 3.14 3.13 3.21 
90-100 3.01 2.98 8.31 2.98 3.00 8.32 3.07 8.47 8.25 8.66 8.62 2.85 2.89 2.96 
100-110 2.79 2.76 7.B4 2.77 2.78 7.84 2.83 7.93 7.68 8.17 8.15 2.62 2.69 2.76 
110-120 2.61 2.58 7.41 2.59 2.60 7.41 2.63 7.45 7.18 7.71 7.71 2.42 2.53 2.59 

120-130 2.45 2.43 7.01 2.44 2.44 7.01 2.46 7.02 6.74 7.29 7.31 2.25 2.39 2.44 
130-140 2.32 2.28 6.65 2.30 2.30 6.65 2.30 6.62 6.34 6.91 6.94 2.10 2.26 2.31 
140-150 2.19 2.16 6.31 2.18 2.1B 6.31 2.17 6.25 5.97 6.55 6.59 1. 97 2.15 2.20 
150-160 2.07 2.05 5.99 2.07 2.06 5.99 2.05 5.92 5.64 6.21 6.27 1.85 2.05 2.09 
lfiO-l70 1.97 1.94 5.70 1.96 1. 96 5.69 1.93 5.60 5.33 5.89 5.96 1. 75 1.95 1. 99 
170-180 1.87 1.84 5.42 1.87 1.86 5.41 1. 83 5.31 5.05 5.59 5.67 1.65 1.86 1.90 

180-210 4.86 4.80 14.24 4.87 4.84 14.19 4.73 13.79 13.09 14.60 14.91 4.26 4.93 4.99 

210-240 4.22 4.18 12.45 4.24 4.20 12.38 4.09 11. 93 11.32 12.67 13.04 3.70 4.31 4.40 

240-210 3.67 3.65 10.91 3.70 3.66 to.8} 3.55 10.35 9.83 11.03 11. 43 3.24 3.89 3.89 
~~~L> _""':';_,_ . ...,... 

270-300 3.20 3.19 9.59 3.23 3.20 9.49 3.09 9.00 8.56 9.62 10.05 2.B5 3.46 3.45 

300-330 2.79 2.BO 8.46 2.82 2.79 B.H 2.70 7.84 7.48 8.42 8.81 2.52 3.09 3.07 

330-JaO 2.43 2.46 7.48 2.47 2.45 7.35 2.37 6.85 6.54 7.38 7.B4 2.24 2.77 2.74 

Time 
(dale) 216C 217C 218C 219C 220C 221C 222e 224C 225C 226C 227C 22Be 229Ca noc· 
0-10 1.23 1.42 1. 58 1. 09 0.79 9.65 9.66 1.30 1.50 1.67 1.15 0.83 1.) 1.3 
10-20 3.21 3.66 4.04 2.88 2.16 10.51 10.56 3.38 3.86 4.25 3.04 2.28 3.2 3.2 
20-30 1.00 1.95 8.74 6.34 4.84 13.72 13.83 7.39 B.39 9.22 6.69 5.10 7.1 7.1 
30-40 7.08 7.88 8.50 6.63 5.40 13.52 13.70 1.46 8.29 8.95 6.99 5.69 1.1 7.0 
40-50 6.l0 6.89 1.33 6.01 5.20 12.40 12.67 6.62 7.24 7.70 6.38 5.46 6.3 6.3 
50-60 4.85 5.18 5.39 4.84 4.39 10.61 10.91 5.07 5.41 5.63 5.07 4.61 4.8 4.7 
60-10 4.08 4.30 4.42 4.16 3.89 9.48 9.93 4.26 4.48 4.60 4.35 4.06 4.1 4.0 
10-80 3.60 3.76 3.81 3.72 3.54 8.66 9.19 3.74 3.90 3.95 3.88 ).69 3.6 3.6 
80-90 3.26 3.37 3.38 3.40 3.27 7.99 8.60 3.38 3.4B 3.48 3.53 3.40 3.2 3.2 
90-100 3.00 3.01 3.05 3.14 3.05 7.41 8.11 3.09 3.16 3.12 3.25 3.16 3.0 2.9 
100-110 2.79 2.83 2.78 2.93 2.B6 6.91 1.68 2.86 2.90 2.84 2.99 2.96 2.7 2.8 
110-120 2.61 2.62 2.56 2.74 2.70 6.46 7.31 2.67 2.68 2.60 2.B5 2.78 2.6 2.6 
120-130 2.45 2.45 2.37 2.58 2.55 6.05 6.97 2.49 2.49 2.40 2.64 2.62 2.5 2.4 
130-140 2.31 2.29 2.20 2.43 2.42 5.68 6.66 2.34 2.32 2.22 2.48 2.47 2.3 2.3 
140-150 2.19 2.16 2.06 2.30 2.29 5.34 6.38 2.21 2.18 2.06 2.34 2.34 2.2 2.2 
150-160 2.0B 2.03 1.93 2.17 2.18 5.03 6.12 2.08 2.04 1. 93 2.20 2.21 2.0 2.0 
160-170 1.98 1. 92 1.81 2.06 2.07 4.74 5.88 1. 97 1. 92 1. 80 2.08 2.10 2.0 2.0 170-180 1. 88 1.81 1.71 1. 95 1. 97 4.47 5.66 1. 86 1. 80 1. 69 1. 96 1. 99 1.8 1.9 
180-210 4.92 4.67 4.38 5.06 5.19 11. 49 15.41 4.78 4.57 4.24 5.02 5.17 4.9 4.B 
210-240 4.31 4.01 3.75 4.38 4.55 9.B4 14.06 4.09 3.87 3.57 4.28 4.48 4.2 4.1 
240-270 3.79 3.46 3.29 3.80 4.01 8.43 12.90 3.50 3.26 3.00 3.64 3.89 3.7 3.7 
270-300 3:55 2.99 2.79 3.30 3.54 7.24 11.90 3.00 2.75 2.53 3.10 3.37 3.2 3.3 
300-330 2.96 2.59 2.41 2.87 3.12 6.21 11.04 2.56 2.32 2.12 2.63 2.93 2.8 2.8 
330-360 2.63 2.24 2.09 2.49 2.76 5.31 10.28 2.18 1. 94 1. 77 2.23 2.53 2.4 2.5 

aMode1s 229 and 230 represent the mean of 20 calculations. 
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