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PREFACE

Volume 5 Hydrology and Water Resources in Arizona and the Southwest, is a compilation
of the papers present at the annual meeting of the Arizona Section, American Water Resources
Association. The 1975 meetings were held at Arizona State University, Tempe, Arizona,
April 11 - 12, 1975. As in previous years, the meetings were held with the Hydrology Section
of the Arizona Academy of Science. These meetings and the published volume of papers helps
accomplish the American Water Resources Association objectives of:

(1) providing a common form for engineers, hydrologists, legislators, lawyers, planners,
and physical, biological and social scientists concerned with water resources.

(2) advancing water resources research, planning development, management, and education.

(3) collecting, organizing, and disseminating ideas and information concerning all
aspects of water resources.

Anyone in the region interested in associating with this endeavor may contact the
Secretary- Treasurer for information on Section membership.

We welcome to these pages papers by recognized professionals and graduate students; all
who have discussed issues of water resources of the Southwestern United States. Some of the
topics are of even more far -reaching interest -- to all those involved with arid and semiarid
hydrology. For these reasons, past copies of the proceedings have been requested by some from
the international community. We are embarking on a new format for the Volume 5 Proceedings
that will be more economical to print, yet maintain the quality all expect. Again, our thanks
to the Water Resources Research Center, University of Arizona, and to Sol Resnick, Director,
for continued support and assistance.

Don Chery, Jr., Editor
Tucson, Arizona

OFFICERS OF THE ARIZONA SECTION, AMERICAN WATER RESOURCES ASSOCIATION

1975 - 1976

President Marvin Murry, Northern Arizona
University, Flagstaff.

President -Elect Don. L. Chery, Jr., Agricultural
Research Service, Tucson.

Secretary- Treasurer Linda White, University of Arizona,
Tucson.
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STATE WATER PLANNING

by

Wesley E. Steiner

I will depart slightly from the title listed on the program to present a somewhat broader
subject, a progress report on the status of state water planning.

Water resource planning began in Arizona in 1928 with establishment by the legislature of
the Arizona Resources Board. The board filed a report one year later and, believing its task
accomplished, disbanded and was never reactivated. Nevertheless, the board continued to exist
in the statutes and the responsibilities for water resource planning were not assigned else-
where until 1971. Incredible as it may seem, and in spite of the importance of water to this
arid state, for forty -two years no active agency of state government was charged with water
resource conservation and use planning.

When the Arizona Water Commission was formed in 1971, the Arizona Resources Board was
stricken from the statutes and its planning responsibilities assigned to the new commission.
The enabling statute charges the commission with collecting and investigating information upon,
and preparing and devising "means and plans for the development, conservation, and utilization
of all waterways, watersheds, subterranean waters, groundwater basins and water resources in
the state and of all matters and subjects related thereto, including irrigation, drainage,
water quality maintenance, regulation of flow, diversion of running streams adapted for develop-
ment in cooperation with the United States or by the state independently, flood control,
utilization of water power, prevention of soil waste, storage, conservation and development of
water for every useful purpose" - pretty all inclusive. The commission was also given authority
to "measure, survey and investigate the water resources of the state and their potential
development" and to "cooperate and contract with agencies of the United States for such purposes."

In 1973, the legislature added specific direction to the commission relative to flood
control planning and the evaluation of adequacy of water supply for new subdivisions. It is the
efforts of the commission under these statutory directives that I would like to discuss with
you today.

We have been working longest and perhaps most intensively on planning studies whose ob-
jective is to make the Central Arizona Project the best possible project for the state. It

would be impossible for me to overemphasize the importance of this effort. The State of Arizona
stands on the threshold of putting to use its remaining entitlement in the Colorado River. For
all intents and purposes, this entitlement represents all of the unappropriated surface waters
available in or to the state. Use of this entitlement will be accomplished largely through the
construction of the authorized federal Central Arizona Project. The long -term yield of the
state's remaining entitlement is on the order of 1.3 million acre -feet per year. In 1969 and
1970, however, seventy agencies formally expressed their interest in contracting for 5,400,000
acre -feet or 4 1/2 times the available supply. Requests for municipal or industrial water
totalled 1,100,000 acre -feet per year, or almost the entire supply. In addition, recreation
interests desired 200,000 acre -feet and agriculture, 4,100,000 acre -feet. While these early
expressions of interest in contracting for supply from the CAP did not constitute a contractual
commitment to pay and hence might have been somewhat inflated, we were convinced that we had
an allocation problem of significant proportion.

How these valuable resources are apportioned will obviously have a lasting impact on the
future development of Arizona both as to type of development and location, and probably will
have as great an effect on what the state looks like at the turn of the century as any other
decision or set of decisions that will face state government. Then Secretary of the Interior,
Stewart Udall, nearing the end of his term in office, recognized the importance of this
decision to his native state and at a meeting on January 6, 1969, with the prospective con-
tractors for water from the Central Arizona Project, urged the state not to leave the matter in

The author is the Executive Director, Arizona Water Commission, Phoenix, Arizona.
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in the hands of a future secretary but rather to reach its own decisions on how the water should
be apportioned. Hence, in spite of the fact that the final allocation authority under law rests
with the Secretary of the Interior, Governor Williams asked the Inter -State Stream Commission,
predecessor of the Arizona Water Commission, to undertake the task of preparing the state's
recommendations on how the state's remaining entitlement in the Colorado River should be allo-
cated.

It was anticipated at that time that allocation decisions would be necessary in a very
short time so that contract negotiations and project construction could commence. The commission

undertook allocation of the remaining entitlement on the basis that the needs of all areas of
the state, not just those in central Arizona, would be given equal consideration. We developed

a computerized systems approach aimed at maximizing the state's economy, minimizing water de-
livery and equalizing groundwater decline.

In the process of developing this system it became evident that the secretary would find
it necessary to make his own allocations to the five central Arizona Indian reservations. The

secretary has yet to make this decision and until he does the specific amount of water available
for allocation to non -Indian interests remains unknown. Hence, while the computer models have
been available for sometime, it has not been possible to finalize allocations to specific non -
Indian applicants. The secretary did, however, at the time that he signed the contract with
the Central Arizona Water Conservation District for repayment of CAP costs, publish in the
Federal Register the requirement that municipal and industrial water supplies on or off the
reservations receive a 100% priority over agricultural uses whether on or off the reservation.
This stipulation enabled the Central Arizona Water Conservation District to proceed with nego-
tiation of contracts for M &I water supplies and in December of 1973, the district invited
municipal and industrial applicants to submit letters of commitment to contract for specific
amounts of CAP water. The opportunity to file such commitments was closed February 15, 1975,
with amounts requested totalling almost 2,200,000 acre -feet per year. The maximum water supply
available for municipal and industrial use, assuming that such use must be assured of a minimal
potential for shortage, is from 600,000 to 700,000 acre -feet per year. While we had anticipated
that our problems of allocation would involve only agriculture and that M&I users would be able
to purchase whatever they were willing to pay for, the response to contract negotiation for
M &I supplies disproved that assumption and it is now obvious that we must also allocate the M &I

supply, reducing demand from 2,200,000 to 600,000 to 700,000 acre -feet.

We have reason to believe that the Secretary of the Interior is very close to making his
allocation to the Indians, and that we will be able in the near future to complete the M &I
allocation and move on into the allocation of the less firm agricultural supplies.

We are currently mapping the proposed service areas of all applicants for municipal and
industrial water supplies from the CAP and for direct service from the Colorado River in Mohave
and Yuma Counties, identifying overlaps, and are examining the per capita use rate basic to each
commitment with the goal of allocating CAP water on an equal use basis. We will soon, hopefully

with the assistance of the Office of Economic Planning and Development, conform all applicant
projections of growth and service area with a single projection for the state. The Central

Arizona Water Conservation District will soon enter into a contract with financial consultants
to evaluate the financial capacity of each applicant to build the necessary treatment and distri-
bution facilities and to discharge responsibilities under the contract with the district. The

commission, once water use rates and population and eocnomic growth rate projections have been
conformed, tentatively proposes to give first priority in M &I allocations to existing cities and
incorporated areas in which development is now taking place, aecond priority to industries and

third priority to new subdivisions outside areas experiencing rapid growth, all on the basis of
meeting existing needs and growth until the same future date so that all areas will run out of
growth supply at the same time and will have a communality of interest in solving water problems.
We would appreciate your thoughts on this matter. We are far from fixed in our thinking on

priorities. The staff's recommendations will be presented to the commission in a series of

public hearings. Allocations will be adjusted to reflect the commission's conclusions following

these hearings and then will be forwarded to the Central Arizona Water Conservation District and
to the Secretary of the Interior as a basis for M &I contracts with non -Indian interests.
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The allocation recommendations will not only serve as a basis for contracts for Arizona's
remaining entitlement in the Colorado River, but will also serve as input to the development of
a state water plan. We initiated development of a state water plan on a limited basis three
years ago with an effort to bring together the best available information on water resources
of the state and on existing uses of those resources, area by area throughout the state. This
effort is drawing to a close. The report has been drafted and last minute additions are being
made. We are hopeful of being able to make public release of this basic report before the
legislature adjourns.

Upon completion of the first phase of the planning effort, the report on basic resources
and uses, we propose to develop by July of next year alternative futures for the state based on
one hand upon augmentation of the resources available to the state, whether by importation from
an area of surplus, by desalting sea water, weather modification, etc.; and on the other hand
upon growth and development constrained by the limits of the supply available within the state,
including Arizona's remaining entitlement in the Colorado River. We expect to develop, with
the assistance of other state agencies, alternative population and economic development futures
including identification of the geographical location of the types of development projected.

Obviously, water planning cannot proceed without planning the uses of the land. Of course,
the converse is equally true. Hence, we must include in our effort such land planning as is
necessary to identify where the needs will occur and in what magnitude; but let me quickly
caution, not in the intensity required to support zoning regulations. In the absence of an
independent state land planning effort, there is no other way to achieve a state water plan but
for the water planners to do their own land planning. The state, however, may soon have a state
land planning agency with which we would necessarily have to closely coordinate our efforts. It
is too early to tell how much help we will be able to get in this quarter as the state legis-
lature is still actively involved in consideration of the proposal to form such an agency. It

would not appear, however, that the agency under consideration, if formed, would be able to
produce alternative land use futures for us in time to incorporate in, our work. Hence, we are
assuming that to be completed by July of next year we will of necessity have to provide the
alternative land use futures ourselves.

In any event, we are convinced that at this point in Arizona's future we must look at
alternative futures under two major approaches to balancing our water supply account. Arizonans
today are using water at approximately twice the natural replenishment rate. This is possible
only through excessive overdraft of our groundwater bank account. As I indicated before, we
need to look at our alternatives based upon either augmenting the present supply available to
the state or on facing up to the need to live within the constraints of the existing supply
presently available to us, including our remaining entitlement in the Colorado River.

Once the alternative futures have been identified, as a third phase we propose to develop
plans to meet each of these alternative futures and, then, to evaluate the economic costs and
the environmental impacts of each plan. These comparisons would be submitted to the legis-
lature and to the people as background for the many decisions that will have to be made in
charting Arizona's future. As indicated, we will anticipate economic development and the
location of population growth over long periods of time and propose alternative means of meeting
the resulting water needs. Because of the vagaries of projections of man's activities, the re-
sultant plan will not be something that should be expected to retain its validity for long
periods of time, but rather should be recognized as a plan that must be continuously adjusted
to meet actual growth experiences and changes in state objectives and policies.

I would hasten to caution that we do not visualize the state water plan that results from
this effort as being typical of the plans of other states. For example, it will not resemble
in any significant degree the plan I helped formulate in California. The California water plan
is a system of massive aqueducts and proposed reservoirs. Arizona simply does not have the
resources to support such a system. Instead, we visualize the Arizona State Water Plan as a
plan for management of our limited water resources.

Our schedule, if adequately funded, calls for completion of the plans and economic and
environmental impact evaluations by July of 1977. We anticipate that these evaluations will
provide the basis for the Water Commission's position on changes that should be affected in
basic water law. We have been under pressure for some time to endorse a wholesale change in
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groundwater law. We have argued, however, that the costs and impacts of major changes in law
should be known and compared to the costs and impacts of other alternatives before such changes
are sought. While we feel quite certain that our studies will reveal that changes in water
law and use habits, etc., designed to reduce the rate of our annual overdraft will be shown to
represent a less costly alternative than importation of desalted sea or Columbia River water,
we are even more strongly convinced that such changes will not be legislatively achievable
until a convincing demonstration has been made that modifying the law is the best alternative
for Arizona.

In 1973, the U.S. Soil Conservation Service advised that it was inadequately staffed to
complete the planning of all rural flood control projects that would provide flood control for
the Central Arizona Project aqueduct in time for construction to be performed in advance of or
concurrently with construction of the CAP aqueduct. So that planning of these projects might be
completed within the next six years, the legislature authorized the Arizona Water Commission to
establish a planning team to complement the staff of the SCS. The drafts of the report and
environmental impact statement for the first of these projects staffed by the commission, the
flood control plan for Harquahala Valley, has just been completed and work is beginning in
the Queen Creek area.

And finally, legislation was also enacted in 1973 that requires the Water Commission to
evaluate the adequacy of water supply of all new subdivisions in the state. The subdivider is
required to submit his plans for water supply to the Water Commission prior to the time that he
plans his proposed development. In the event that we find the supply to be inadequate for the
intended uses, the State Real Estate Commissioner is required to see that sales contracts and
all promotional material including radio and television spots include the fact that the Arizona
Water Commission found the supply inadequate. To date, we have reviewed approximately 250 sub-
divisions. Most have been fairly straightforward, but there have been a number that have
required a great deal of effort including the preparation of digital models of the affected
groundwater basin. While we have found quite a few supplies inadequate, we have yet to be taken
to court.

Much work and probably even more controversy lie ahead but I believe were well on our way
to the formulation of a strong planning base for water resource utilization in our state.
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THE ARIZONA RESOURCES INFORMATION SYSTEM - 1975

by

Carl C. Winikka

INTRODUCTION

This report has been prepared to summarize the development and accomplishments of the Arizona
Resources Information System, a project of the State of Arizona to provide, in a central system,
the wide variety of information about Arizona's Land and Resources. The system includes the appli-
cation of new technologies such as remote sensing and electronic data processing to utilize in-
formation detected from satellites and high altitude aircraft as well as from traditional sources.
The system development has been closely coordinated with numerous state and federal agencies and
in so doing many early benefits have accrued to Arizona.

Early in 1971, a number of State and Federal personnel involved in the Arizona Regional
Ecological Test Site (ARETS) were invited to the Land Use Steering Committee meetings, and it be-
came apparent that the goals of each were very similar. For this reason, the application of remote
sensing took on the character of applied research. Concepts, developed at the meetings of both
groups, merged when the Land Use Steering Committee felt its function could most effectively be
coordinated between the various State agencies by the Governor's Office, since this broad subject
and its possible solution was greater than the scope of interest of any one agency. The Governor's

Office concurred with the Committee's recommendation and thus undertook the coordination of a
program to explore the use of remote sensing in State government.

As a means of accomplishing this information exchange between existing agencies, leadership
from the Governor's Office has included the formation of the Arizona Resources Information System,
(ARIS), the appointment of a Policy Advisory Committee for the Arizona Resources Information System,
and the appointment of a Project Director who began this full -time assignment on December 1, 1971.

The interest in developing useful applications for remote sensing in Arizona has included the re-
cognition of the need to develop compatibility, or standardization, and to "pool" information
related to land in a common information system, for the mutual benefit of all agencies and in
particular for Arizona and the people of Arizona.

OBJECTIVES

Early objectives of the Arizona Resources Information System are as follows:

1) to obtain base photography and orthophotoquads of Arizona for use with selected
Arizona base maps upon which agencies display information.

2) to develop an Arizona Land Use Classification System and to encourage the develop-
ment or recognition of standards for Arizona land and resource information.

3) to provide a central point at which Arizona information relating to land and
resources could he available together with reference to the source agency.

4) to evaluate the application of electronic data processing to the information
system.

5) to develop applications of remote sensing to problems relating to land and resource
management.

the author is the Project Director of Arizona Resources Information System /Department of Revenue
3500 North Central Avenue, Suite 118, Phoenix, Arizona
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GENERAL

The initial activities of the Arizona Resources Information System have been directed to
developing contacts with the many state, federal, private and other sources of information relating
to land and resources of Arizona. These contacts were made to determine:

1. currently available information as to its nomenclature, geographic location, analysis
and forms of dissemination.

2. areas where new sources of data are needed in order to supply new information not
presently gathered or measured due to financial or technical restrictions.

3. common areas of interest between agencies where agencies feel standardization and
cooperation would be of mutual benefit.

4. the interest on the part of state and federal agencies to evaluate the use of new
technology in a statewide program.

The general result of the above activities has shown that, in many subject areas, little is
known of Arizona and a very real limitation in time, funds and personnel exists to obtain such in-
formation. There is however strong interest in all agencies, Federal and State, to centralize and
share at least a general level of information. This interest includes the development and recog-

nition of standard nomenclature and dissemination methods, including base map standardization.

As further contacts were made with state and federal agencies, it became clear that Arizona's
need to develop new sources of land and resource information was shared by the National Aeronautics
and Space Administration (NASA) and the Department of the Interior. These latter agencies expressed

a particular interest in the potential benefits to be derived through the use of remote sensing to
cover large areas from space and high altitude aircraft. Arizona, with its relatively clear atmos-
pheric conditions, thus became a desireable location for evaluating the application of remotely
sensed information in ongoing programs of land and resource management. This concept was further
refined and has been formalized into what is known as the Arizona Land Use Experiment (ALUE), an
ongoing effort of the National Aeronautics and Space Administration, the Department of the Interior
and the State of Arizona. Under the agreement, NASA photographed virtually all of Arizona from a
high altitude (65,000 ft.), the Interior Department's Geological Survey is providing sample space
imagery, map products and technical expertise and the State, through the Arizona Resources Infor-
mation System, is coordinating efforts of numerous agencies in the application, or development of
applications, to their land and resource management programs.

To summarize, Arizona through the Arizona Land Use Experiment, is developing a means to meet
many of its needs for information relative to land and resources in conjunction with existing
sources and information collection methods.

ACCCMPLISFMENTS

The Arizona Resources Information System has in its three years of existence accomplished
much in a variety of discipline areas through a close working contact with many state, federal and

local governments. To illustrate the range of these accomplishments the following brief descrip-
tions are presented:

1. The NASA Arizona Land Use Experiment photography covering the State is a record in
itself which permits examination in detail of any area in the State. This photo-

graphy is available for viewing at the ARIS office, at the State Land Department,
and at the U.S. Geological Survey in the Phoenix Federal Building. It has been

used for individual direct interpretation for a variety of applications including:

a) The proposed alignment of new transmission lines across State and adjacent land
has been studied to determine characteristics of the land traversed. This new
perspective has resulted in reduced field travel and in recommendations for

alignment changes.
b) The first Cropland Atlas of Arizona has been prepared by the U.S. Department

of Agriculture, Arizona Crop and Livestock Reporting Service.
c) In reviewing new subdivision applications, the Arizona Water Commission examines

land use characteristics of the site and surrounding areas.
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d) Specific project locations, which are of interest to an individual agency, are
examined. i.e. measurement of drainage areas, visual review of drainage areas,
the examination of project areas and the use by the Department of Transportation
during planning of new mapping projects.

e) An inventory of county roads in Mohave County was greatly aided through use of
the high altitude photography. This inventory system is providing an example for
other counties in the State to follow. The program has been developed under a
coordinated effort by the federal, state and county transportation offices.

f) Techniques to transfer the photographic imagery to the map or geographic form
desired by the user have been developed in ARIS for a much greater flexibility
of use than originally anticipated. These techniques are being applied in
applications varying from well location, land use changes, vegetation mapping,
natural area studies, and road inventories.

g) Numerous uses for the photography are made "on the spot" for users only interest-
ed in examining a given area in detail. This is normally completed during an

initial short visit to the ARIS office.

2. A major application of the Arizona Land Use Experiment photography is the production

of orthophotoquads (photo base sheets). These were prepared under a separate contract
between the Arizona Resources Information System and the U.S. Geological Survey.
The orthophotoquads, at a scale of 1:24,000, cover virtually all of Arizona. They

serve as an interim map in areas of Arizona never mapped at this scale, and because
of photo detail, also serve as valuable map supplements in those areas previously
mapped. The orthophotoquads are providing a uniform scale base of the state which is
coincident in area and scale to the U.S. Geological Survey's 7 1/2 minute quad-

rangles. 1/

The U.S. Geological Survey completed preparation of the Arizona orthophotoquads,
numbering approximately 1875, in May, 1975. It is believed that Arizona is the first
state to have statewide orthophoto coverage, the only exception in Arizona being the
extremely rugged areas of the Grand Canyon where it is not yet technically possible

to produce satisfactory orthophotoquads.

The uses of orthophotoquads are varied and extensive including applications in court
cases, digitizing highway and drainage alignments, wild burro census, private mineral
exploration, land planning, natural area delineation, land use mapping, and as a

base for vegetation mapping.

DEVELOPMENT OF STANDARDS

Standard terminology or nomenclature is essential in an information system. Particularly in

such a nebulous area as land use, compatibility of terminology is particularly critical. Recogniz-

ing this at an early date ARIS has continued to develop, in coordination with state and federal
agencies, a land use or land cover system in a digital open -ended format. The system is illustrated

best through the coordinated effort of ARIS, the Arizona Game and Fish Department, the University of
Arizona and the Arizona Academy of Science, relative to the category of Natural Vegetation. A

number of publications have been prepared to define the Natural Vegetation classification system.
These are:

1) A map of "The Natural Vegetative Communities of Arizona."

2) A photographic booklet, "The Natural Vegetation of Arizona."

3) Arizona Academy of Science Journal, Vol. 9 Supplement 2, on computer-compatible
natural vegetation classification.

4) Arizona Academy of Science Journal, Vol. 9 Supplement 3, which is an illustrated

publication of the natural vegetation classification system.

This classification system has recently been successfully used in a transmission line environ-

1. Orthophotoquads may be ordered directly from ARIS.
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mental impact study, by a
through each vegetative c

Also, in the area of
cular standard map scales
has a number of important

private firm, to computerize and evaluate the relative lengths of line
ommnity.

standardization, ARTS has been active in encouraging the use of parti -
by public and governmental users. The use of standard existing scales
benefits:

1) The elimination of the need to prepare a new base map or maps.

2) The compatibility of graphic information on a geographically accurate base i.e.
land ownership boundaries, soil, vegetation and drainage can be readily studied and
exchanged.

3) Map bases are prepared by cartographers and thematic overlays are prepared by those
in the appropriate discipline, each working in his own area of expertise.

4) Use of cartographically accurate base maps permits input of information to a data
processing system while retaining a geographically accurate location of the infor-
mation.

Specifically, the standard scale of 1:24,000 (2000 feet per inch) was matched by the ortho-
photoquads. The Department of Agriculture's Soil Conservation Service and the Forest Service are
seriously considering changing to this standard scale. Also, the Arizona Oil and Gas Conservation
Commission, the Arizona State Land Department, the Office of Economic Planning and Development, the
Arizona Department of Transportation, the U.S. Bureau of Land Management and a number of other
agencies and private firms have begun utilizing certain standard base maps in their programs as a
direct or indirect result of encouragement by ARIS.

Another significant standard scale encouraged by ARIS is 1:1,000,000. Principle products
produced utilizing the USGS Satellite Image Base are a map of the Highways and Towns overprinted
on the base, (l'he Arizona Department of Transportation), a map of the Remote Subdivisions, (Office
of Economic Planning and Development), overprinted on the base with highways and towns, and a
base for climatic maps of Arizona.- / This scale has also been used for several thematic maps of
the State.

Other material, such as specific climatic data, utilizes a third common LANDSAT base of
Arizona at a scale of 1:2,940,000. See illustration No. 1 - LANDSAT base, plain. Illustration
No. 2 - LANDSAT image base with highways and towns overprinted.

ANNOTATED BIBLIOGRAPHY

The Project Director of ARIS was asked to aid the Environmental Planning Office as an Acting
Deputy Director from the inception of that Office's activities. As such, a close relationship has
been established between these offices and ARIS has supported the Environmental Planning Office in
a number of activities involving the use of maps, meeting with representatives of federal agencies
and in a major effort to produce an Annotated Bibliography of Arizona Land Use and Resource Infor-
mation.

This Annotated Bibliography is the result of interviews with representatives of virtually all
state agencies concerned with land and resources, writing and reviewing with the agencies the
material prepared and delivering the Arizona State Agency portion to the Environmental Planning
Commission. Federal agencies and Universities will be the subject of additional parts to be pre-
pared. The preparation and use of this document has and will be of high value to the ARIS project
and to the various state agencies.

ELECTRONIC DATA PROCESSING

the use of electronic data processing has been studied by ARIS since mid -1972 in a variety of

2. ARIS Cooperative Publication No. S, by Robert W. Durrenburger, State Climatologist, Laboratory

of Climatology, Arizona State University.
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systems with an emphasis on graphical display or plotter capabilities. This includes early con-
tacts with the Department of the Interior in their development of a system now known as the Natural
Resources Information System, (KRIS).

During 1974 a committee was formed to study and evaluate a number of systems recently developed
in various areas of the United States. The Committee found a system, having current capabilities,
that it is felt will meet the needs of numerous agencies to store, retrieve, display and analyze
information related to land. This system, developed by Computer Research Inc. of Denver, Colorado
is now undergoing evaluation in ARIS in cooperation with agencies concerned with land resource in-
formation. This will be a thorough, documented evaluation which is expected to continue through
June of 1975.

SUMMARY AND RECOMMENDATIONS

In undertaking the ARIS project the State, through the Arizona Land Use Experiment, the pre-
paration of the Arizona orthophotoquads, the development of an early land use classification
system, the evaluation of electronic data processing graphical and analytical systems and the many
information sources developed with federal and private sources, has taken a giant step which is
receiving recognition throughout the country and, in several cases, from foreign representatives.

The Arizona Environmental Planning Commission, the Arizona Town Hall and the Advisory Commis-
sion on Arizona Environment have each officially recognized the need for an ongoing information
system during meetings held this calendar year.

The Arizona Resources Information System is in fact designed to serve ongoing needs of the
people of Arizona through state, federal and local agencies. The opportunities to effect efficient
modifications to the collection and use of information are steadily increasing. Recently the U.S.
Soil Conservation Service sought and accepted our advice on map bases to use in their statewide
program.

ARIS is a comprehensive system of particular significance in the wide variety of information
encompassed. NASA and the Department of Interior each have expressed a strong desire to continue
support of the Arizona Land Use Experiment since it provides an excellent vehicle for communication
on the application of new technology. A foundation has been laid, many early benefits have been
derived and numerous activities are currently underway.
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ECONOMIC ADJUSTMENT TO A NEW IRRIGATION WATER SOURCE:
PINAL COUNTY, ARIZONA AND THE CENTRAL ARIZONA PROJECT I/

by

Mark A. Boster and William E. Martine

Pinal County, Arizona, located midway between Tucson and Phoenix, contains some of the largest
farms and highest farm incomes in Arizona. Agriculture in the area is completely dependent upon ir-
rigation systems with nearly all the water for crop irrigation pumped from the underlying groundwater
reservoirs. The only surface flow diverted in the area is from the Gila River by the San Carlos Ir-
rigation Project. The continued mining of groundwater over the years for agricultural irrigation in
Pinal County at a rate greater than the recharge rate has lowered the water table in most irrigated
areas; in a few areas as much as 20 feet in a single year. Declining groundwater levels mean farmers
must pump from increasing depths, using more energy and thus, incurring a higher cost per acre -foot
of water.

Several kinds of adjustments are being made on the farms in the county in response to the in-
creasing cost of water. First, there is a tendency for farmers to shift from marginally productive
crops to those with higher net returns. Further, as the water table declines and water costs increase
relative to other factors of production, farmers decrease the total per acre water application to a
crop during its growing season. Finally, in some areas farm land has been abandoned, although total
farmed acreage in the county has actually increased since its most recent low in 1966.

Many Arizonans have long desired to augment their existing groundwater and surface water supplies
with imported water. In 1968, the Central Arizona Project (CAP) was authorized (PL 90 -537) under the
Reclamation Act by the U.S. Congress. This billion -dollar -plus -project includes construction of an
aquaduct from Lake Havasu on the Colorado River into the Maricopa County - Phoenix area and then
through Pinal County to Tucson. It will carry as much as 1.6 million acre -feet of Colorado River
water into the state in its early years, declining to about 1.1 million acre -feet by 2020. Initially,

the water's principal use will be for crop irrigation, but agricultural water use will decrease over
a 50 year period as municipal and industrial demands increase and the total volume of water delivered
declines. The project construction schedule calls for agricultural water deliveries to begin about
1986.

Proponents suggest several benefits accruing from the project. They argue that the CAP will pro-

vide a much needed new water source for Central Arizona. Project water will temporarily slow the
area's groundwater overdraft problem while establishing an additional water supply for the future to
meet the rapidly growing population demands. Agriculture will use the water during the initial years,
until increased municipal and industrial uses demand the water. In order to insure that importation
of the additional water will in fact slow down the groundwater level decline, agricultural users of
project water must decrease groundwater pumpage by one acre -foot for each acre -foot of CAP water they
accept [PL 90 -537, Sec. 304(d)]. Proponents believe this rule will slow, if not eliminate, the
present groundwater overdraft, and prolong marginal agricultural activity. A reasonable estimate of
water initially available for agricultural use in Pinal County is 659,000 acre -feet per year. An

1. A paper presented to the 19th Annual Meeting of the Arizona Academy of Science, Hydrology
Section, and the American Water Resources Association, Arizona Section, Tempe, Arizona, April 11,
1975. Arizona Agricultural Experiment Station Paper No. 131. This research was partially supported
by Allotment Grant A- 048 -ARIZ from the Office of Water Research and Technology, under the provisions
of the Water Resources Research Act of 1964. Special thanks are due to Dr. Gordon Dutt of the Univer-
sity of Arizona Department of Soils, Water, and Engineering, for his advice on several aspects of
this project.

2. The authors are Research Associate and Professor, respectively, in the Department of
Agricultural Economics, University of Arizona, Tucson, Arizona.
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estimate of the mean groundwater pumpage in the county in the 1959 through 1968 period, a reasonable
base period on which to compute the volume of water for which CAP water must be traded, is 900,000
acre -feet./

A complicating factor to the use of CAP water in the established irrigation area is the differ-
ence in water quality (salinity) between the CAP water and that found in the area. Our salinity
estimate of the CAP water delivered to Pinal County in 1986 is 1.4 millimhos per centimeter(mmhos /cm)
or approximately 940 parts per million (ppm)./ The area -weighted average salinity of groundwater in
the irrigated study area is 1.0 mmhos/cm (about 670 ppm). Surface water delivered by the San Carlos
Project averages 1.3 mmhos/cm (870 ppm). Values for individual irrigation districts vary from a low
of 0.6 mmhos/cm to a high of 1.8 mmhos /cm. Crop yields are a function of irrigation water salinity,
among other things. Thus, districts with lower salinities than the 1.0 mmhos/cm county average show
higher crop yields than the county average, whereas those with higher average salinities have lower
crop yields than the county average.

RESEARCH OBJECTIVES OF THIS STUDY

The overall objective of our study is to make an economic evaluation of the adjustment alterna-
tives open to irrigated agriculture in the proposed service area of the CAP in Pinal County, Arizona.
The problem involves projecting the adjustments in response to differing water qualities (CAP vs.
groundwater vs. surface water from the San Carlos Project) as well as response to differing water
prices from each source.

Specifically one wishes to project the changes that will result in input mix for each crop, the
level of physical output for each crop, and the output mix for each farm and for the county. Projec-
tions are made for several representative size farms, overlying different pumping depths, within each
of the seven irrigation and drainage districts in the county./

Individual representative farm results are aggregated into results for whole districts and for
the county. Physical results are converted to monetary costs and returns in order to evaluate re-
sults in terms of changes in gross and net farm incomes. In addition, one wishes to estimate the
cost associated with expected increases in the salinity of the CAP source over time. This cost would
be reflected as the decrease in net farm income associated with the decrease in water quality.

THE ANALYTICAL MODEL

Detailed budget descriptions of representative farms for the study area are used to develop
linear programming models. Sixty -nine of these representative -farm linear -programming models are
needed to describe adequately the irrigated farming activities in Pinal County. The models are
solved on the DECsysteml0 digital computer located at the University of Arizona.

3. CAP water delivered to Indian Reservations will not be under the pump -CAP trade -off rule.
The estimate of 900,000 acre -feet excludes Indian pumpage.

4. Millimhos per centimeter (mmhos /cm) is a measure of electrical conductivity of water and
reflects the relative salinity. The conversion between salinity expressed in parts per million (ppm)
and in millimhos per centimeter varies depending on the water's chemical composition. The conversion
rate of 670 ppm per mmho /cm used here is representative of Pinal County.

5. The Indian and District components of the San Carlos Project are considered as separate dis-
tricts in this project. These two districts currently are the only districts actively involved in
delivering water. Other districts which would receive CAP water are the Ak -Chin Indian Reservation,
Central Arizona Irrigation and Drainage District, Hohokam Irrigation and Drainage District, Maricopa-
Stanfield Irrigation and Drainage District, and New Magma Irrigation District.
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The linear programming models are designed to maximize net farm returns above variable produc-
tion costs subject to the resource constraints faced by the farmer. Resource constraints include

such limited factors as land and water.

MODEL CONSTRAINTS

Land has not been a restraint on output in Pinal County in recent years. However, to account

for double cropping, to assure that CAP water is not used to expand acreage on non -Indian farms, and
to define the total irrigable land in Indian areas, land constraints are included in the models.
First, land restrictions are divided into Winter Acres and Summer Acres. Two restrictions rather
than one are used because barley and wheat require only winter acres, while grain sorghum requires
only summer acreage. Cotton requires both winter and summer acreage. The number of summer acres
equals the number of winter acres and allows the possibility of double cropping in the model.

A second land restriction is acreage comprising the Conserving Base, that is, land which must be
kept in nondepleting uses (fallow or idle, pasture, grasses, etc.). Alfalfa is the only nondepleting

crop grown in Pinal County. It is not likely that the conserving base acreage will ever become a
restriction in the linear programming models because of the large amount of land in this area relative
to available water. However, because alfalfa can use this land rather than the more restrictive
winter and summer acres, it is included.

Water availability is probably the most important restriction faced by Pinal County farmers.
Typically, farmers run their irrigation pumps 24 hours a day from late June until early August to
extract the maximum quantity of water physically possible. A second critical water use period occurs

from January 15 to the end of February. During this period barley and wheat are irrigated and cotton

is preirrigated. Unless limited by land availability, barley and wheat acreage are determined by the
available water during this period.

While the summer water restriction represents the maximum quantity of water available during any
given time period, the winter water restriction is less than total water availability. Most farmers

choose not to expand wheat and barley acreage up to physical pumping to capacity for several reasons.
First, the net return from barley and wheat is typically low, especially in the deep pumping areas.
Thus, most farmers choose to curtail winter pumpage to minimize water table drawdown in the summer
when maximum pumpage is desirable for higher valued crops. Further, by conserving water in the

winter, the farmer is less likely to have surging (pump cavitation) during summer withdrawals. Lat-

eral movement of groundwater in Pinal County is generally slow enough to permit individual farmers to
conserve water early in the season for use later in the season, but fast enough so that conservation
of groundwater over longer time periods is ineffective.

In the San Carlos Project, surface waters are available in addition to pumpage from non - project
wells. These surface waters are included in the models at the following maximum levels. The San
Carlos Project Indian Lands received an average of 62,969 acre -feet of water delivered to the land
between 1963 and 1972. During the same ten year period, the District part received an average of
90,143 acre -feet. Discussions with officials of the San Carlos Project indicate that the irrigation
system can deliver to a farm, during any month, twenty percent of its annual allotment.

In addition to the pump -CAP trade -off rule, farmers face additional restrictions on the use of
the new water. Whereas Indian farmers can use CAP water to expand acreage, non -Indian farmers may
only use CAP water on those lands with a history of irrigation during the ten years preceding enact-
ment of the Central Arizona Project legislation, i.e., lands receiving irrigation water must have
been under irrigation at some time during the period September, 1958, to September, 1968. Further,

because of canal capacity, no irrigation district can receive more than 13.5 percent of its annual
allotment in any month.

All of these restrictions on water use are included in the farm models in the following manner.
The annual quantity of water available from each of the three possible sources (pumped, CAP, and
other surface) is the overall controlling constraint to water use. Because of the physical system
constraints on the amount of water available from each source during any time period, along with the
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farmer imposed management restrictions on water use discussed above, monthly crop water demands and
monthly water supplies are included to obtain a complete accounting of water throughout the growing
season. Water demands during any monthly period can be met by any of the available sources as long
as the monthly and total annual restrictions are not violated.

WATER PRICES

The price of water in the area varies with the source. The cost of pumped water to a farmer is

dependent on the pumping lift and the cost of electricity. Variable costs for pumped water range
from a low of $8.03 per acre -foot to a high of $23.22 per acre -foot. A recent estimate of the price

of CAP water delivered to Pinal County is $15.00 per acre-foot at the main canal side. With 10 per-

cent conveyance loss, this price translates into a real cost of $16.67 at the farm headgate. Farmers

who receive surface water from the San Carlos Project pay an annual assessment to cover the project's
costs. This assessment entitles them to receive their annual allotment of project water at no extra
cost. The annual assessment is considered a fixed cost, and thus, the surface water delivered by the
Project has no variable cost to the farmers.

PRODUCTION ACTIVITIES

Production activities included on the representative farms are growing both long and short
staple cotton, barley, grain sorghum, alfalfa (with and without summer water), and wheat. Calendars

of operation for each crop were developed to provide necessary technical coefficients and net revenue
estimates for the linear programming models. The calendars of operation are based on 1974 cost data
and were developed in consultation with farm management personnel (Wright, 1974; Robertson, 1974; and
Willett, 1974) along with published field crop budgets for Yuma County (Hathorne, et al., 1974).

Each production activity (e.g., short staple cotton) is repeated several times in each model to
allow for alternative mixes of the water sources of differing costs and salinities. For example, one

cotton activity uses all pump water, another uses all CAP water, another uses four acre -feet of
pumped water in combination with one acre -foot of CAP, another three acre -feet of pumped water along

with two acre -feet of CAP water, etc. Different costs, different yields, and thus different net
return coefficients are associated with each way of producing an acre of each type of crop. Solution

of the models gives the maximum net return that could be obtained using the optimum combination of
various available sources of differing qualities of water.

ALTERNATIVE ANALYSES

Using the basic models with various changes, several assumptions about CAP water quantities and
qualities are investigated. The first analysis assumes no CAP water deliveries and thus provides the
basic data for measuring the impact of CAP water. The second analysis introduces CAP water to the

area with farmers purchasing the water freely as desired. All demands for CAP water by individual
representative farms are met by shifting water within an irrigation district from farms with surplus
water to those with greater demands. In order to study the implications of requiring farmers to take
a minimum amount of CAP water to satisfy the district's contractual agreement, another computer run
is made requiring farms to use at least 90 percent of their annual allotment. Because Indian farmers
receive free CAP water and could provide an outlet for unwanted agricultural CAP water, the Indian
Reservation farm models are run to find the maximum quantity they would like to use. Finally, the

models are run assuming that the CAP water salinity increases to 1.8 nmhos /cm, the estimated salinity
of the Colorado River in 2020 if salinity control programs are not instituted on the river. The dif-
ference in results between the runs at 1.4 mmhos /cm (940 ppm) and 1.8 nmhos /cm (1200 ppm) enables us

to calculate the cost per acre per part per million increase in salinity to farmers in Pinal County.

RESULTS

Results for all alternative management schemes are not yet complete. Also, fixed costs for each
farm have not yet been included in the analysis. Since fixed costs are not included, we only project
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what adjustments farmers would make if CAP water is made available, disregarding the question of
whether total net farm income is increased or decreased after paying for the fixed costs of the
Project and associated works such as lateral canals.

NO CAP VERSUS CAP FREELY PURCHASED

With Central Arizona Project water introduced into the 1986 representative farm models, net
revenues above variable costs increase by 4.7 million dollars or 35 percent above net returns if no
CAP water is available (see Table 1, rows 1 and 2). Similarly, cropped acreage increases by nearly
83,200 acres with CAP water introduced and freely purchased. However, 3.9 million dollars of the 4.7
million dollar increase and nearly 55,300 acres of the 83,200 cropped acreage increase occurs on the
two Indian Reservations where CAP water is free and can be used to develop new crop lands. Because
total acres of cotton are restricted in the model &/ the rise in net returns results from acreage in-
creases in the other crops (see Table 2, rows 1 ana 2).

Table 1. Projected Net Returns Above Variable Costs, and Projected Water Use in Pinal County,
Arizona, 1986.2/

Type of Analysis

1. No CAP water
available

2. CAP water available
and freely chosen
(1.4 mmhos /cm

salinity)

3. CAP water use
required at minimum
of 90% of annual
allotment

4. CAP water available
and freely chosen
(1.8 mmhos /cm

salinity)

Net Returns Above
Variable Costs

Water Use
Pumped CAP Other Surface Total

(Dollars) Acre -Feet

13,604,533 735,829 153,106 888,935

18,306,629 581,690 479,868 153,107 1,214,665

17,841,754 468,912 618,740 153,111 1,240,763

18,107,230 581,432 447,688 153,109 1,182,229

a. Based on results of representative -farm linear -programming models.

The increase in net income to Indian lands will be a real increase in total net income to the
Indians since almost all costs of the new water are subsidized. However, certain fixed costs, such
as the cost of the distribution system from the main canal to the farm headgates must be subtracted
from the 0.8 million dollar increase in income to non -Indians. These costs have not yet been esti-
mated.

-able 1 (rows 1 and 2) also shows a 21 percent decrease (about 154,000 acre -feet) of pumped
water used in the area receiving CAP water. Other surface water use is essentially constant. How-
ever, the total water applied to crops increased by 325,700 acre -feet - -a 37 percent increase in total
water use.

6. Cotton is the most profitable crop grown in Pinal County, and therefore, must be restricted
to prevent all cotton solutions by the models, an unreasonable result in view of farmers' perception
of the relation between total supply and price, and their perception of risk.
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Why is total water use with CAP higher than total water use without CAP, if the one for one
pump -CAP trade -off rule is in effect? There are two reasons. First, the rule does not apply on
Indian lands where 64 percent of the increase occurs. The Indians have a net increase of 180,600
acre -feet of water use, while decreasing pumpage by only 3,000 acre -feet. Second, the increase of
145,000 acre -feet of water use on non -Indian lands is possible because farmers are trading water
against an historical average pumpage rather than what pumpage would have been in that year without
CAP. The historical average is higher than what pumpage would have been, because farmers in the deep
pumpage areas would have cut back on pumpage as the water table fell. Thus, provision of CAP water
will tend to slow the groundwater overdraft, but not on an acre -foot per acre -foot basis.

Table 2. Projected Acreage of Field Crops in Pinal County, Arizona, 1986.á/

Type of
Analysis

1. No CAP water
available

2. CAP water avail-
able and freely
chosen (1.4 mmhos/
cm salinity)

3. CAP water use re-
qui red at minimum
of 90% of annual
allotment

4. CAP water avail-
able and freely
chosen (1.8 mmhos/
cm salinity)

American-
Pima

Cotton

Upland
Cotton

Barley Grain
Sorghum

Alfalfa Wheat Total

Cropped
Acres

Acres

6,797 83,271 0 58,822 10,590 83,571 243,051

7,015 83,280 1,235 96,295 28,043 110,380 326,248

7,131 83,281 1,235 104,092 32,997 110,337 339,073

6,867 83,277 0 96,294 26,982 110,824 324,244

a. Based on results of representative -farm linear -programming models.

CAP FREELY PURCHASED VERSUS MINIMUM REQUIRED PURCHASE

Several adjustments occur when individual farms are required to use at least ninty percent of
their annual CAP allotment rather than a freely selected quantity. As expected, net returns above
variable costs decrease, but only by about $465,000 (Table 1, rows 2 and 3). However, the decrease
in net returns all occurs within the five non -Indian districts (the Indian Reservations freely use
all the CAP water available to them) and so balances out more than half of the 0.8 million dollar
gain to non -Indian farmers made when CAP water was furnished on a free choice basis.

Now, with 619,000 acre -feet of total CAP use, 139,000 of which was not freely chosen, the trade-
off ratio between CAP and pump water rises to about 2.3 acre -feet of CAP for each 1 acre -foot of pump
water. The ratio was only 3.1 acre -feet of CAP to 1 acre -foot of pump water when CAP was freely
chosen.

Almost no shift in the county's crop mix is observed (Table 2, rows 2 and 3). In order to use
all of the required CAP water, the number of double cropped acres increased slightly, but most of the
requirement to use more CAP water was simply reflected in decreased net income.
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IMPACT OF INCREASED CAP SALINITY

Recently there has been much interest in the West in evaluation of the cost of increased salini-
ty to irrigated agriculture, especially in the Colorado River Basin. It is estimated that Colorado
River water delivered to Pinal County will have a mean salinity of 1.4 nmhos /cm in 1986 and a mean
salinity of 1.8 mmhos /cm in 2020 if no additional salinity control programs are instituted. To be

efficient programs, the cost of any control programs should be less than the value of the decrease in
agricultural production if no controls are established.

Our model compares the value of net returns above variable costs at the two salinity levels when
CAP water is freely chosen (Table 1, rows 2 and 4).7/

The total decrease in net returns above variable costs for Pinal County farmers is $199,400, or
1.1 percent of the base of $18,306,629. This decrease averages only E1 cents per year per irrigated
acre. Obviously, this possible increase in the salinity of the Colorado River should be of no concern
to Pinal County farmers.

CONCLUSIONS

This preliminary report does not discuss all of the assumptions inherent in the models, nor all
of the implications that can be drawn. However, several general conclusions are obvious and would
not be significantly affected by varying the assumptions rather widely from those used. First, deliv-
ery of CAP water will not assure groundwater conservation at anywhere near a one for one trade -off
ratio. Second, most, if not all, monetary benefits from the Project to agriculture in Pinal County
will be captured by Indian farmers. Third, provision of CAP water will not affect cotton acreage,
but will significantly increase the acreage of small grains and alfalfa. Finally, the possibility of
increased salinity from CAP water should not be of concern to farmers in the county.
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THE GEOMORPHIC AND HYDRAULIC RESPONSE OF RIVERS

by

D. B. Simons*

INTRODUCTION

The importance of water resources and the increasing interest in conserving and improving our
environment has identified an urgent need for methods to predict river response due to various
changes resulting from proposed water resource planning. River response is an unsteady phenomenon
in nature. To study transient phenomena in natural alluvial channels, the equations of motion and
continuity can be used. These equations are powerful analytical tools for the study of unsteady
flow problems. The potential of numerical mathematical models for flood and sediment routing,
degradation and aggradation studies and long -term channel development studies is now being realized.
The understanding of physical process governing the river response is the first step toward suc-
cessful water resources utilization and management.

DYNAMICS OF ALLUVIAL RIVERS

Frequently, environmentalists, fish and wildlife scientists, river engineers, and others
concerned with transportation, navigation, and flood control consider a river to be static, i.e.,
unchanging in shape, dimensions, and pattern. However, an alluvial river generally is continually
changing its position and shape as a consequence of hydraulic forces acting on its bed and banks.
These changes may be slow or rapid and may result from natural environmental changes, from man's
activities or a combination of both.

It must be stressed that a river through time is dynamic, that man -induced changes frequently
set in motion a response that can be propagated for long distances. Evidence from several sources
demonstrates that river channels are continually undergoing changes of position, shape, dimensions,
and pattern and in time these changes can accumulate to dramatic proportions.

Rivers are broadly classified as straight, meandering or braided or some combination of these
classifications, but any changes that are imposed on a river may change its form. The dependence
of river form on the slope which may be imposed independent of the other river characteristics is
illustrated schematically in Fig. 1. By changing the slope, it is possible to change the river
from a meandering one that is relatively tranquil and easy to control to a braided one that varies
rapidly with time, has high velocities, is subdivided by sandbars and carries relatively large
quantities of sediment. Such a charge could be caused by a natural or artificial cutoff. Conversely,
it is possible that a slight decrease in slope could change an unstable braided river into a mean-
dering one.

Based on research results of Lane (1955), (1957), Santos -Cayado and Simons (1972) and Schunm
(1971), the following general statements concerning a river's response to altered water discharge
and sediment load can be made.

1) Depth is directly proportional to discharge and inversely proportional to the bed -material
discharge.

2) Channel width is directly proportional to discharge and to sediment load.

3) Channel shape (width -depth ratio) is directly related to sediment load.

4) Meander wavelength is directly proportional to discharge and to sediment load.

5) Gradient is inversely proportional to discharge and directly proportional to sediment load
and grain size.

*Associate Dean, College of Engineering, Colorado State University, Fort Collins, Colorado 80523
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6) Sinuosity is proportional to valley slope and inversely proportional to sediment load.

In the above statements stream gradient is considered to be a dependent variable in that a river
can reduce the gradient by becoming more sinuous. It is important to remember that the relations
given above pertain to natural rivers and not necessarily to artificial channels with bank materials
that are not representative of sediment load; however, the relations help to determine the response
of any water conveying channel.

The significantly different channel dimensions, shapes, and patterns associated with different
quantities of discharge and amounts of sediment load indicate that as these independent variables
change, major adjustments of channel morphology can be anticipated. Further, if changes in

sinuousity and meander wavelength as well as in width and depth are required to compensate for a
hydrologic change, then a long period of channel instability can be envisioned with considerable
bank erosion and lateral shifting of the channel before stability is restored.

Changes in sediment and water discharge at a particular point or reach in a stream may have
an effect ranging from some distance upstream to a point downstream where the hydraulic and geo-
metric conditions can have absorbed the change. Thus, it is well to consider a channel reach as

a part of a complete drainage system. Artificial controls that could benefit the reach may, in

fact, cause problems in the systems as a whole. For example, flood control structures can cause
downstream flood damage to be greater at reduced flows if the average hydrologic regime is changed
so that the channel dimensions are actually reduced. Also, where major tributaries exert a signif-

icant influence on the main channel by introduction of large quantities of sediment, upstream con-
trol on the main channel may allow the tributary to intermittently dominate the system with dele-
terious results. If discharges in the main channel are reduced, sediments from the tributary that
previously were eroded will no longer be carried away and serious aggradation with accompanying
flood problems may arise.

An insight into the direction of change, the magnitude of change, and the time involved to
reach a new equilibrium can be gained by studying the river in a natural condition, having knowl-
edge of the sediment and water discharge, being able to predict the effects and magnitude of man's
future activities, and applying to these a knowledge of geology, soils, hydrology, and hydraulics

or alluvial rivers.

EFFECTS OF MAN'S ACTIVITY ON ALLUVIAL RIVERS

Man's activity can have significant general and local effects on the morphology and hydraulics

of river systems. Often, in planning works on alluvial rivers, it is necessary to consider induced
short- and long -term responses of the river and its tributaries, the impact on environmental factors,
the aesthetics of the river environment and short- and long -term cffects of erosion and sedimentation
on the surrounding landscape, side channels and the river. The biological response of the river

system may also need to be evaluated and considered.

SHORT -TERM RESPONSES

In the preceding paragraphs we indicated that local changes made in the geometry or the hydraulic
properties of the river may be of such a magnitude as to have an immediate impact upon the entire

river system. More specifically, works leading to contraction of channels generally cause general
and local scour and sediments removed from this location are usually dropped in the immediate reach

downstream.

As a consequence of construction, many areas become highly susceptible to erosion. The

transported sediment is carried from the construction site by surface flow into the minor rills which

combine within a short distance to form larger channels leading to the river. The water flowing from

the construction site is usually a consequence of rain. The surface runoff and the accompanying

erosion can significantly increase the sediment yield to the river channel unless careful control is

exercised. The large sediment particles transported to the main channel may reside in the vicinity

of the construction site for a long period of time or may be slowly moved away. On the other hand,

the fine sediments are easily transported and generally pollute the whole cross section of the river.

The fine sediments are transported downstream to the nearest reservoir or to the sea. The sudden

injection of the larger sediments into the channel may cause local aggradation, thereby steepening
the channel, increasing the flow velocities and possibly causing instability in the river at that
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site. Over a long period of time after the injection has ceased, the river should return to its
former geometry.

The suspended fine sediments can have very significant effects on the biomass of the stream.
Certain species of fish can only tolerate large quantities of suspended sediment for relatively
short periods of time. This is particularly true of the eggs and fry.

LONG -TERM RESPONSE OF RIVERS TO DEVELOPMENT

In addition to possible immediate responses, there may be important delayed reponses of rivers
to development.

Often river training works are used; for example, to favorably align the flow with respect to a
bridge opening. When such training works are used, they generally straighten the channel, shorten
the flow line, and increase the velocity within the channel. Any such changes made in the system
that cause an increase in velocity increases local and general scour with subsequent deposition
downstream where the channel takes on its normal characteristics. If significant lengths of the
river are trained and straightened, there can be a noticeable decrease in the elevation of the water
surface profile for a given discharge in the main channel. Tributaries emptying into the main
channel in such reaches are significantly affected. Having a lower water level in the main channel
for a given discharge means that the tributary streams entering in that vicinity are subjected to a
steeper gradient and higher velocities which cause degradation in the tributary systems. In extreme
cases, degradation can be induced of such magnitude as to cause failure of structures such as bridges
on the tributary systems. In general, any increase in transported materials from the tributaries to
the main channel cause a reduction in the quality of the environment within the river. More specif-
ically as degradation occurs in the tributaries bank instabilities are induced and the sediment loads
are greatly increased. Increased sediment loads usually result in a deterioration of the given
environment.

Cutoffs may develop naturally in the river system or they may be constructed by man as part of
river development projects. The general consequence of cutoffs is to shorten the flow path and
steepen the gradient of the channel. The local steepening can significantly increase the velocities
and sediment transport. Also, this action can induce significant instability such as bank erosion
and degradation in the reach. The material scoured in the reach affected by the cutoff is probably
carried only to the adjacent downstream reach where the gradient is flatter. In this region of
slower velocities the sediment drops out rapidly. The deposition can have significant detrimental
effect on the downstream reach of river increasing the flood stage in the river itself and increasing
the base level for tributary stream thereby causing aggradation in the tributaries.

Another common case occurs with the development of reservoirs for storage and flood control.
These reservoirs serve as traps for the sediment normally flowing through the river system. With
sediment trapped in the reservoir, essentially clear water is released at the dam site. This clear
water has the capacity to transport more sediment than is immediately available. Consequently, the
channel begins to supply this deficit with resulting degradation of the bed. This degradation may
significantly affect the safety of structures in the immediate vicinity. Again, the degraded main
channel causes steeper gradients on tributary streams in the vicinity of the main channel. The
result is degradation in the tributary streams. It is entirely possible, however, that the addi-
tional sediments supplied by the tributary streams would ultimately offset the degradation in the
main channel. It must be recognized that downstream of storage structures the channel may either
aggrade or degrade and the tributaries will be affected in either case.

There are important responses induced within and upstream of reservoirs as well as downstream.
When the stream flowing into a reservoir encounters the ponded water, its sediment load is deposited
forming a delta. This deposition grows with time ultimately filling the pool or reservoir. This
deposition in the reservoir flattens the gradient of the channel upstream. The flattening of the
upstream channel induces aggradation causing the bed of the river to rise, threatening structure
installations and other facilities.

The clear -water diversion into South Boulder Creek in Colorado is a typical example of river
development that affects bridge crossings and encroachments as well as the environment in general.
Originally the North Fork of the South Boulder Creek was a small but beautiful scenic mountain
stream. The banks were nicely vegetated, there was a beautiful sequence of ripples and pools which
had all the attributes of a good fishing habitat. Approximately ten years ago, water was diverted

23



from the Western Slope of the Rockies through a tunnel to the North Fork of the South Boulder Creek.
The normal flow in that channel was increased by a factor of four to five. The extra water caused
significant bank erosion and channel degradation. In fact, the additional flow gutted the river
valley changing the channel to a straight raging torrent capable of carrying large quantities of
sediment that was subsequently deposited downstream. Degradation in the upper part of the system had
reached as much as 15 to 20 feet before measures were taken to stabilize the creek.

Stabilization was achieved by flattening the gradient, by constructing numerous drop structures
and by reforming the banks with riprap. The system has stabilized but it is a different system. The

channel is straight, much vegetation has been washed away, the natural sequence of ripples and pools
has been destroyed. The valley may never again have the natural form and beauty it once possessed.
It is necessary for us to bear in mind the diversions to or from the natural river system can greatly
alter its geometry, its beauty, and its utility. The river may undergo a complete change giving rise
to a multitude of problems in connection with the design and maintenance of hydraulic structures,
encroachments and bridge crossings along the affected reach.

QUALITATIVE PREDICTION OF ALLUVIAL RIVER RESPONSE

Many rivers have achieved a state of practical equilibrium throughout long reaches. For

practical purposes, these reaches can be considered stable and are known as "graded" streams by
geologists and as "poised" streams by engineers. However, this does not preclude significant
changes over a short period of time or over a period of years. Conversely, many streams contain
long reaches that are actively aggrading or degrading.

To predict the response to channel development is a very complex task. There are large numbers
of variables involved in the analysis that are interrelated and can respond to changes in a river
system in the continual evolution of river form. The channel geometry, bars, and forms of bed rough-
ness all change with changing water and sediment discharges. Because such a prediction is necessary,
useful methods have been developed to predict the response of channel systems to changes both quali-
tatively and quantitatively.

VARIABLES AFFECTING. RIVER BEHAVIOR

Variables affecting alluvial river channels are numerous and interrelated. Their nature is such

that, unlike rigid boundary hydraulic problems it is not possible to isolate and study the role of
any individual variable.

Major factors affecting alluvial stream channel forms are:

1) Stream discharge,
2) Sediment load,
3) Longitudinal slope,
4) Bank and bed resistance to flow,
5) Vegetation,
6) Geology including types of sediments,
7) Works of man, and
8) Seepage forces.

The fluvial processes involved are very complicated and the variables of importance are difficult
to isolate. Many laboratory and field studies have been carried out in an attempt to relate these

and other variables to the present time. The problem has been more amenable to an empirical solution
than an analytical one.

In an analysis of flow in alluvial rivers, the flow field is complicated by the constantly
changing discharge. Significant variables are, therefore, quite difficult to express mathematically.
It is desirable to list measureable or computable variables which effectively describe the processes
occurring and then to reduce the list by making simplifying assumptions and examining relative mag-
nitudes of variables, striving toward an acceptable balance between accuracy and limitations of ob-
taining data. When this is done, the basic equations of fluid motion may be simplified (on the basis
of valid assumptions) to describe the phenomenon.
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RELATIONS DEFINING RIVER GEOMETRY AT A CROSS SECTION

Relations defining the channel cross section have been proposed by various researchers.
Theoretical relations similar to those proposed by Leopold and Maddock (1953) have been derived
at a section and show that:

Q0.24 (1)

Q0.46 (2)

Q0.00
(3)

00 .30 (4)

Equation 1 implies that slope is constant at a cross section. This is not quite true. At low flow

the effective channel slope is that of the thalweg that flows from pool through crossing to pool.
At higher stages the thalweg straightens somewhat shortening the path of travel and increasing the

local slope. In the extreme case river slope approaches the valley slope at flood stage. It is

during high floods that the flow often cuts across the point bars developing chute or flow channels.
This path of travel verifies the shorter path the water takes and that a steeper channel prevails
under this condition.

RELATIONS DEFINING RIVER GEOMETRY ALONG THE CHANNEL

In addition to the at -a- station hydraulic geometry, relations identifying the variations of
hydraulic geometry in the downstream direction were developed using the bank -full geometry and bank -
full discharge. These derived relations are based on the basic equations of fluid mechanics and are
almost identical to empirical relations proposed by Leopold and Maddock (1953). The derived rela-

tions are:

0.46

Wb Qb

-

YbQb
0.46

S , -0.46

b

V
Q0.08

b b

Here the subscript "b" indicates the bank -full condition. These relations indicate how bank -full

depth, velocity, slope and width vary as one moves from the headwaters of a channel downstream.

(5)

(6)

(7)

(8)

RIVER CONDITIONS FOR MEANDERING AND BRAIDING

In the preceding examples it was shown that changes in water, sediment discharge or both can
cause significant changes in channel slope. The changes in sediment discharge can be in quantity Q

or caliber 050 or both. Often such changes can alter the plan view in addition to the profile of s
a river.

Figure 2 illustrates the dependence of river form on channel slope and discharge. It shows that

when

Q1 /4
1.7

a sandbed channel meanders. Similarly, when

Q1/4 - 10.0

(9)

(10)

the river is braided. In these equations, S is the channel slope in feet per thousand feet or meters

per kilometer and Q is the mean discharge in cfs. Between these values of S Q1/4 is the transi-

tional range and many of the U.S. rivers, classified as intermediate sandbed streams, plot in this
zone between the limiting curves defining meandering and braided rivers. If a river is meandering

but its discharge and slope borders on the transitional zone a relatively small increase in channel
slope may cause it to change with time to a transitional or braided river.
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RELATIONS BETWEEN CHANNEL MORPHOLOGY AND SEDIMENT LOAD

Sediment bed material transport (Qs) can be directly related to stream power (TOV) and inversely
related to the fall diameter of bed material (D50).

T
0

VW

5
ti

D50/Cf
,

Here In is the bed shear, V is the cross -sectional average velocity, W is the width of the stream

and Cf is the fine material load concentration. Equation 11 can be written as

yy0SWV

Qs D50/Cf D50 /Cf

(12)

If specific weight, y is considered constant and the concentration of wash load Cf can be incorpo-

rated in the fall diameter, D50, the relation can be expressed as

QS ti QsD50
(13)

which essentially is the relation originally proposed by Lane (1955). Equation 13 is very useful to
qualitatively predict channel response to climatological changes, river development or both.

Consider a tributary entering the main river at point C that is relatively small but carries a
large sediment load (see Fig. 3). This increases the sediment discharge in the main stream from Qs

to Q. It is seen from Eq. 3 that, for a significant increase in sediment discharge (Qÿ) the
channel gradient (S) below C must increase if Q remains constant. The line CA (indicating the
original channel gradient) therefore changes with time to position C'A. Upstream of the confluence
the slope will adjust over a long period of time to the original channel slope. The riverbed will

aggrade from C to C'.

Those working with river systems are also interested in quantities in addition to directions of
variations. The geomorphic relation QS ti QSD50 is only an initial step in analyzing long -term

channel response problems. However, this initial step is useful because it warns of possible future
difficulties in designing channel improvement and flood protection works. The prediction of the
magnitude of possible errors in flood protection design, because of changes in stage with time, re-
quires the quantification of changes in stage. To quantify these changes it is necessary to be able
to quantify future changes in the variables that affect the stage. In this respect, knowledge of
future flow conditions is necessary.

PREDICTION OF CHANNEL RESPONSE TO CHANGE

In the section RELATIONS BETWEEN CHANNEL MORPHOLOGY AND SEDIMENT LOAD it was illustrated that

Eq. 13 could be used to predict changes in channel profiles caused by changes in water and sediment
discharge. It is now possible to talk qualitatively about changes in channel profile, changes in
river form and changes in river cross section both at a section and along the river channel using the
other relations presented above.

An increase in discharge may affect the river form, energy slope, stability of the channel,
cross -sectional area and river stage. Equations 9 and 10 (or Fig. 2) show that an increase in dis-
charge could change the channel form in the direction of a braided form. Whether or not the channel

changes form would depend on the river form prior to the increase in discharge. According to Eq. 3,

the channel slope could not change. However, a slight increase in slope could occur as a consequence
of a slight straightening of the flow caused by the increased discharge. The stability of the channel

would be reduced according to Eq. 6 which indicates an increase in velocity. On the other hand, this

prediction could be affected by changes in form of bed roughness that dictate resistance to flow.
This effect is discussed later.

The wash load increases the apparent viscosity of the water and sediment mixture and makes the
bed material behave as if it were smaller. In fact, the fall diameter of the bed material is made

smaller by significant concentrations of wash load. With more wash load, the bed material is more
susceptible to transport and any river carrying significant wash load will change from lower to upper
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regime at a smaller Froude number than otherwise. Also, the viscosity is affected by changes in

temperature.

Seepage forces resulting from seepage outflow help stabilize the channel bed and banks. With

seepage inflow, the reverse is true. Vegetation adds to bank stability and increases resistance to

flow reducing the velocity. Wind can retard flow increasing roughness and depth when blowing up-

stream. The reverse is true with the wind blowing downstream. The most significant of wind effect

is wind generated waves and their adverse effect on channel stability.

In many instances it is important to assess the effects of changes in water and sediment
discharge on specific variables such as depth of flow, channel width, characteristics of bed mate-

rials, velocity, etc. For this type of analysis we can use Eq. 13 and Eqs. 1 to 8 inclusive. Also,

Eq. 13 can be written in terms of width, depth, velocity, concentration of bed material discharge
Cs and water discharge Q or

and

QCsD50 ti VyoWS (14)

CSD50 ti S
(15)

These equations are helpful for detailed analysis.

The change in river form as a response to various changes imposed on an alluvial river can also

be qualitatively predicted.

CONCLUSION

This paper has presented elements of fluvial geomorphology and hydraulics that are related to
the interpretation and modeling of response of alluvial rivers to natural and man -made causes. The

responses of alluvial rivers to changes imposed by natural phenomena or man's activities are complex.
Therefore, any interpretation of alluvial rivers needs to be preceded by a qualitative analysis.
The qualitative analysis can indicate the direction in which various changes in the elements of the

river will take place. Information presented herein should be adequate to carry out the qualitative

analysis in most cases. The next step in the analysis of alluvial river response would be the
quantitative evaluation of channel response and water and sediment routing using theory supplemented
by physical and mathematical model studies of the system.

REFERENCES CITED

Khan, Hamidur R. 1971. Laboratory studies of alluvial river channel patterns. Ph.D. dissertation,

Dept. of Civil Engr., Colorado State University, Fort Collins, Colorado.

Lane, E. W. 1955. The importance of fluvial morphology in hydraulic engineering. Proceedings, ASCE,

Vol. 21, No. 745.

Lane, E. W. 1957. A study of the shape of channels formed by natural streams flowing in erodible

material. M.R.D. Sediment Series No. 9, U.S. Army Engr. Div., Mo. River, Corps of Engrs., Omaha,

Nebraska.

Leopold, L.G. and Maddock, T., Jr. 1953. The hydraulic geometry of stream channels and some physio-

graphic implications. U.S. Geol. Survey Prof. Paper 252.

Santos -Cayado, J. 1972. Stage determination for high discharges. Ph.D. dissertation, Dept. of Civil

Engr., Colorado State University, adviser, D.B. Simons.

Schumm, S. A. 1971. Fluvial geomorphology --the historical perspective. River Mechanics, edited by

H.W. Shen, Vol. 1, Chap. 4.

27



Thalweg
Sinuosity

Meandering
Tholweg Channel I I Braided Channel

Straight Combination of
Meandering B
Braided

Meandering Thalweg
Channel

Point
Sat

Slope -+

Thalweg

Fig. 1. Sinuousity vs. slope with constant discharge (after Khan)

Io'

IOa
o

s ta/

lo

KK
aal) /v

Oal>

RWUSLICAN
VER

.] LOWER ARKANSAS
[D RIVLR Se RRR

M TN[ SWTM 44ne e SLOW [R COLORADO

e]Y SN6
0

LOWER ARKANSAS

KANSAS
53e S{RRZ eg65

RIVER
MISSOURI

SS BLOWER ARKANSAS
RIVER rYO RI S

CURREII MIfi51 4--!-
RIVER1211

0LOWfR
ILLINOIS

6/

ST. CLAM pIVÉRYF
RIVER 67

102 103 lo' 105
Mean Discharge in Cubic Feet per Second

106

Fig. 2. Slope- discharge relation for braiding or meandering in sandbed
streams (after Lane 1957)

Final Equilibrium Grade

S
Original `e\

C
Equilibrium Grade

Bose Level

Fig. 3. Changes in channel slope in response to an increase in
sediment load at point C

28



PARAMETER INFLUENCE ON RUNOFF MODELING

by

Samuel E. Kao, Theodore G. Roefs and Simon Ince

INTRODUCTION

In hydrologic analysis and design, it is quite often to estimate runoff from rainfall data,
because rainfall data are generally available for much broader areas than are runoff data. Any

quantitative estimation of runoff through rainfall requires mathematical modeling. The accuracy
of estimation is dependent not only on the completeness of the model, but also on the selection
of the corresponding model parameters. The objective of this paper is to investigate the influ-
ence of some model parameters on runoff simulation. The model parameters considered here include
space and time increments, rainfall input, and channel roughness.

Two kinds of indicators are used for measuring the effect of model parameters. The first kind
of indicator is the factor related to surface runoff, i.e., the peak rate of flow. The second kind
is the time factor associated to a flow. Here the length of time from the beginning of a storm
to the peak of surface runoff is used as the indicator.

THE RAINFALL -RUNOFF MODEL

A distributed system model including simulations of overland flow, channel flow and flow
through channel junctions has been used in this analysis.

WATERSHED REPRESENTATION

The natural complexities of a watershed to be modelled are represented by e group of subcatch-
ments, which are linked together by a number of prismatic channels.

The rainfall input to each subcatchment is assumed to have a spatially uniform distribution.
It may vary, however, in a completely unrestricted manner between adjacent elements. The surface
cover and ground slope within each subcatchment is also assumed to be uniform. Runoff occurred
on the subcatchments is considered as overland flow. It is apparent that the runoff water from
one subcatchment is a source of inflow to its adjacent downstream channels.

SIMULATION OF OVERLAND FLOW

The dimensionless hydrograph derived by Morgali, and Linsley (1965) is used in this study.
The overland flow hydrographs resulting from rainfall input with finite duration can be easily
obained by use of the method of offset hydrograph (Chow, 1959).

The authors are, respectively, Hydrologist, Ferguson, Morris & Associates, Inc., Scottsdale;
Adjunct Professor, and Professor, Depart. of Hydrology & Water Resources, University of Arizona,
Tucson.
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SIMULATION OF CHANNEL FLOW

The simulation of channel flow is based on the hydrologic routing approach which uses a depth -
discharge relationship incorporated with the equation of continuity. According to the theory of

continuity, the difference between Inflow 1 and outflow 0 of a section Is equal to the rate of
change of storage within that section. The mathematical equation can be expressed as:

_ Change of Storage
Unit Time

The inflow to a section is the summation of lateral overland flow within that section and the
outflow from the Immediate upstream channel section. The outflow from a section is approximated
by a uniform -flow formula, namely, the Manning's formula.

The channel flow model has been tested in a one -acre experimental watershed. The shape of

the synthesized hydrographs is about the same as the observed ones. On average, the error in-

volved in volume is about 4 percent, and In peak, rate, 3 percent.

SIMULATION OF FLOW THROUGH CHANNEL JUNCTIONS

Flow through a channel junction is a phenomenon that involves many variables, such as the
number of the adjoining channels, the direction and discharge of flow, the shapes and slopes of
the channels, etc. in general. junctions in this study are assumed to behave as a reservoir with

a horizontal surface. The net discharge into a Junction is equal to the change in reservoir stor-
age. If the total inflow to the junction exceeds the allowable carrying capacity for the channel
reach Immediately below the junction, the storage at the Junction will be increased and the steady
backwater will be formed in the Inflow channels above the Junction. The allowable carrying capac-

ity for the channel reach below the Junction is computed by means of Manning's formula. The cal-

culation procedures for simulation of flow through channel Junctions are similar to that of channel

flow.

RUNOFF SIMULATION PROCEDURES

A computer program has teen written to handle the simulation of runoff. Procedures of the

runoff simulation are described by the flow chart diagram as shown in Figure I. The overland flow

from a subcatchment is computed first. After the computations for all subcatchments and channels
related to a channel junction are completed, the flow depth and discharge in each branch channel
of the junction are computed. These steps are repeated until ail the channel junctions are finish-

ed. Details of the computer program are given by Kao (1973).

DISCUSSION OF RESULTS

As mentioned previously, the model parameters considered in this study are space and time in-

crements, rainfall input and channel roughness. The effect of various parameters on runoff simu-

lation is discussed under appropriate heading.

SPACE AND TIME INCREMENTS

Usually, the smaller the time and space increments, the more accurate the simulation. However,

results of this analysis indicate that the improvement of accuracy is very small. In general, the

variation on peak flow due to different space increments is less than 5 percent; while on time to

peak, less than I percent. On the other hand, the variation on peak flow due to different time in-

crements Is less than 3 percent; while on time to peak, less than I percent. The Importance of

time and space increments is that the ratio of time Increment and space increment has to be small
enough to guarantee a stablo solution. In this study, the solution has been found stable as long

as the ratio is less than one.
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TIME DISTRIBUTION OF RAINFALL INPUT

Three sets of rainfall input are used to examine the effect of time distribution of rainfall
excess on hydrograph simulations. The volumes of the three inputs are equal, yet the time dis-
tributions are different. As shown in Figure 2, the first input is a rainfall excess with uniform
intensity, and second is a hyetograph with an increasing intensity, and the third input is similar
to the second one except that the shape is more nonuniform. Figure 3 Is a plot of the hydrographs

resulting from these three inputs. The rate of peak flow from input one is about 7 percent lower
than that from input three, and the difference between time to peak is 10 minutes. The peak flow

from input two is only 1.7 percent lower than that from input three, and the difference between
time to peak is only 2 minutes. For all practical purposes, therefore, input two is just the same

as input three.

CHANNEL ROUGHNESS

The variation on flow hydrographe due to different values of Manning's n has also been examined
in this study. Generally, the variation on peak flow and time to peak is less than I percent. In

other words, the outflow hydrographe generated by the hydrologic routing model are not too sensi-

tive to channel roughness. This finding coincides with Linsley's (1971) conclusion. However, as

illustrated in Figure 4, the flow depth resulting from different values of Manning's n has a sig-
nificant variation. The value of Manning's n should be carefully selected if the objective of

the simulation is to predict the depth of flow at various points of a watershed.

SUMMARY

In view of the above results concerning the parameter influence on runoff modeling, the effect
of time and space increments, time distribution of rainfall Input, and channel roughness on runoff
simulation appears to be very small. However, the influence of channel roughness on flow depth
is significant.
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ANTITRANSPIRANTS AS A POSSIBLE ALTERNATIVE TO THE ERADICATION
OF SALTCEDAR THICKETS

by

Robert S. Cunningham, Kenneth N. Brooks and David B. Thorud

ABSTRACT

The response of saltcedar (Tamarix pentandra Pall.) to several antitranspirants was
evaluated in laboratory, greenhouse and small -scale field studies using potted plants. Anti -

transpirants may provide a treatment alternative to the eradication of saltcedar thickets for
water salvage objectives. Transpiration rates were reduced by 23 to 44 percent for 7 to 20
days in the greenhouse, and by 18 to 32 percent for 2 to 8 days in the field. No serious damage
to the plants was apparent. One of the most effective antitranspirants considered for a hypo-
thetical saltcedar thicket and a hypothetical operational treatment program, based on estimated
cost data, would result in reallocated water costing approximately 55 dollars per acre foot
for a single treatment. About 19 acres of saltcedar thicket would have to be treated to
provide one acre -foot of reallocated water in this case.

INTRODUCTION

Plans for eradicating saltcedar along flood plains in western states have met vocal and
effective opposition in some localities (Cunningham, 1971). Proponents suggest that this
exotic plant transpires water which might otherwise be put to more beneficial human use.
Flood control is sometimes an additional objective of eradication treatments. Opponents,
on the other hand, suggest that several animal species have adapted to saltcedar thickets and
that some, particularly the white -winged dove, are dependent upon the thickets for maintenance
of present populations. Also, lush green thickets in otherwise dry landscapes may have
aesthetic value.

A chemical antitranspirant spray, which narrows stomatal apertures of saltcedar leaves
and reduces transpiration without harming the plant or environment, could perhaps be an
acceptable alternative to eradication for water salvage nurposes. This paper discusses the
results of several controlled experiments that were designed to evaluate the response of salt-
cedar to treatment with antitranspirants. The results of these experiments have been projected
to an operational scale to help define the economic feasibility of antitranspirant treatments
for the reallocation of water. As used here, "reallocation" refers to the disposition of
water by means other than transpiration; increased groundwater storage is one possibility,
pumping another.

ANTITRANSPIRANT EFFECTS

Greenhouse and field experiments with saltcedar were conducted at the University of
Arizona, Tucson, to determine the effectiveness of selected antitranspirants. And laboratory
studies were undertaken to determine the physiological response of saltcedar plants which
were sprayed with antitranspirants (Brooks, 1970; Brooks and Thorud, 1971). Previous investi-
gations (Gale and Hagen, 1966; Stoddard and Miller, 1962; Zelitch, 1969) indicate that eight -
hydroxyquinoline sulfate (8 -HQS) and certain alkenylsuccinic acid derivatives may have some
characteristics of an ideal antitranspirant, i.e., an agent which reduces transpiration with-
out seriously decreasing photosynthesis or harming the plant or the environment.

School of Renewable Natural Resources, University of Arizona, Tucson, Arizona. This work was
supported in part by funds provided by the U.S. Department of Interior as authorized under
the Water Resources Research Act of 1964, PL 88 -379. Published as University of Arizona
Agricultural Experiment Station Journal Series number 2010. R. S. Cunningham is now with
the USDA Forest Service and K. N. Brooks with the U.S. Army Corps of Engineers.
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Antitranspirants in the current experiments were mixed with distilled water and a 0.5

percent concentration of the wetting agent, Triton X -100. This mixture was sprayed on foliage
until drops formed and began to run off. The compounds studied were: (1) 8 -HQS at a con-

centration of 0.O1M, (2) the monomethyl ester of n- decenylsuccinic acid (MDSA) at a con-
centration of 350 ppm, and (3) a mixture of MDSA and the monoglyceryl ester of n- decenylsuccinic
acid (GDSA) at 150 ppm each (MDSA -GDSA).

Plants used in each greenhouse and field experiment were grown in 6- or 10 -inch diameter
plastic pots in a sandy alluvial soil. Transpiration was measured by weighing each potted
plant in the morning and evening. Soil -water content was maintained close to field capacity
in all experiments. The soil surface of each pot was sealed with plastic sheeting during day-
light hours to prevent evaporation.

Each experiment was conducted at a different time, with different plants, and under
different climatic conditions. Therefore, only general comments and comparisons relative to
the greenhouse and field experiments are appropriate.

In greenhouse experiments, the reduction in transpiration varied from 23 to 44 percent
for 7 to 20 days; in field studies, the reduction varied from 18 to 32 percent for 2 to 8 days
(Table 1). The experimental design did not permit comparisons between treatment responses
for the different chemicals.

The tested antitranspirants appeared to be more effective in the greenhouse than in the
field. This difference may have been due to varying micro -climatic conditions between green-
house and field environments, or to different physiological responses between greenhouse and
field plants.

Although the results of these experiments cannot necessarily be directly extrapolated
to the environment of a natural thicket, the findings demonstrate that saltcedar transpiration
can be reduced without seriously harming the plant. 10 serious physiological response of

treated saltcedar plants was revealed in several laboratory studies. However, the possibility

of deleterious or hazardous effects of antitranspirants in natural environments has not been
evaluated and, therefore, should not be overlooked. Furthermore, reports indicate that 8-HOS
at 10"4M concentration may be potentially harmful to plant and animal organisms. Eight -HQS

apparently initiated chromatid- breaks in bean roots (Gebhart, 1968a), and possibly caused
gaps in chromosomes of human lymphocytes (Gebhart, 1968b). No such reports were encountered

for the alkenylsuccinic acids.

FEASIBILITY OF ANTITRANSPIRANT TREATMENTS

Antitranspirants must be economically feasible to be suitable as an alternative to salt-
cedar eradication, in addition to being effective in reducing transpiration without causing
harm. However, since antitranspirants have not been tested on a natural saltcedar thicket
on an operational scale, the volumes and cost of reallocated water cannot be accurately
evaluated at this time. Also, the economic or aesthetic value of an intact versus an eradicated
thicket is not well defined. Nevertheless, estimates of the volume and cost of reallocated
water, as provided below, may be helpful in determining the potential usefulness of anti -
transpirants.

If it is assumed that a saltcedar thicket consumes a given amount of water as evapo-
transpiration (ET), and that evaporation within the thicket is a small component of ET, then

the amount of reallocated water can be estimated knowing the magnitude and duration of
transpiration reduction following treatment (Figure 1). For purposes of illustration, we
assumed an average ET rate for an untreated thicket of 0.15 inches per day, which may be
conservative. Dense, actively growing saltcedar thickets have been observed to transpire
several times this amount (van Hylckama, 1970). The curves in Figure 1 are based on assumed

values that encompass the experimental results (Table 1).

An operational antitranspirant program may require repeated treatments to achieve a
sufficient volume of reallocated water. For example, consider a 2,000 acre saltcedar thicket

with an ET rate of 0.15 inches per day. If ET were reduced by 25 percent for 14 days following
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Table 1. Transpiration reduction following single applications of
8 -HQS, MDSA and MDSA -GDSA, measured as percent reduction
from control. Results significant at a = 0.10.

Experiment 8 -HQS MDSA MDSA -GDSA

Reduction
( %)

Duration
(days)

Reduction Duration Reduction

( %) (days) ( %)

Duration
(days)

Greenhouse' 36 20 29 20 28 20

Greenhouse2 23 7 44 13 - -

Greenhouse2 36 7 40 7

Field' 32 5 - 23 5

Field2 19 2 28 2

Field2 - 18 8

1Brooks and Thorud, 1971.

2Cunningham, R. S. 1972. Evaluation of transpiration suppressants as an
alternative to the eradication of saltcedar thickets. M.S. thesis,
University of Arizona. 56 p.
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Figure 1. Estimated amounts of reallocated water assuming an average
evapotranspiration rate of 0.15 inches per day for a salt -

cedar thicket.
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a single treatment, ari estimated 88 acre -feel of water may be reallocated. over a 6- monlli

growing season, are estimated 1,100 acre -feet of water would be reallocated, assuming 13
similar treatments. However, the effect of repeated applications of antitranspirants on the
plants and environment has not yet been investigated and should be evaluated before attempting
such a plan.

An estimated cost per unit volume of reallocated water can be derived from assumed costs
tir an aerial treatment program. Aerial applications of antitranspirants may be more
economical than ground- operated techniques, especially where saltcedar thickets are extensive
and dense ([inure 2). Rental of/fixed-wing aircraft, at 1975 prices , would cost about $2.60
per acre at an application rate of nine gallons of mixture per acre. chemical costs of MU`,A
at 350 ppm and Triton X -100 at 0.5 percent are $0.06 and $0.28 per acre, respectively, at
19/5 prices. Consequently, total treatment cost for one MDSA treatment is estimated to be
02.94 per acre, based on 1975 flying rates and chemical prices, and ignoring any other costs
associated with a treatment program. Using these data, the cost per acre -foot of reallocated
water was calculated for several assumed magnitudes ani durations of transpiration reduction
following a single treatment of a hypothetical saltcedar thicket (Figure 3). It was assumed
that nine gallons of antitranspirant mixture per acre would adequately cover the foliage', and
that a natural quality water would not lessen the antitranspirant effectiveness of MDSA.
Only distilled water was used in our experiments.

the most effective treatment considered suggested that a 35 percent reduction in trans-
piration for 21 days would result in 1.1 area inches of reallocated water (Figure 1) at a

cost of about $33 per acre -foot (Figure 3). A 20 percent reduction in transpiration for 21
days would result in about 0.6 area inches of reallocated water at all estimated cost of $55

per acre -foot. For these two examples, that is, 35 and 20 percent reductions for 21 days,
about 11 and 19 acres of saltcedar thicket, respectively, would have to be treated to produce

one acre -foot of reallocated water.

These preliminary cost estimates, if valid for natural environments, seem to eliminate
antitranspirant treatments as a feasible means for obtaining supplementary water from salt- -

r.edar thickets for use on relatively low -value agricultural crops at This time. However,

such costs, if supported and verified by further studies, may be acceptable if the reallocated
water were utilized for municipal and industrial purposes, or for the production of relatively

high value crops.

CONCLUSIONS AND SUMMARY

Laboratory, greenhouse and small -scale field experiments provided some insight on the
potential usefulness of antitranspirant treatments for reducing transpiration by saltcedar.
Iesults indicate that:

(1) Fight -IIUS, MUSA and an MDSA. -GDSA combination reduced transpiration rates of saltcedar
by 23 to 44 percent for 7 to 2Q days in the greenhouse, and by 18 to 32 percent for
2 to 8 days in the field, without causing apparent serious damage to the plants.

(2) Fight-110S should not be considered for operational application in the field at
this time because of possible health hazards. This conclusion is based upon

reports which identified an apparent relationship between Is -Iln; and the occurrence

of cellular damage in plant and human tissue.

(3) tlrie of the most effective MDSA treatments considered for a hypothetical saltcedar
thicket would result in reallocated water costinn approximately $55 per acre -foot.
About 19 au-es of saltcedar thicket would have to be treated to provide one acre -
foot of reallocated water in this case. Such a cost level would possibly he un-

IPersonal communication with the Marsh Aviation Company, Marano, Arizona, March, 1975.
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Figure 2. A dense and extensive saltcedar thicket on the Gila
River in southern Arizona.
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economic for many agricultural applications, but may ultimately be acceptable for
municipal, industrial and some agricultural applications, where a higher price

can be paid for water.

(4) Field investigations of treatment effects on natural saltcedar thickets and the
environment are needed to further develop the concepts and verify the kinds of
assumptions discussed in this paper. Results from such studies may eventually
allow the development of a management alternative for saltcedar thickets that will
be mutually acceptable to water, recreation, wildlife and other interests.
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WATERSHED INUI(JITORS OF LANDFORM DEVELOPMENT

by

Burchard H. Heede

Traditionally, watershed management is concerned with water and sediment yields,
vegetation, soils, and meteorology, but not with geomorphology. Often it is in this
latter field of knowledge, however, that the explanation can be found for the formation
and present condition of a watershed, and its future development. The objective of
this treatise is to show by examples that factors in the hydraulic geometry of
streams indicate whether a watershed is in an active stage of landform development,
or is in dynamic equilibrium. It will also provide some general guides for the
practioner, and demonstrate that watershed management research cannot afford to
ignore the basic geomorphic setting of watersheds. If geomorphology is not
considered, research results could be misinterpreted.

Dynamic equilibrium versus landform development. Because mountainous watersheds
are generally in a more youthful landform than watersheds of the plains, geomorphic
changes can occur with greater frequency and intensity. Besides mass wasting such as
landslides, mudflows, and debris avalanches, streams are the main active agents on
a watershed. The distinction between mass wasting and stream erosion is not always
clear, however. As Thornbury (1961, p. 3b) pointed out, "it may be hard to draw'
a line between a mudflow and an extremely muddy stream." Here, a stream is defined
as having a distinct bed and stream net, although the channel may shift.

There is, of course, interaction between the stream and the watershed. Size
of watershed and its slopes, for instance, will influence the hydraulics of the stream
by determining magnitudes of water concentrations and peak flows. The stream, on
the other hand, may have to adjust its bed in order to dispose of the flow. Examples
of adjustments are down -cutting and extension of the channel into headwater areas.
Normally, these are the main processes in landform development.

On a macro scale, we should visualize landform development as an intermittent
process, if we exclude the continuous removal of individual soil particles or
localized chuuiges. Periods of standstill alternate with active change. But
standstill does not represent a true state of balance between attacking and
resisting forces because, during such a period, changes in one or several
internal forces may cause other forces to adjust rather rapidly. internal forces
may be released if width, depth, roughness, or any other component of flow changes.
Then one, some, or all remaining components of the flow rearrange to accommiodate the
conveyance of flow and load. This condition is called dynamic equilibrium. :Mackin

(1948) described it as river at grade.

in contrast, dynamic equilibrium can be lost if external influences, such as
climate change, cause stream and watershed adjustments. Generally, adjustments to
external forces require a long time. Mbst Alpine torrents, for instance, imbedded
in geologically weak structures, have not adjusted yet to the uplift of the Alps.

Although not inevitable, dynamic equilibrium can be reached between times of
active landfonm development. Thus dynamic equilibrium is not a stage of landfonm
development since it can occur during any stage, youthful or mature.

Principal hydraulic Engineer, located at Tempe, Arizona in cooperation
with Arizona State University; central headquarters are
maintained at Fort Collins, in cooperation with Colorado
State University
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Dynamic equilibrium is characterized by a concave longitudinal streambed profile

and by a relatively small sediment load. Fool Creek and Deadhorse Creek, two streams

in the Colorado Rocky PAotuttains close to the Continental Divide near Fraser, exhibited
these characteristics ( Heede 1972a). Like other mountain streams, these two adjusted
to slope by the formation of gravel bars and (apparently not reported by other

investigators) by incorporating numerous logs and heavy branches into the bed.
distinct relationships existed between the bars and the log steps. Fewer bars

foniìed where larger numbers of logs were available. Thus, the heavy organic debris

from the surrounding forest helped to minimize bedload movements otherwise required
for bar formations (Heede 1972b). The channels of both streams extended from mouth

to neauwater area of the watersheds. Streamflow is perennial.

Two ephemeral streams were studied in the Arizona White kbuntains. Both are

located at high elevations similar to the Colorado streams, but their morphology
differed greatly from the latter.. Longitudinal bed profiles showed a tendency
toward convexity, and sediment loads were high at times, signified by many point

and cross -over bars. The streanbeds extended only half to two -thirds the length
of the watersheds, wad ended with a pronounced headcut on tite valley floor. While

nickpoints in the channel bed were missing in the Colorado streams, they were numerous

in Arizona. Nickpoints are steps in the bed, and represent abrupt breaks in the

channel gradient. As in the Colorado streams, many gravel bars and log steps

existed on the bed. Relationships between bars and log steps could not be
established, however, and it was obvious that the headward advance of the
nickpoints at times of larger flows obliterated these structures by undercutting.
This destruction did not permit an adjustment between gravel bars and log steps.

The geomorphologic condition of the Arizona streams indicates that dynamic
equilibrium has not been attained. channel nickpoints represent locations of

active erosion that lead to deepening and widening of the bed. ileadcuts inevitably

proceed upstream, extending the streambeds into the not -yet- channelized watersheds,

and sediment loads will be high during high flows. Slope adjustments are temporary
because the future headward advances of the nickpoints will destroy bars and steps,
causing more bed movement required for the formation of new bars.

IMPLICATIONS FOR WATERShi;ll MA.NAGI2ffNi

Wnat are the inferences for the land manager? vnere dynamic equilibrium does

not exist, it is obvious that the forces exerted by streamflow lead to sediment
production and deposition --in short, to active landform development. If man plans

to utilize the streams of such a watershed, extensive and expensive channel

stabilization structures will be required. ;,laintenance may be a long - lasting

task, since under such condtiions man works against nature rather than with it.

In contrast, where watersheds in dynamic equilibrium are to be managed for
the development of the water resource, it will only be necessary to establish
the upper limits of use in order to avoid misuse. Aspects of equilibrium will
be of great importance where streams are to be used for the conveyance of additional
water, or where sources of water pollutants must be determined. Man may not have

moved one finger, but water quality may be quite low because the watershed is in

at active stage of landform development, rather than equilibrium.

Before watershed treatment effects are evaluated, we should know whether the

watershed was in equilibrium. If the investigator does not recognize the
geomorphologic setting, his interpretation of treatment effects may be wrong.
For instance, he may evaluate high erosion rates after treatment as treatment
effect, when actually the erosion may have resulted because the stream was not

in dynamic equilibrium. If the watershed calibration period did not span sufficient

time or range of sediment loads, the equilibrium condition cannot be defined if the

other factors in hydraulic geometry have not been established.
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A few criteria will demonstrate if a watershed is within or outside of
dynamic equilibrium. As a general guide for land managers, the following most
important criteria are established, not necessarily in order of importance:

A. Indicators of dynamic equilibrium:

Hissing channel nickpoints and headcuts; concave longitudinal bed
profile; relatively small sediment loads; relatively similar
behavior of streamflow from station to station.

B. Indicators of accelerated landform development:

Occurrence of channel nickpoints and headcuts; linear to convex
longitudinal bed profile; relatively large, sediment loads;
relatively large differences in the behavior of streamflow
from station to station.

Changes or similarities of streamflow behavior from station to station can be
tested by comparing parameters such as the values of the exponents for depth and
velocity functions, or the shape factor. The functions relate depth or velocity
of flow to discharge; the shape factor is the quotient of maximum depth of flow
over mean depth of flow.

Often it is not possible to obtain flow information on ephemeral streams
within a given period of time. The investigator should then concentrate on
channel morphology criteria. Normally, these are easily determined for dry
charnels. Extent and age of bars and sediment fans, for instance, indicate
relative magnitudes and frequencies of sediment loads. In short, dry charnels
present their recent history of flow and sediment transport if we read the

"writings" on channel banks and bed.

Other criteria for accelerated landform development and equilibrium must be
developed in order to include processes other than those of streamflow. It is

possible, for example, that unstable watershed slopes such as those covered by
felsenmeere (a periglacial feature also known as block or rock fields) prevent
establishment of dynamic equilibrium on tine watershed. Frequent movements of
the felsenmeere may upset charnel and streamflow, and landforming processes
will change slopes and valley bottoms.

An objective of continuing research is to develop a set of tools for the
land manager that will enable him to (I) judge the inherent stability condition
of a watershed and, thus (2) establish a management plan based on present and
estimated future landfonn development. Ile will then be in a position to decide
if planned actions will be working with or against the natural forces at play
on a watershed. This approach should lead to substantial savings of time and
money.
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THUNDERSTORM PRECIPITATION EFFECTS ON THE RAINFALL -EROSION INDEX
OF THE UNIVERSAL SOIL LOSS EQUATION

by

Kenneth G. Renard and J. Roger Simanton

The Universal Soil Loss Equation (USLE) is widely used for estimating annual and individual
storm erosion from field -sized watersheds. The equation, which was developed from thousands of plot
years of data and from rainfall simulation runs, accounts for most soil, vegetation, climate and
cultural practices that affect erosion. Wide field testing has demonstrated that this is an excellent
method for estimating erosion on small areas (Renard, Simanton, and Osborn, 1974).

Predictive equations are based on indices of measureable factors. Consequently, the prediction
is no better than the measured indices. The Universal Soil Loss Equation is given in equation 1 as:

A = RKLSCP (1)

where: A = estimated soil loss (tons /acre /year)
R = rainfall factor
K = soil -erodibility factor
L = slope length factor
S = slope gradient factor
C = cropping -management factor
P = erosion control practice factor.

Of the six variables of the USLE, the rainfall factor is perhaps the most difficult to describe
in terms of distribution and probability in basin and range topography that has orographic influences.
An additional complication is the unpredictability of the air -mass thunderstorm, which is character-
ized by high intensity, short duration, and limited areal extent. Such storms produce most of the
runoff (except for snowmelt on the highest mountain areas) in the semiarid southwest. Since thunder-
storm precipitation varies widely in space and time, a method to estimate the average annual erosion
it causes is difficult to develop.

Wischmeier and Smith (1965) presented an iso- erodent map of the United States for areas east of
the 104th meridian. For locations west of the 104th meridian, erosion index (EI) values must be com-
puted from rainfall data or estimated with some predictive scheme. Ateshian (1974) attempted to
define the rainfall pattern and the resulting EI of the entire United States with two distribution
graphs. He then developed prediction equations for annual EI based on the 2 -year frequency, 6 -hour
rainfall depth. Renard (1975) and Renard and Simanton (1975) showed that rainfall patterns of two
watersheds in the southwest do not fit the curves presented by Ateshian and that prediction equations
generally underestimate actual EI values. These studies and others have shown that rainfall varia-
bility is a major factor in the hydrology of the semiarid southwest.

Experimental watersheds of the Southwest Watershed Research Center are used to illustrate the
rainfall EI variability in Arizona and New Mexico (Figure 1). The EI in all instances was computed
using the procedure described by Wischmeier and Smith (1958) for precipitation data digitized from
charts collected from continuous recording rain gages. Breakpoint depth readings are made using an
analog -to- digital converter at intensity changes reflected in the cumulative trace. By using this
procedure, the intensity at gage locations can be estimated fairly accurately for time intervals of
2 minutes and longer (Renard and Osborn, 1966; Sutter, et al., 1972).

SPATIAL VARIABILITY

Spatial variability in rainfall from air -mass thunderstorms has been extensively documented
(e.g., Osborn and Renard, 1969). The isohyetal map for a storm on July 22, 1964, on the Walnut
Gulch Experimental Watershed shows the high intensity portion of this storm, which lasted less than
an hour, with almost 1.8 inches of rain falling in 20 minutes at the storm center. As would be
expected, the EI for this storm is also quite varied (Figure 2), decreasing from 100 units near the
storm center to about 30 units in a radius of about 2 miles. Results are similar for most storms
at this location.

The authors are Research Hydraulic Engineer and Hydrologic Technician, respectively, United States
Department of Agriculture, Agricultural Research Service, Western Region, Southwest Watershed
Research Center, 442 East Seventh Street, Tucson, Arizona 85705.
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FIGURE 1. Locations of rain gages referred to in this report.
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The isohyetal and iso- erodent index maps for the June 16, 1966, storm on the Alamogordo Creek
Experimental Watershed are presented (Figure 3) to illustrate single -storm EI and precipitation
variability. This storm, one of the largest measured by this precipitation network (Renard, et al.,
1970), lasted slightly over 2 hours and produced almost 3 inches in 30 minutes at the storm center.
As expected, the EI for this storm varied widely, from almost 260 units at the storm center to only
9.5 units in the northeast section of the 67- square -mile area. This storm occurred over most of the
watershed, whereas most storms wet only a portion of the area.
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Such spatial variability from individual storms leads to the obvious expectation of appreciable
annual variability in both precipitation and EI. Figures 4 and 5 illustrate the annual variability
for Walnut Gulch and Alamogordo Creek, respectively, for the same years that were used to illustrate
the individual storm varabilities. In general, highs and lows of both precipitation and EI agreed
for both areas, although EI units per unit of rainfall differed. At the lowest rainfall depth on

Walnut Gulch , there were 2.7 units of EI per inch of annual rainfall, whereas at the maximum rain-
fall depth, there were 14.8 units of EI per inch of annual rainfall. In other years at Walnut Gulch,
the annual maximum precipitation depth has been almost twice the minimum depth, with no apparent
pattern to the position of highs and lows on the watershed. For the lowest rainfall depth on Alamo-

gordo Creek, there were 6.4 units of EI per inch of annual rainfall, whereas at the maximum rainfall
depth, there were 21.1 units of EI per inch of annual rainfall.

Thus, we must conclude that the record from a single gage yields an EI value for that point
only and the results should not be extended to more than about a mile to estimate the erosion from
a store; or for an individual year.
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TEMPORAL VARIABILITY

Because EI computation is based on maximum 30- minute rainfall intensity, most of the EI units
are derived from a relatively short, high -intensity portion of the storm (Figure 6). The September
10, 1967, storm produced 3.45 inches of rainfall in only 86 minutes, and most of this fell in one
hour. The dimensionless EI and rainfall points essentially coincided for this storm and for the
July 20, 1972, storm. The first 5 hours and the last hour of the latter storm probably produced
very little rainfall exceeding the infiltration rate and, therefore, most of the EI units did not
result from these low intensities. The August 21, 1966, storm produced 5.46 inches of rainfall,
lasted for 13.5 hours, and resulted from a thunderstorm superimposed on a slow -moving cold front.
Of the 266 EI units resulting from this storm, almost 80% were produced during the first 2 hours,
the period of highest intensity.

Thus, in thunderstorm dominated precipitation areas, such as Arizona and New Mexico, one must
use recording rain gages with depths for short time intervals to compute the EI for the Universal
Soil Loss Equation. Standard rain gages or hourly precipitation values may greatly underestimate
the EI.

1.0
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FIGURE 6. Comparison of dimensionless precipitation and rainfall -
erosion index for three select storms on Walnut Gulch

(63.052) and A1u -n7o, oiu Creel. (54.0811 1 64.061). (from
Renard and Simonton, 1975)

PROBABILITY OF ANNUAL EI

Rain gage records from four experimental watersheds maintained by the Southwest Watershed
Research Center were selected and EI computed for the entire rain gage record. The resulting data
were ranked, plotted, and a least- squares straight line calculated to fit the data (Figures 7 and 8).

The two frequencies for the Walnut Gulch gages differ markedly even though the gages are only
about 7 miles apart. In addition to appreciable differences in the mean EI (54 vs. 68), the standard
deviations (or slope of the line) differ markedly. Less difference might be expected with longer
records, even though the precipitation data indicate that thunderstorms occur randomly and that any
difference in annual rainfall associated with elevation is mostly a winter phenomenon (Osborn, et al.,
1972)

The Safford gages, 2, 5, 9, and 14, are on four small watersheds that are, respectively, 11
miles east, 5.8 miles west, 15.8 and 28.2 miles south of Safford. These four gages have similar
50i, probability values for EI ranging from 26 to 37. That gage 2 had the lowest value probably
reflects the slightly lower annual rainfall for that location.
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In New Mexico, the gage on the Albuquerque Watershed is 22 miles west of the city. Its EI, as

do those from the other locations, closely fits a log -normal probability distribution. Such unusual

storms (Figure 3) as have occurred on the Alamogordo Creek area have never been measured at Albuquer-
que. This accounts for the relatively low annual 25 EI units at the 50% probability.

The 50% probability EI value for gage 78 on Alamogordo Creek is 68. Although only one gage for

Alamogordo Creek is shown, variation among gages on this 67- square -mile watershed matched that found

on the Walnut Gulch Watershed.

CONTRIBUTION OF THE LARGEST STORM TO THE ANNUAL EI

Unusual storms are very important in the amount of erosion they produce (Piest, 1963). Osborn

and Renard (1969) observed that on semiarid watersheds, "individual exceptional storms produce as
much surface runoff as several years of normal runoff." The single largest storm's contribution to
the annual EI was investigated and reported (Figure 9) for one gage each on the Albuquerque and

Safford Watersheds.
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The bar graphs show annual total EI, largest annual storm EI, and the percentage of the annual
Elthat the largest storm contributed. As an illustration of the importance of a large storm,
maximum storm EI's at Safford in 1943, 1944, and 1961, are larger than the annual EI in the other
23 years of the record. The variability in annual EI is not as wide at Albuquerque, although the
largest storm in 1968 produced a higher EI than the annual value for all but six of the 31 years of
record. Although no conclusion can be drawn from this analysis, it does illustrate that a single
large storm is very important in estimating average annual erosion.

DAILY PRECIPITATION AS AN INDICATION OF EI

The generally greater availability of precipitation data from standard and recording gages
reporting daily or hourly totals suggests the importance of developing a method to estimate EI from
these data. About 12, of the 280 reporting weather stations in Arizona (Climatological Data
Arizona, 1973) use recording gages, but the data are generally available only for hourly depths.
If the 33 recording stations were evenly spaced throughout the state, each gage would be represent-
ative of the rainfall pattern of 3500 square miles. Osborn, Lane, and Hundley (1972) reported that
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to describe the rainfall patterns of the 58- square -mile Walnut Gulch Watershed with a correlation of

0.9 between adjacent gages, one would need 1000 gages.

The problem of reliably estimating EI in Arizona is obvious. Total precipitation and EI from

all watershed locations previously mentioned were correlated to determine the feasibility of using a
total precipitation factor as a rainfall variable in the USLE. It must be recognized that the EI

computation involved indirect use of the rainfall depth, so complete independence is not present.
The correlation coefficients obtained from this analysis are shown in Table 1.

Results of this analysis are not particularly encouraging when the use of intensity to compute

EI is recognized. Wischmeier and Smith (1958) reported R2 increased from 0.68 to 0.82 when they
used EI rather than total precipitation for erosion data on a Shelby soil.

Table 1 indicates an improvement in the correlation when individual storm EI for Alamogordo

Creek was used instead of the annual total. However, annual EI for Walnut Gulch was better correl-

ated than individual storm EI. This difference is probably attributed to the differences in rainfall

characteristics (Figure 6). Additional work may improve the predictions.

TABLE 1

Correlation of Total. Precipitation and Erosion Index

GAGE NUMBER
45.002 45.005 45.009 45.014 47.005 63.002 63.002 64,078 64.071

0.75 0.64 0.84 0.47 0.61 0.81 0.91 0.76 ll 0.64

26 26 26 26 31 682 850 5 11

Analysis made using annual total of El nd rainfall

00 Analysis made us ng individual storm Et nd rainfall

CONCLUSIONS

1. Records from a single precipitation gage in climatic areas dominated by thunderstorms can be
used to estimate the EI only for the point in question on individual storms or for a specific
annual value. Extrapolating the results for more than about a mile leads to serious error in
estimating the erosion by use of the USLE.

2. Short time intervals must be used to obtain an adequate estimate of the EI when using the LISLE.

3. The variability of the annual EI can be approximated with a log -normal distribution. Gages 2

to 5 miles apart may differ appreciably in both the mean and standard deviation of the EI.

4. Although EI is correlated with annual precipitation, it is better correlated with individual
storms for the Alamogordo Creek area but not on Walnut Gulch.

5. Investigations are needed to facilitate estimating the average annual EI from precipitation
data as reported in state climatological summaries for states west of the 104th meridian.

6. Additional work is needed to facilitate estimating the EI value from the precipitation data

available in most areas of the southwest where thunderstorms dominate the rainfall pattern.
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THE EFFECT OF INCREASING THE ORGANIC CARBON CONTENT OF SEWAGE ON NITROGEN,
CARBON, AND BACTERIA REMOVAL AND INFILTRATION IN SOIL COLUMNS

by

J. C. Lance and F. D. Whisler

INTRODUCTION

Denitrification is the only reaction capable of removing the tremendous quantity of
nitrogen applied when high -rate land filtration systems are used for renovating sewage water.
For example, the total nitrogen applied amounted to about 28,000 kg /ha /yr when 91 m /yr of
sewage water was applied at the Flushing Meadows project (Bouwer, Lance, and Riggs, 1974).
Experiments with laboratory soil columns used as models of the field basins of the Flushing
Meadows project showed that 30% net nitrogen removal could be expected with the sewage water
and flooding schedules used (Lance and Whisler, 1972), and nitrogen removal estimated from
field data agreed with the laboratory results (Bouwer, Lance, and Riggs, 1974).

To determine what factors limited nitrogen removal to only 30% of the applied nitrogen,
the conditions for denitrification were examined. They are (1) NH4 -N must be oxidized to
NO3 -N; (2) the NO3 -N must move through a reduced zone; (3) organic carbon must be present in
the reduced zone as an energy source for denitrifiers (Lance, 1972). The laboratory experi-
ments showed that NH4 -N from the sewage water was adsorbed by the soil exchange complex,
nitrified during the drying period, and resulting nitrates were leached from the soil in a
concentrated nitrate peak. Data from oxidation -reduction electrodes showed that nitrate
collected from the columns passed through a reduced zone. Since these first two conditions
were met in the soil columns, denitrification was apparently limited by the amount of organic
carbon available as an energy source for denitrifiers.

Several studies have shown that adding methanol to agricultural wastewater or nitrified
sewage effluent before it was applied to anaerobic sand or gravel columns resulted in almost
complete denitrification (English et al., 1974, St. Amant and .ricCarty, 1969; Smith et al.,
1972, and Sword, 1971). Since the nitrogen source in these studies was almost all NO3 -N,
only denitrification had to occur. Secondary sewage effluent is completely different because
most of its nitrogen is :v1í4 -N, which requires that both nitrification and denitrification
occur in the soil profile. Also, some organic carbon is available in sewage water, whereas
agricultural wastewater contains very little organic carbon.

The objectives of this study were to determine (1) if a shortage of organic carbon
limits denitrification when soils are intermittently flooded with secondary sewage effluent,
(2) the removal of dissolved organic carbon at different carbon concentrations during high -
rate soil filtration (40 -50 cm /day), and (3) the effect of increased dissolved organic
carbon concentrations on soil clogging and movement of fecal coliform bacteria.

Contribution from the agricultural Research Service, U. S. Department of Agriculture.
J. C. Lance is a research soil chemist at the U. S. Water Conservation Laboratory, 4331 East
Broadway, Puoenix, Arizona 35040.
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. . Waisler, formerly at the U. S. Water Conservation
Laboratory, is now professor of soilphysics, Dept. of Agronomy, aississippi State University,
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PROCEDURE

Eight 250 -cm -long, 10 -cm- diameter polyvinyl chloride pipes packed with soil taken from
the Flushing Meadows rapid infiltration basins were flooded with secondary sewage effluent

(Bouwer, Lance, and Riggs, 1974). The flow system and flooding procedure were described
previously (Lance and Whisler, 1972). The soil was a loamy sand (89% sand, 8% silt, and

3% clay). Four levels of organic C were maintained by flooding two columns with unamended
secondary sewage effluent (15 ppm C) and three sets of two columns with different levels of
organic C (50, 150, and 200 ppm C) added to the secondary sewage effluent as dextrose. The

dextrose was mixed with sewage water in 10 -1 jugs and the carbon- enriched effluent was applied
to the columns with a Mariotte siphon to maintain a 15 -cm pressure head at the soil surface.
The jugs were replaced daily by other jugs with a fresh supply of carbon -enriched sewage

water. Since some of the organic C decomposed in the jug, the sewage water was sampled at
the beginning and ending of every 24 -hr period and analyzed with a Beckman total carbon
analyzer to determine the average organic C concentrations actually entering the columns.
oxidation- reduction electrodes were placed at 2, 10, 20, and 40 cm depths.

The columns were flooded on cycles of 9 -days flooding alternated with 5 -days drying.
infiltration rates were determined by weighing the column outflow daily. Each day's cumula-

tive outflow was sampled and analyzed for the various nitrogen components and for organic C.
A Technicon auto analyzer was used for NO2-, NO3-, N84 +, and organic -N analyses. The fecal

coliform membrane filter procedure was used for fecal coliform counts.

RESULTS AND DISCUSSION

NITROGEN REMOVAL WITH DEXTROSE

Wnen dextrose was added to the sewage water, N removal increased progressively with each

increment of added carbon (Fig. 1). Flooding with 150 ppm organic C sewage water (average C

entering the column) resulted in almost complete denitrification. The average NO3- and NO2-

concentrations were below 0.1 ppm after the first flooding cycle with carbon- enriched sewage.
apparently, one flooding cycle was adequate to build up the microbial population. Nitrogen

removal declined somewhat after three cycles, due to an increase in the 'NH -N concentration

of the reclaimed water. The increase in NH4 -N was probably caused by a reduction in oxygen

entering the soil during the dry period due to soil clogging which caused incomplete
nitrification.

Changes in both the volume of gas collected and in the redox potential showed that
adding dextrose to the sewage water stimulated denitrification. Tne nitrogen removal data

also showed that no other mechanism, such as immobilization of nitrogen in microbial tissue,
could account for the quantities of nitrogen eliminated from the sewage water.

Althougn the stoichiometric equation for denitrification indicates a minimum requirement
of 0.7 mg of C /mg NO3-.;, in practice the C:N ratio required varies with the carbon source.
St. Amant and McCarty (1969) reported that denitrification of agricultural wastewater required
about 1.3 mg of methanol -C /mg NO3 -N. In our experiments high concentrations of organic C
(150 ppm) were needed for complete denitrification because the NO3 -0 concentrations in the
high nitrate peak reached 75 to 100 ppm, depending upon the amount of NH4+ adsorbed by the
soil and the amount of oxygen entering during the drying period. The C:N ratio of the
unamended secondary sewage effluent was about 0.7:1, but this ratio dropped to about 0.2:1
in the water containing the high nitrate peak. The 150 ppm C increased the C :NO3 -N ratio

enough for complete denitrification of the nitrate peak. With the 80 ppm C addition, the

resulting C:NO3 -.r ratio was too low for complete denitrification.

Hasa studies showed that a low C:;á03 -N ratio is the primary factor limiting denitrifica-
tion during high -rate land filtration of secondary sewage effluents and that denitrification

was increased by altering the 0:NO3 -N ratio. Relatively small variations in the soluble C.

content of secondary effluent did not affect nitrogen removal appreciably because a threefold
increase in the C concentration was required to substantially increase N removal (Fig. 1).
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CARBON REMOVAL - DEXTROSE

Profiles of dissolved organic C concentrations from soil columns flooded with dextrose -
enriched sewage showed that much of the highest carbon concentration (150 ppm C) passed
through the columns (Fig. 2). At the 240 -cm depth organic C concentration remaining in the
water was usually 90 to 100 ppm. The decrease between the 240- and 250 -cm depth was probably
due largely to aerobic decomposition caused by oxygen entering the gravel layer at the
bottom through the outlet.

When dextrose -amended sewage with 80 ppm C was applied to the columns, the water sampled
at 240 -cm depth contained nearly 30 ppm C. The water from columns flooded with sewage
amended to 40 ppm C had only 2 to 5 ppm more C than the 5- to 7 -ppm C concentration measured
in water from columns flooded with unamended sewage water (15 ppm C). About 5 ppm organic C
was present when secondary sewage effluent from the same sewage plant was filtered through
9 m of sand and gravel during field experiments (Bouwer, Lance, and Riggs, 1974). Some

organic compounds in sewage are apparently quite resistant to degradation, since some organic
C is also present after chemical treatment (Shuval and Gruener, 1973).

The rate of C removal usually was highest in the top 20 cm, but removal continued at all
depths. At the 5- to 10 -cm depths, a slight increase in the C concentration indicated that
some suspended organic material must have been partially decomposed near the surface and
moved into the soil as soluble organic C compounds.

Redox potentials showed that after flooding with dextrose -amended sewage the soil columns
were in a highly reduced state which indicated that most of the decomposition was by
anaerobic reactions.

Decomposition rates among various wastewaters vary. For example, Thomas and Bendixen
(1969) reported different degradation rates for septic tank and secondary effluents applied
to sand columns. Thus, the exact concentration of organic carbon removable from different
waste effluents by high -rate land filtration cannot be determined from our data since most
of the organic material was dextrose. however, experiments using dextrose could be used to
establish the maximum concentrations of organic C because dextrose is easily degraded. The

maximum concentration of organic C removed was approximately 50 ppm. The amount of organic C
removed when 80 ppm C was added was almost as much as that removed when 150 ppm C was added.
Yet, 150 ppm C was needed for complete denitrification, probably because the high- nitrate
concentrations were present in the soil columns for only 2 to 3 days. The high- carbon
concentration was needed during this time for denitrification but was not needed during the
remaining 6 to 7 days of flooding. Taerefore, much of the C was not utilized. The amount
of organic C removed from wastewater during high -rate infiltration can probably se increased
by increasing the wastewater detention time in the soil. This can be done either by (1)
decreasing the infiltration rate uelow the 30 -cm /day rate used in our experiments or by (2)
increasing the length of travel uy the wastewater. Tae infiltration rate can ue decreased
by selecting a finer textured soil, reducing pouding depth, or compacting the soil surface.

Results from these and previous experiments (Lance, Whisler, and douwer, 1973) showed
that most of the organic C in secondary sewage effluent would be removed by a hign -rate land
filtration system. however, most effluents from food processing plants, dairies, and feed-
lots contain many times the maximum 50 -ppm organic C concentration removed uy the soil
columns. Taus, most of the organic C probably would not ue removed if these wastewaters
were applied in a high -rate system with application rates and conditions similar to our
study. Further research will be needed to determine if primary sewage effluent can be
renovated in a high -rate system.

INFILTRATION RATES

Infiltration rates ranged from 49 to S9 cm /day when all columns were intermittently
flooded with secondary sewage effluent only for a òase period of two flooding cycles. Tnese
data are similar to those from previous experiments with soil columns where infiltration rates
were relatively stable during a number of 9 -day flooding alternated with 5 -day drying cycles
(Lance and Whisler, 1972).
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Adding dextrose to the sewage effluent did not affect infiltration rates during the first

cycle (Table 1). The average infiltration rates during the next two cycles were 27% to 45%

lower than rates during the base period. Tensiometer readings indicated that clogging devel-

oped internally rather than at the surface, which could be caused by increased gas production.
This effect was noted in a previous report (Whialer, Lance, and Linebarger, 1974) where changes
in tensiometer readings, changes in infiltration rate, and the expulsion of gas by the column

occurred simultaneously.

The heavy load of suspended solids present in the secondary effluent during the last four
flooding cycles greatly reduced infiltration in all columns. The infiltration rates were also

expressed relatively by averaging the infiltration data for the second and third dextrose
treatment and the four dextrose and suspended solids treatment cycles in Table 1 and dividing
by the average infiltration rate for the base period to produce Fig. 3. The relative infiltra-

tion rates of columns flooded with sewage effluent high in suspended solids, but with no added
C declined almost as much as columns flooded with sewage containing both dextrose and suspended
solids. This showed that for the most part the effects of suspended solids and dissolved C

were not additive. This happened because they were exerted in different parts of the soil

profile. Tensiometers showed that the suspended solids reduced surface permeability, while
dissolved carbon reduced internal permeability.

Avnimelech and Nevo (1964) reported a linear correlation between polyuronide concentration
in the sand and clogging when organic material was incorporated into sand columns. Decreasing

the C:N ratio of the organic material from 80 to 6 or adding inorganic N minimized the amount
of polyuronide found and reduced soil clogging. The C:N ratio of the secondary sewage effluent
used in our studies was about 1 originally and increased to only about 6 when the C concentra-
tion was increased to 150 ppm by adding dextrose. This may explain why adding carbon failed
to induce surface clogging by the microbial byproducts since such clogging usually occurs near
the surface of soils flooded with wastewater where organic materials and microorganisms tend
to concentrate (Gilbert, Robinson, and Miller, 1974). Its also possible that the bubbling of

gases from our columns reduced surface clogging by disrupting the soil surface.

Infiltration rates for field recharge basins (which were the source of the sand used in
our soil columns) averaged 1.07 m /day for six basins during their initial infiltration with
sewage water (Bouwer, Rice, and Escarcega, 1974). After a few months of intermittent flooding,

the rates declined to about 0.75 m /day. Rice (1974) observed a similar decline to a reasonably

stable level in soil columns packed with material from these basins. The original infiltration

rates were restored when the columns were flushed with carbon dioxide, a water -soluble gas,

immediately before flooding. Thus, the long -term clogging was apparently due to pore blockage

by entrapped gases. He found that infiltration rate reductions below this stable level were
caused by deposition of suspended solids on the soil surface. Davenport, Lembke, and Jones

reported a reduction in hydraulic conductivity due to gas buildup in a column flooded with a

solution containing nitrate and methanol.

Our results indicate that clogging of sands flooded with secondary sewage effluent is due

to entrapped gases and suspended solids. As the carbon content increased, clogging increased
because of entrapped gases, but clogging leveled off as the C concentration increased.

FECAL COLIFORM REMOVAL

Samples taken through ceramic sampling units were not reliable for absolute bacteria
counts because laboratory tests showed that the ceramic strained out the bacteria even though
the average pore diameter was several times larger than that of bacterial cells. The samples

from the 0 to 250 cm levels were taken at the column inlet and outlet and did not pass through
ceramic. Tne increase in bacteria between the last sampling port (240 cm) and the outlet
(250 cm) illustrates the ceramic straining effect (Fig. 4). All of the decrease between the

0 and 2 cm levels was not due to soil straining. The internal samples indicated that some

bacteria were removed throughout the profile.

The number of fecal coliforms in the sewage water increased from 4.2 x 105 to 5.5 x 107
per 100 ml when dextrose was added. Apparently, adding an energy source resulted in a favor-

able environment in the sewage reservoir for reproducing fecal coliforms. As the number of

bacteria entering the column increased, the number passing through it increased. The
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columns flooded with unamended sewage removed 99.95% of the fecal coliforms, as compared with
99.8% removal by columns flooded with dextrose- amended sewage. However, only 180 fecal coli-
forms /100 ml of sample were found in water from columns flooded with unamended secondary
sewage effluent, whereas 6,500 fecal coliforms /100 ml were found in samples from columns
flooded with dextrose -enriched effluent.

Regrowth of coliforms in wastewater is not unusual. For example, Idaho field studies
indicated a regrowth of coliforms in beet sugar wastewater (Furfari, 1960). however, regrowth
has usually been attributed to the nonfecal section of the total coliform group. Geldreich
(1967) stated that fecal coliforms require a more favorable nutrient supply and environment
than are usually found in polluted streams. Deaver and Kerri (1969) reported no regrowth of
fecal coliforms in a river below a sewage treatment plant outfall. Although the conditions
of our experiment were not comparable to most streams or lakes, these data show that conditions
which encourage regrowth of fecal coliforms can occur and sometimes the dissolved organic C
content of wastewater should be considered when fecal coliforms are used as an indicator of
microbial contamination.

SUjIARY AND CONCLUSIONS

Soil columns were intermittently flooded with secondary sewage effluent adjusted to
different soluble carbon concentrations ay adding dextrose. Nitrogen removal was increased
from 30% to 90% by increasing the soluble carbon content of the sewage water to 150 ppm. This

showed that organic C content of secondary sewage effluent does limit denitrification in a
nigh -rate land filtration system. It also showed that both nitrification and denitrification
can be achieved in the same soil profile by alternating flooding and drying periods.

The 150 -ppm C concentration is about six times larger than the average iv concentration
of the sewage water. However, the intermittent wetting and drying cycles resulted in concen-
trating most of the nitrogen in a nitrate peak, which was leached from the soil during the
first 3 days of the flooding period. The high organic C concentration was needed to provide
a C:NO3 -i1 ratio adequate for complete denitrification of the nitrate peak. Since the high
C concentration was needed only when the nitrate peak moved through the soil, much of the
carbon passed through the soil columns.

Tue maximum concentration of organic C removed by the soil columns was 50 ppm. These

results and those of previous experiments indicated that most of the organic carbon can be
removed from secondary sewage effluents by high -rate land filtration (Bouwer, Lance, and Riggs,
1974; Lance, Whisler, and Bouwer, 1973). Carbon removal by high -rate land filtration probably
would not be adequate for most vegetable proce =sing plant or animal waste effluents. Further
research is needed to determine if most of the carbon would be removed from primary sewage
effluent by nigh -rate land filtration. Also, further research is needed to determine if
denitrification can be stimulated by adding carbon in a pulse at the beginning of the flooding
period to coincide with the movement of the nitrate peak through the soil or if various forms
of carbon -rich waste could be used to supply carbon. Applying primary effluent, or even raw
sewage, might result in more nitrogen removal if other problems such as removal of organic
material and soil clogging could be dealt with.

Infiltration rates were reduced by about 34% (average of 6 columns at three rates of
added C), by adding dextrose to secondary sewage effluent. seductions due to suspended
solids and increased soluble C were not additive. Suspended solids increased resistance to
water flow near the soil surface, while dissolved organic carbon increased resistance below
the soil surface. Clogging by suspended solids seemed a more serious problem than clogging
from increased dissolved carbon content of secondary sewage effluent. This may not be true
when wastewater with a high C:N ratio is applied to soils.

Adding organic C to secondary sewage effluent increased the population of fecal conform
bacteria entering the soil and resulted in passage of more coliforms through the soil. This
suggests that more research may be needed on interactions between organic C concentrations
and fecal coliform numbers to clarify relationships between numbers of fecal coliforms and
pathogenic bacteria.
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Table 1. Infiltration rates of soil columns intermittently flooded
with secondary sewage effluent enriched with different
levels of organic carbon.*

Organic carbon level (average ppm)

Cycle No. 15 50 80 150
(sewage only)

cm/day

Dextrose

1 61 52 49 61

2 49 34 27 40

3 55 37 27 46

Dextrose + suspended solids

1 37 27 24 30

2 40 24 21 37

3 34 34 18 27

4 30 34 18 27

* Infiltration rates during the base period when no dextrose was
added were 59, 51, 49 and 59 cm /day for columns used for the
15 -, 50 -, 80 -, and 150 -ppm C treatments, respectively.
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VARIABILITY OF INFILTRATION CHARACTERISTICS AND WATER YIELD
OF A SEMI ARID CATCHMENT

by

Soronadi Nna,ji, Ted W. Sammis & Daniel D. Evans

ABSTRACT

Space -time variability in the hydrologic characteristics of four major soil series repre-
sented in the Silverbell validation site was investigated by sampling the infiltration charac-
teristics, at randomly selected locations, under several vegetative covers within each series.

The experimental data was the time distribution of infiltration which, for each sampled
location, was fitted by least squares to the Philip's infiltration equation. The parameters
of this equation have physical interpretation and therefore were used as measures of the infil-
tration characteristics.

Analysis of variance was used to investigate the spatial variability in the parameters.
The mean values of the parameters for selected soil -vegetation combinations were used to simu-
late runoff due to a rainfall event over a desert catchment "containing" the given combination.

Statistical tests show that there is no significant difference among the infiltration
parameters of all the soil -vegetation combinations. However, the statistically insignificant
variations in the parameters produce significant variations in simulated runoff volumes indi-
cating the sensitivity of the runoff generating process to infiltration characteristics
vis -a -vis the hydrologic properties of the soils.

INTRODUCTION

The high degree of water development in arid lands has created an even greater need for
the efficient management of available water resources of desert catchments. In rural areas,

it becomes necessary to determine, as a prelude to instituting watershed programs, the expected
yield of the catchment so as to provide working estimates of within year storage and supply
requirements for irrigation, watering of livestock and other uses. Unfortunately, the wide
variability of rainfall and runoff volume from desert catchments and the fact that little
information is available on water yield of these catchments in general makes such determina-
tions a difficult task.

One of the major hydrologic processes determining the water yield of a semi arid catchment
is the infiltration of water at the soil surface during and after a rainfall event. This is
because the rate of infiltration determines the amount of water penetrating the subsurface
soil and also the amount of overland flow which will form over the surface. The rate of
infiltration depends on the rainfall intensity and duration, vegetation characteristics and
near surface soil properties. Previous studies have shown that these biotic and soil proper-
ties vary widely under natural conditions.

The objectives are to sample the infiltration characteristics of the major soil series
found in a typical Sonoran desert environment as exemplified by the Silverbell validation site
near Tucson, Arizona, to investigate the variability of these characteristics under various
vegetative cover and to observe the manner in which such variability affect the water yield of
desert catchments.

The authors are Graduate Associate in Research, 4ssistant Professor and Professor of
Hydrology and Water Resources, respectively, University of Arizona, Tucson, 85721.
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Previous studies. Studies pertaining to the desert ecosystem, that are germane to the

present study, have been carried out at the Silverbell site and elsewhere under the auspices

of the Desert Biome, U.S. International Biological program. Principal among these was the

delineation of the soils at the Silverbell site into soil series as reported by Thames (1973).

The resulting soil map provided a natural basis for establishing the sampling units for infil-

tration measurements performed in the current study. The report also contains a rather exten-

sive description of the types, distribution and density of the vegetation found on the site.

Mehuys et al. (1973) have measured hydraulic
conductivity and soil water diffusivity for desert

soils from the Santa Rita experimental range near
Tucson, Arizona, the Silverbell site near

Tucson and from the Rock Valley site in Nevada. In these studies, measurements were carried

out in the laboratory over a wide range (0 to -50 bars) of water pressure using a transient

outflow method.

In other studies, Lyford and Qashu (1969) used a double ring infiltrometer at the Santa

Rita experimental site to evaluate the influence of two desert plants (Palo Verde and Creosote)

on infiltration rates of two desert soils (Rillito gravelly -sandy loam and Continental sandy

loam) at radial distances from the plant centers.
They found that the final infiltration capa-

cities near the base of the plant were, on the average, nearly three times those in the inter-

plant areas. No significant difference in rates was found between the two vegetation types.

Kincaid, Gardner and Schreiber (1964), using an
F -type infiltrometer on plots in southern

Arizcna, showed how certain soil and vegetation
characteristics affect infiltration. They

concluded that the crown spread (coverage) of shrubs was the most important vegetative para-

meter affecting infiltration for a catchment.

Sampled soil series. A detailed description of the soils within the Silverbell site has

been documented by Thames (1973). A common characteristic of these soil series is that they

are gravelly -sandy loams with moderately coarse to very coarse textured surfaces. For example,

about 70% of the surface of the Rillito
gravelly -sandy loam is covered by gravel.

The soil series sampled are shown in Table 1, which also contains the abbreviations used

to designate these soils in this paper as well as those used by Thames.

Table 1: Sampled Soil Series

Soil Series
Representation

This report Thames

Anthony -Tres Hermanos Complex ANTTHC A -TH

Rillito Gravelly Sandy Loam RILGSL R

Tres Hermanos Gravelly Sandy Loam TRHGSL TH1 /TH2

Tubac Gravelly Sandy Loam TUBGSL Tul /Tu2

METHODS

Sampling plan. A variety of sampling plans exist by which
infiltration run locations may

be selected. In choosing a plan for this study, we were guided by the prevailing experimental

conditions within the project area. The soils of and the vegetation on the site are hetero-

geneous. This heterogenity motivated our adoption of a stratified sampling plan. Stratifica-

tion was based on the four soil series identified in Table 1. Thus, each series corresponded

to a sampling unit. The sampled variables are the soil sorptivity and the final infiltration

capacity, as appear in the infiltration
equation presented by Philips (1969).

Burr Sage (Franseria deltoida) is the most abundant plant species on the Silverbell site

with an average density of about 6000 plants/ha.
It is followed by the Creosote (Larrea

divaricata) plant which has a density of about 190 plants /ha. However, in terms of plant cover,
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which Kincaid et al. (1964) have described as the most important vegetative characteristic
affecting infiltration, the Creosote covers almost twice as much area as does the Burr Sage
bush. Estimates given by Thames (1973) show that 87% of the total area has no vegetative
cover, about 4.6% is under creosote and about 2.6% is under Burr Sage. Given that infiltration
measurements are to be made within each unit at randomly selected locations, the sampling urn
should contain ballots with markings of no- cover, Creosote and Burr Sage in a proportion of
33:2:1. Sampling was not done as described above since it is most probable that not enough
Creosote and Burr Sage marked ballots would be sampled to make comparisons among the three
covers.

The approach followed was to sample from urns each of which contained ballots of the same
type (i.e., vegetative cover). On each ballot was marked a number corresponding to a potential
sampling location. Sampling from each urn was done at random and without replacement. The

sample size was determined more by manpower and time limitations than by any sampling theoretic
methods. Nevertheless, we consider the above procedure to be practical in the sense that it
was possible to carry through according to specifications. A precision level, p, of 30% of
the mean of the sampled variables was considered sufficient, considering the field conditions.

In order to be consistent and to compensate for the selected manner in which the sample
size was arrived at, significant levels, a, were computed from p, the sample mean, y, the
standard deviation, s, and the sample size, n, for each soil- vegetation combination sampled
using equation 1 below.

Tx = (pyv )/s

and o = 2(1 - Pa)

where Ta is statistic for the student -T distribution and Pa is the corresponding probability
that the sampled variable will lie within p of the mean. The values of a obtained (given in
Table 2) were used as guidelines for selecting a level of significance for subsequent
statistical tests.

[1]

Collection of data. A rainfall simulator of the sprinkler -type was used to apply a steady
rate (0.4 cm /min) of artificial rainfall over a 1000 cm' delimiter placed over each sampling
location. The rainfall was applied through a grid of 0.1 cm diameter nozzles covering a total
area of 45 x 45 cm. Nozzle spacing was 2 cm. The uniformity of the application depth over the
area was determined by placing 5 collection cans under the simulator and was expressed in terms
of Christiansen's uniformity coefficient, Cu defined Below:

Cu = [1 - { E IX. - X;} /y] [2]
i =1

where X is the depth observed in the ith collection can, X is the mean depth of water for all
cans.

Xi

was computed for the first run and at random intervals; the nozzles of the simulator
being flushed after each determination. Cu varied between 89% and 95 %% for all determinations,
which was considered acceptable.

It was originally planned that the rainfall simulator should stand at a height of 3.05
meters above the soil surface. At this height, however, the simulator was unstable due to
wind effects. The simulator was placed at 1.53 meters above the surface for all runs. The

1.53 meter height was obtained by trial and error as the height at which the wind effects were
not significant.

Uninfiltrated water was pumped out from within the delimiter into a container sitting on
a transducer (strain gage) weighing balance. The pump was a variable discharge pump. The

strain gage was connected to an automatic chart recorder through a voltmeter. The voltage
fron the gage varied between 0 and 1.5 mv. and was amplified to between 0 and 10 mv. to give
a sensitivity of 0.03 liter.

The difference between the cumulative application and the corresponding pumpage is the
cumulative infiltration up to that time which was the experimental data collected at each

sampled location. Duration of test runs varied between 20 and 55 minutes with an average of
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Table 2: Infiltration Characteristics at Sampled Locations

Cover

Soil Series

No Cover Creosote Burr Sage

A B A B A B

.90 .14 1.13 .07 1.28 .10

.99 .08 1.84 .08 .88 .06

1.28 .08 1.14 .15 1.08 .11

ANTTHL .96 .08 1.51 .07 1.44 .08

1.01 .08 .66 .15

1.22 .08 .81 .14

1.01 .11 1.05 .06

1.22 .06 1.13 .02

Mean 1.07 .09 1.20 .09 1.17 .09

Standard Deviation .14 .03 .37 .05 .24 .02

Level of Significance ** ** ** .10 ** **

1.15 .09 1.36 .05 1.19 .09

.68 .15 1.24 .05 1.02 .04

.73 .06 .66 .11 1.05 .09

RILGSL 1.35 .11 1.17 .13 1.41 .08

.92 .07 1.74 .04 1.45 .01

.90 .15 1.72 .05 1.20 .06

1.04 .02

1.56 .01

1.12 .03

Mean 1.05 .08 1.32 .07 1.22 .06

Standard Deviation .28 .05 .40 .04 .18 .03

Level of Significance ** .20 ** .24 ** .24

.60 .09 1.21 .10 1.17 .09

.99 .27 .70 .17 .97 .08

TRHGSL
.42

1.18

.15

.06

1.31

.42

.02

.13

.89

1.13

.02

.03

1.05 .06 .81 .11

1.26 .04

1.40 .01

Mean .99 .10 .89 .11 1.04 .06

Standard Deviation .36 .08 .37 .06 .13 .04

Level of Significance ** .38 .10 .20 ** .34

1.37 -- 1.48 .06 1.46 .07

.43 .04 .97 .03 1.43 .12

TUBGSL
.26

1.18

.01

.07

1.37

.63

.03

.12

.91

1.19
.13

.04

1.19 .05 .97 .10 1.18 --

.45 .06 .92 .10

1.06 .11

Mean .81 .05 1.06 .08 1.23 .09

Standard Deviation .48 .02 .29 .04 .22 .04

Level of Significance .22 .10 ** .10 ** .10

** Significance level a, Tess than 0.02.
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35 minutes. A run was terminated when the infiltration rate appeared to reach a constant

value which may be observed from when the cumulative infiltration curve became approximately

linear.

Collation of data. The experimental data as obtained from the continuous recording chart

was extracted, in 15 second intervals, for the purposes of analysis. Data edition was made to

correct for reading errors or instrument malfunction and to delete erroneous data.

The time distribution of infiltration obtained for each sampling location was fitted, by

least squares, to the Philip infiltration equation:

F = At0'5 + Bt [3]

where F = cumulative infiltration in centimeters, t is time in minutes, A is soil sorptivity

and B is the final infiltration capacity of the soil. The values of B from the least squares

fit were, in some cases, unrealistic (negative) even though the experimental data showed a

positive constant slope at later times in a run. In these cases, which were relatively few,

the value of B determined from the plotted curve was used. In most cases, however, the values

of B from the curves and that obtained by least squares fit were within 10 %. Table 2 shows

the values of the parameters as obtained for each sampled location. The mean values and the

corresponding standard deviation are also shown for each cell (soil- vegetation combination) as

well as the a- values.

RESULTS AND DISCUSSION

Analysis of variance. The analysis of variance technique was used to determine if the

different soil- vegetation combinations have significantly different infiltration characteristics.
In the process a two -way analysis of variance was performed on the response variables, soil

sorptivity (A) and final infiltration capacity (B). The two factors were the vegetative cover

(3 types) and the soil series (4 of them). The sample size of the soil- vegetation combinations

(cells) were not necessarily equal. It was assumed that both the vegetative covers and the
soil series had random effects sampled from infinite populations whose variances were not

necessarily equal. The sources of variance were identified as the cover, C, the soil type, S,

and the interaction between these two, CS. Since it was not assumed that the individual cell

contents were drawn from populations with the same variance, Fisher's approximation was used

to compute the degree of freedom, f, for each cell pair.

Based on the a- values obtained and given in Table 2, a significance level of 10% was used

for tests involving the soil sorptivity, A, and 20% for tests involving the soil final infiltra-

tion capacity, B. Tests of significance were performed using the empirical F- statistics
(variance ratios) given in the last column of Table 3 for both sources of variance C and S.

For response variable, A, the theoretical F- statistics are 3.46 for C and 3.29 for S while the

corresponding empirical values as given in Table 3 are 3.01 and 2.52, respectively. For B, the

theoretical F- statistics are 2.10 for C and 2.10 for S while the empirical values are 0.54 and

0.80.

These results show that the gross effect of the different soil series and vegetative
covers on the infiltration characteristics of the soil -vegetation combinations sampled are not

significantly different. Also when considered pairwise and using the same a- levels as before,

no pairs showed any statistically significant difference in soil sorptivity while only 3 of the

30 pairs showed such difference in final infiltration capacity.

average infiltration characteristics. The mean values of the parameters shown in Table 2

were inserted into the Philips equation to generate infiltration rate curves for each cell.

Selected curves are shown in Figures 1 and 2 to illustrate the spatial variability of the

infiltration rate functions. Figure 1 shows the effect of the different vegetative cover on
the infiltration characteristics while Figure 2 shows the effect of different soil series.

A visual inspection of the curves in Figure 1 would indicate some variations, albeit non -

statistically significant. One may observe that Tubac gravelly -sandy loam (TUBGSL) shows a

greater variahility in the infiltration function due to vegetative cover, than the Anthony Tres
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Figure 1. Effect of vegetative cover on the infiltration
characteristics of two soils.
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Figure 2. Effect of soil types on the infiltration
characteristics under various cover.
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Hermanos complex. On the same token, by comparing the curves in Figure 2, it appears that the

variability is least in the different soils under no cover and greatest under the Burr Sage

bush.

Table 3: Analysis of Variance for Soil -Vegetation Combinations

Response Source of Degree of Mean Grand Variance

Variable Variance Freedom Squares Mean Ratio

C 2 0.0357 3.01

SOIL S 3 0.0298 2.52

SORPTIVITY CS 6 0.0118

(A) Total 11 0.0210 1.08

C 2 0.000199 0.54

FINAL

INFILTRATION
S 3 0.000295 0.80

CAPACITY CS 6 0.000371

(B)
Total 11 0.000320 0.08

Runoff simulation. In order to obtain a feel of the potential water yield of small catch-

ments under natural desert conditions, the average values of the parameters in Table 2 were

used to simulate runoff from a catchment 'containing' selected soil- vegetation combinations.

The runoff simulation used was developed by Nnaji et al. (1974). The model simulates runoff

on an event basis and has features that reflect the special hydrologic characteristics exhibited

by semi arid environments.

The soil parameter values used in the simulation are given in Table 4. They represent, as

an example, the mean values for no cover sampled locations only. The vegetation parameters

used are shown in Table 5. Other parameters were estimated and kept constant for all runs.

The University of Arizona maintains a number of rainfall gages and a flume measuring run-

off from a small catchment located within the Silverbell site. However, available data are

poor and a topographical map of this catchment was not available. Under this condition, the

Atterbury subwatershed (W2), an 0.47 square mile catchment located about 20 miles southeast of

Tucson, Arizona was used for the purposes of providing a catchment boundary and topography

only. All parameter estimates were obtained from data available from the Silverbell site.

The rainfall used was the storm of July 22, 1964, occurring over the Atterbury subwater-

shed as recorded in gage R -32 maintained by the Arizona Water Resources Research Center at the

University of Arizona, Tucson.

The effect of the soil series on simulated hydrographs appears to be significant as can be

seen from Figure 3. The runoff volume due to Tubac gravelly -sandy loam was 3.6 times and

8 times as large as those due to the Rillito gravelly -sandy loam and the Tres Hermanos gravelly -

sandy loam, respectively. The hydrographs of Figure 3 were obtained for no vegetative cover.

CONCLUSION

The sampled variables (A and B) are highly dependent on the near surface properties (e.g.,

soil texture) of the soil. We have noted that the soil texture of all the soils sampled are

gravelly loam, varying only in their degree of coarseness. The observation that there is no

significant difference among the infiltration characteristics of the different soil- vegetation

combinations is, therefore, attributed to the masking effect that the soil texture has on the
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other near surface properties. Further, our observation has the implication that a greater

degree of parameter lumping might be permissible in the mathematical modeling of catchment

behavior under natural desert conditions.

While statistical tests show that there is no significant difference among the infiltra-

tion characteristics of the different soil- vegetation combinations, the parameters from indi-

vidual combinations tend to produce runoff volumes which vary signficantly. There was little

variation in the duration of runoff from individual simulations. This indicates that the

extent of opportunity time for natural recharge, during flow through the ephemeral stream

channels, is about the same.

Table 4: Soil Parameter Values Used in Simulation

Soil

Parameter*

A B

** Soil Moisture
cm /cm

ANTTHL 1.07 0.09 0.18

RILGSL 1.05 0.08 0.14

TRHGSL 0.99 0.09 0.20

TUBGSL 0.81 0.05 0.14

* Mean values for no cover sampled locations only.
** Soil moisture near saturation, used as porosity.

Table 5: Vegetation Parameter Values Used in Simulation

Vegetative
Cover

Parameter*

Coverage Interception Capacity Throughfall

(m2 /ha) (cm) (fraction)

NO COVER 0.00 0.0 1.0

CREOSOTE 462 0.5 0.67

BURR SAGE 261 1.8 0.23

* Coverage data after Thames (1973).
* Interception and Throughfall estimated from two rainfall

events over Silverbell (Evans and Samnis, 1975).
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FREEZE -THAW EFFECTS ON SOILS TREATED FOR WATER REPELLENCY

by

Dwayne A. Fink and Stanley f. Mitchell

INTRODUCTION

Water can be supplied to many arid areas by harvesting the precipitation that falls on artifi-
cially prepared, water -repellent soil catchments. Several repellents, including fuel oil (Hillel,
et al., 1967), silicone (Myers and Frasier, 1969) and paraffin wax (Fink, Cooley and Frasier, 1973)
have been used successfully for this purpose. However, the failure of a wax -treated water harvesting
catchment in 1973 threatened to negate much of the earlier progress attained in developing all water -
repellent treatments of soils for collecting precipitation. This reversal, which included an element
of serendipity, led directly to these freeze -thaw cycle studies. The introduction presented nere
documents the sequence of events leading to this freeze -thaw study.

Limited field testing of paraffin wax was initiated in 1972 at the Granite .:eef test facility.
Early results (Fink, Cooley, and Frasier, 1973) from two wax -treated plots were very encouraging:
for example, quality of water from the plots was good; vegetation was completely controlled; and
(most important) runoff yields continued to oe nigh (about 90 to 95 percent of annual precipitation)
after 3 years of natural weathering.

Lncouraged by the initial success, we installed several other paraffin wax treated catchments in
1973. Two of these new sites also show promise, even though they have not yet withstood one of the
severest of tests -- the test of time. One site, however, failed shortly after installation, and
that failure served to effectively check any inclination for indiscriminate recommendation of the
treatment.

L e unsuccessful catchment, Seneca, located north of Globe, r.rizona, is 0.2 üectare in size,
and ,as treated in June of 1973 ay spraying the paraffin wax (128 -130 a ) on as a hot melt at a
coverage rate slightly exceeding 0.5 kg /m2. The catchment had been scraped several years previously,
out its surface remained rather rough and sported considerable vegetative growth as compared to the
two smooth, denuded Granite ;eef wax -treated plots.

rigure 1 compares the 1973 runoff data of the paraffin wax- treated Seneca and Granite ;:eef
sites. The Granite weef data comes close to falling on the magical 100% runoff line. Only a little
precipitation (0.5 mm) was retained on the Granite Reef site before runoff was initiated; then prac-
tically all of the remaining precipitation ran off. For 1973, 90% of the total precipitation ran off
the two Granite ..eef sites.

Lae Seneca data fell even further below the 100% runoff line (Figure 1). The initial retention
bas much higher (5.0 mm) which reflected the rough condition of the soil surface caused óy the
depressions and scattered vegetation. Also, the runoff vs. precipitation line did not parallel the
1007. runoff line, which means that part of the water from each storm soaked into the soil; i.e., the
treated soil was not even completely water repellent.

Two other observations of the Seneca data; (1) Tue first major storm after the wax treatment
yielded poorly, which probably merely resulted from the loose, dry grass lying on the plot which cad
to be wasued off; (2) Tue other observation is considerably more serious. Only 6 or 7 months after
treatment, the runoff nad dropped back to normal, or even below normal, which meant almost no runoff
occurs at all, ever, except for a very occasional large, high intensity storm. Since tuis drastic
decrease occurred in January and February, we naturally attributed the plot failure to the disruptive

Contribution from the Agricultural hesearch Service, U. S. Department of Agriculture. Tue autuors
are Soil Scientist and Paysical Science Technician, respectively, at the C. S. Water Conservation
Laboratory, 4331 East Eroadway, Puoenix, Arizona 85040. Trade names and company names are included
for the benefit of the reader and do not imply any endorsement or preferential treatment of the
product listed oy the C. S. Department of Agriculture.
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effects of the freeze -thaw cycle. Freezing and thawing can tear a soil apart, whether it is treated
with a stabilizer or not (Benoit, 1973; Leo, 1963, Willis, 1955). Furthermore, Hershfield (1974)
showed that the frequency of the freeze -thaw cycle in the Seneca area was one of the highest in the
nation, with possibly 100 or more cycles annually. Since freeze -thaw cycles occur to some degree
throughout most of the United States, including most of the dry West where the potential for water
harvesting is greatest, this failure threatened to negate much of the previous progress (Fink and
Frasier, 1975) of using water repellents for water harvesting.

Thus, we decided that freeze -thaw cycling had to be incorporated into the laboratory tests to
minimize the risk involved in installing large and expensive field sites, and to permit us to
develop and test water -repellent soil treatments which could withstand the ravaging effects of
freezing and thawing.

METHODS

This report is a summary of several separate laboratory experiments evaluating two of the more
promising and most evaluated repellents, refined paraffin wax and a dust suppressant oil from Chev-
ron Research Company, for water harvesting purposes. Since a number of experiments are represented
here, not all treatments were tested on each soil. Also, since there was some gradual refinement of
techniques for treating and evaluating the samples, not all samples received each of the tests.

The six soils discussed in this report include, of course, the surface (0 -8 cm) and subsurface
(8 -16 cm) Seneca soil adjacent to the plot on which the supposed freeze -thaw damage occurred. Also

included are the Granite Reef soil from the laboratory's major water harvesting test site near Mesa;
and the Monument Tank #2 soil from a proposed water harvesting site which like Seneca is also near
Globe, Arizona; and lastly, for comparative textural purposes, a silt and a fine sand - both
obtained from the Salt River bed in Phoenix. Several other soils have received some preliminary
testing but are discussed only summarily here. All soils were screened to less than 2 mm and
analyzed for texture (Table 1).

All laboratory testing reported here was done using small (9 -cm diameter) Petri dish samples.
The soils were packed wet, air dried, then treated with materials to stabilize them and make them
water repellent.

The wax was added to the soil in chipped form, then melted into the soil using a heat lamp.
The dust suppressant was either brushed onto the soil surface, or else diluted with benzene and
sprayed on.

Each sample underwent a battery of tests to judge its performance. The samples were first
tested for degree of water repellency by measuring the maximum height (Z) of a large (approximately
3 -cm diameter) water drop resting on the treated soil surface (Fink, 1970). This value was normal-
ized by dividing it by the theoretical height (tn = 0.3855 cm) of a similar drop having a 90°
contact angle when resting on a smooth, nonporous solid surface. Treatments with relative values
of I /in equal to or greater than 1.30 were defined to be adequately water repellent.

Secondly, the treated samples were tested for long -term hydrating effects by simply noting
what happened to the water drop of the previous repellency test, and the soil beneath it, over a
4 -hour period. Passing, for this 4- hour -hydration test, denotes that the drop (slightly reduced
in size due to evaporation) and the soil beneath it remained intact after this time period; failure
denotes that the drop had either completely infiltrated the soil (low repellency or untreated areas),
or that the soil under the drop had swelled sufficiently to destroy its stabilized structure. This
is a severe test; samples that failed it were not even evaluated in the freeze -thaw chamber.

The third test subjected the treated soils to cyclical freezing and thawing. Samples that had
passed the previous test were placed in a freeze -thaw chamber; a large (approximately 3 -cm diameter)
water drop was placed atop the treated soil near the center of the dish; and the chamber was then
cycled between approximately -20 C and +20 C. Usually, after an indefinite number of cycles, the
water drop completely infiltrated the soil. The sample was then air dried, tested for structural
stability (by brushing the treated soil surface with a stiff brush), and then given another 4 -hour-
hydration test. If the sample passed these two checks it was again placed into the freeze -thaw
chamber. This process was repeated until the sample permanently lost either repellency or
structural stability.
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RESULTS AND DISCUSSION

Treated samples were tested first for degree of water repellency. Table 2 summarizes the
results: (+) denotes treated samples which met or exceeded repellency requirements (t /21 > 1.30),
while ( -) denotes treatments which failed (f /tn < 1.30). All soil application rate combinations
tested for these two repellents passed this relative water repellency test whicn suggested that all
treatment rates exceeded the optimal rate. However, while this test was useful for characterizing
the relative repellency of different repellents, it was not definitive for judging adequate
application rates.

The 4- hour -hydration test was more useful than the water repellency test for determining optimal
application rates. Samples with inadequately treated surfaces may gradually wet and fail under pro-
longed hydrating conditions. Most samples treated with either paraffin wax or dust suppressant
also passed the 4- hour -hydration test (Table 3) -- but not all. As in the previous relative repel-
lency test, ( +) denotes treatments which passed, while I denotes a failure from complete infiltration
of the large water drop within the 4 hours, and an S denotes structural failure of the treated soil.
Structural failure, when it occurs, normally is caused by swelling of the soil under the drop, with
subsequent cracking upon drying. Also, after drying, such soils usually cannot withstand brushing
with a stiff brush. This is a severe and definitive test for evaluating water -repellent treatments;
samples which failed it were not advanced to the freeze -thaw cycle chamber. One sample failed
because the drop infiltrated the soil. Evidently at the low application rate of 0.25 kg /m2 of
paraffin wax, we occasionally missed treating a spot or two. Other treatments (not reported here)
receiving this low application rate of wax plus other additives showed a propensity for failure due
to infiltration. Thus, for effective coverage, 0.5 kg /m2 wax appeared to be approximately the low
application rate limit.

Five samples failed this 4 -hour- hydration test because of structural breakdown (Table 3). All
structural failures occurred on only one soil; furthermore, all treatments tested on this soil
failed. The recalcitrant soil uappened to be the Seneca subsoil. Here then is the serendipitous
element of our Seneca plot failure. While loss of repellency and associated structural breakdown
initially were ascribed to the effects of freezing and thawing, it now appears that the plot failed
primarily because of hydration and associated swelling of the subsoil phase exposed by the prepara-
tory scraping. Of course, freezing and thawing may have both compounded and accelerated the
breakdown.

:yen though the freeze -thaw cycle may not have been primarily responsible for ruining the
Seneca plot, our laboratory experimentation has shown that such cycling can quickly destroy most
of those treatments which passed the two previous tests. Failure from freezing and thawing always
involved a structure breakdown -- the treatment either gradually swelled under the influence of the
cycling, then cracked upon drying, or just gradually pitted away until the underlying, untreated,
nonrepellent soil was exposed. Failure always occurred directly under the water drop at the center
of the Petri dish, never in the dry soil area around the edge.

Table 4 shows the number of freeze -thaw cycles needed to destroy the structure of soils treated
with three levels of the two repellents; both range and average values are given. An asterisk by
the number means that the sample was still being tested. All the asterisked numbers are quite large,
indicating months of testing in the freeze -thaw chamber. A zero (0) in the freeze -thaw columns means
that the sample failed the previous 4- hour -hydration test, therefore was not subjected to cycling.

From Table 4 we can conclude: (1) neither paraffin wax nor the dust suppressant worked success -
fully on the Seneca subsoil. (2) Tue .ionument Tank 42 soil passed the 4- hour -hydration test, but
the maximum number of freeze -thaw cycles it could withstand was only 12, which is probably not
nearly enough to survive even one winter in the Globe, ..rizona, area. (3) The paraffin- treated
Granite Feef and Seneca surface soils were a little better than the previous two soils at withstand-
ing freeze -thaw cycling -- but not much. Also, increasing the wax application rate generally
slightly improved their structural stability. Of course, the Granite Reef field sites are not
subjected to many freeze -thaw cycles, and furthermore, their surfaces are so smooth that practically
no water is ever ponded on them.

Table 4 indicates some other obvious ; oints. (1) Tne Arizona silt and the Arizona sand treated
with paraffin wax withstood freeze -tuaw cycling better than the other soils. Apparently, coarser -
textured, water- repellent soils are less subject to freeze -thaw damage than those containing consid-
erable clay. (2) The dust suppressant withstood freezing and thawing better than paraffin wax for
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Granite Reef, Seneca surface, Arizona silt and Arizona sand. At rates equal to or exceeding 1 Z /m2,

the dust suppressant held up quite well on these four soils. One of the most interesting observa-

tions of the entire study was the extreme dichotomy contrasting the dust suppressant- treated Seneca
surface and subsurface soils: the former withstanding as many as 1000 freeze -thaw cycles while the

latter none.

We were very concerned about the large variability of the dust -suppressant- treated soils to

withstand freeze -thaw cycling. This may have been due to product variability, since th-ee separate
batches of dust suppressants were used, or to differences in application procedure (undiluted versus
diluted with benzene). Unfortunately, there were no obvious direct correlations with longevity.
Unfortunately, also, a preliminary, small 10 -m2 field test plot at the Granite Reef test site
treated with dust suppressant failed after only 6 months of weathering. More research is needed to

resolve these discrepancies but the fact that some soils treated with dust suppressant plus other
additives have now withstood over 1000 freeze -thaw cycles (almost an order of magnitude greater than

anything else yet tested) makes the effort worthwhile.

We are testing other treatments to improve structural stability under the freeze -thaw cycle,
such as clay removal, altering the exchangeable cations, adjusting soil pH, and incorporating other
additives with the repellents. Some of these treatments show promise, but additional research still

is needed.

CONCLUSIONS

These laboratory studies suggested that the wax -treated Seneca plot failed, not because of the
freeze -thaw cycle as we originally supposed, but rather because of swelling and shrinking of the
treated soil which caused complete structural breakdown and loss of repellency. This swelling and

shrinking of the field plot was aggravated by a preparatory scrapping which exposed the high swel-
ling, high clay content subsoil horizon, and by surface roughness and vegetation which ponded con-
siderable amounts of precipitation which initiated the swelling.

Conclusions from the freeze -thaw laboratory studies, expressed here in terms of recommendations
for installing water -repellent water -harvesting field catchments are: (1) the smoother the plot, the

less chance there will be for freeze -thaw damage (where there is no ponded water there is no freeze -

thaw damage); (2) generally, coarser -textured soils can withstand freeze -thaw cycling better than

finer -textured soils; (3) soil properties, other than texture, may affect resistance to damage by
freeze -thaw cycling (the Granite Reef, Seneca surface, and Monument Tank soils were all sandy losas,

yet showed tremendous differences in their ability to withstand freezing and thawing; (4) increasing

the repellent application rate may improve a soil's resistance to breakdown (optimal application

rates of paraffin and dust suppressant on most soils were about 0.5 kg /m2 and 1 i /m2, respectively).

In the laboratory tests, the dust suppressant- treated soils generally withstood the effects of

freezing and thawing better than those treated with paraffin wax. In the field, weathering factors,

other than the freeze -thaw cycle may be more significant in deteriorating the dust suppressant. Some

of these factors are currently being investigated.
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Table 1. Soils and associated texture analyses.

SOIL SAND SILT CLAY CLASSIFICATION

GRANITE REEF 66 27 7 SANDY LOAM
SENECA (0 -8 cm) 56 34 10 SANDY LOAM
SENECA (8 -16 cm) 28 23 49 CLAY
MONUMENT TANK #2 62 24 14 SANDY LOAM
ARIZONA SILT 41 54 5 SILT LOAM
ARIZONA FINE SAND 80 18 2 LOAMY SAND

Table 2. Relative water repellency (R /( ) of paraffin wax and dust -
suppressant treated soils as anfunction of repellent
application rate.

TREATMENT
NO.

RATE SOILS NO. SAMPLES TESTED 1/

PARAFFIN WAX (MELT) kg /m2 (+) ( -)

DUST SUPPRESSANT

TOTAL

TOTAL

0.25 6 8 0

0.50 6 9 0

0.75 7 13 0

8 30 0

,/m2

0.50 8 14 0

1.00 8 14 0

1.50 4 4 0

2.25 5 5 0

8 37 0

1/ ( +) denotes /. 1.30; ( -) denotes /..
n

< 1.30.- n -
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Table 3. Structural stability and sustained repellency of paraffin
wax and dust -suppressant treated soils subjected to 4 -hour-

hydration test.

TREATMENT RATE NO. SOILS NO. SAMPLES TESTED 1/

kg /m2 (+) (S) (I)

PARAFFIN WAX (MELT) 0.25 6 7 0 1

0.50 7 9 1 0

0.75 9 14 1 0

TOTAL 9 30 2 1

DUST SUPPRESSANT R/m2

0.50 9 17 1 0

1.00 9 17 1 0

1.50 6 7 1

2.25 5 5 0 0

TOTAL 9 46 3 0

1/ ( +) denotes treatments which withstood the test; (S) denotes

those which failed structurally; (I) denotes those which lost

repellency.

Table 4. Number of freeze -thaw (F.T.) cycles to effect structural destruction of water-repellent

treated soils.

PARAFFIN WAX DUST SUPPRESSANT

No. No.

Samples F.T. Samples F.T.

SOIL Rate Tested Range Avg. Rate Tested Range Avg.

2 2
kg /m -cycles- Q/m -cycles -

GRANITE REEF 0.25 2 11 -17 14 0.5 4 34 -164 75

0.50 3 11 -33 22 1.0 4 19 -403 147

0.75 4 11 -33 24 1.5 2 426 -655 540

SENECA (0 -8 cm) 0.25 2 0 -14 7 0.5 3 34 -330 170

0.50 2 16 -22 19 1.0 3 813 * -893 861*

0.75 3 14 -43 25 1.5 1 960* 960*

SENECA (8 -16 cm) 0.25 0 -- -- 0.5 1 0 0

0.50 1 0 0 1.0 1 0 0

0.75 1 0 0 1.5 1 0 0

MONUMENT TANK #2 0.25 1 6 6 0.5 3 2 -7 5

0.50 1 6 6 1.0 3 7 -12 10

0.75 2 6 -11 8 1.5 1 7 7

ARIZONA SILT 0.25 1 56 56 0.5 3 14 -877* 365*

0.50 1 425 425 1.0 3 184 -795* 396*

0.75 1 123 123 1.5 2 772 * -862* 817*

ARIZONA FINE SAND 0.25 1 43 43 0.5 2 219 -682* 450

0.50 1 101 101 1.0 2 74 -951* 512*

0.75 1 109 109 1.5 1 728* 728*

* still being tested

84



25

20

15

10

5

0

PARAFFIN WAX TREATED
SOILS

0

1973 1

Op/
00/

Ó

6)/// p
/ pp/ FIRST RUNOFF EVENT

A AFTER TREATMENT

/4P/

O: GRANITE REEF
G. SENECA

--AFTER
i

0 FREEZE-THAW
il 1 1 1 1 1 I I i

5 10 15 20 25

PRECIPITATION (mm )
30 35

Figure 1. Runoff versus precipitation for Granite Reef and Seneca
paraffin wax treated water Harvesting sites.

85



DESCRIÌIWG SNOIPACkS IN ARIZONA 'JIXED CONIFER FORESTS
WITH A STORAGE -DURATION INDEX

Hark A. Warren and Peter F. Ffolliott

INTRODUCTION

The quantification of snowpacks in relation to inventory -prediction variables may be useful in
the development of water yield improvement practices involving vegetation management in the mixed
conifer forests in Arizona. These forests can receive lO to 15 inches more annual precipitation
than the adjacent ponderosa pine forests, with much of this additional precipitation occurring as
snowfall during the winter. Therefore, while mixed conifer forests are relatively limited in extent
in Arizona, the potential for water yield improvement by manipulating snow storage through vegetation
management may be high.

Althougn previous studies in the mixed conifer and other forest types have reported empirical
relationships between snowpack conditions at a point in time and various inventory- prediction vari-
ables, little work has been directed toward the dynamic evaluation of snowpack conditions over time.
To provide such information for mixed conifer forests in Arizona, an exploratory study was conducted
to assess the possible usefulness of a storage -duration index (Wilm 1948) in the development of vege-
tation management practices for water yield improvement. This index, which is synthesized for arbit-
rary time periods by adding together snowpack water- equivalent measurements made on successive samp-
ling dates, is considered to be an integrated single measure of initial snow storage and subsequent
snow melt. Theoretically, maximum index values are obtained with high initial storage followed by
slow melt, while low initial storage followed by rapid melt provides minimum values.

DESCRIPTION OF THE STUDY

The exploratory study described herein was designed to evaluate the storage- duration index as
related to inventory -prediction variables that are either readily available or easily obtained by
the land manager. Specific variable selected for study were forest density, expressed by basal area,
potential insolation, which is a measure of slope steepness and aspect interactions, and elevation.
These variables have been shown to be important in describing snowpack conditions at a point in time
in previous studies ( Ffolliott and Hansen 1968, Ffolliott and Thorud 1972).

The study utilized 93 snowpack water -equivalent measurement points located on the North Fork of
Thomas Creek, a 467 acre experimental watershed in east -central Arizona. These sample points were
arrayed in a systematic sampling design with multiple random starts (Shiue 1960). In addition to
serving as a snowpack measurement point, each sample point provided the framework to inventory and
subsequently define the forest density, potential insolation, and elevation variables.

The mixed conifer forests overstory on North Fork consists of seven coniferous species and two
deciduous species. The coniferous species are Douglas -fir, white fir, corkbark fir, Engelmann spruce,
blue spruce, ponderosa pine, and southwestern white pine; the two deciduous species are quaking
aspen and Gambel oak (Embry and Gottfried 1971).

Topography on North Fork varies, with the lower and middle portions of the watershed being quite
steep. Soils are derived from basalt parent materials, and elevations range from 8,400 to 9,150 feet.
Annual precipitation averages 27 inches, approximately one -third of which occurs during the snowfall
season of November through April.

Snowpack water -equivalent measurements were made with a snow tube and scale at all sample points
through the winter of 1973 -74. However, only those measurements taken on January 12, February 16,
and :larch 2, 1974, were used in synthesizing the storage -duration index evaluated in this study.
These measurements represented the approximate tines of peak seasonal snowpack accumulation, peak
daily runoff, and end of snowmelt runoff.

The authors are Research Assistant and Associate Professor, School of Renewable Natural Resources,
University of Arizona, Tucson, Arizona. Approved for publication as Journal Paper No.2425 of the
Arizona Agricultural Experiment Station. Appreciation is extended to the USDA Forest Service for
providing the study area and contributing source data.

87



Forest density, measured in terms of square feet of basal area per acre, was estimated by point
sampling techniques employing standard forest mensurational procedures (Avery 1975). Potential in-

solation, expressed in gram calories /cmZ received on an index date indicative of the snowpack water -
equivalent measurement period (February 6) was obtained from slope steepness and aspect measurements

at each sample point (Frank and Lee 1966). Elevation of each sample point was estimated to the near-

est 25 feet by using an altimeter.

A multiple regression analysis (a = 0.10) was employed to empirically quantify the relationship
between the storage- duration index and the combined effect of the selected inventory -prediction

variables.

RESULTS AND DISCUSSION

The regression equation that defined the relationship between the storage- duration index and
the inventory- prediction variables selected for study is presented in Table 1. It is suggested

that the general usefulness of this equation is not necessarily in predicting storage- duration index

values per se, but in identifying the sites on a watershed with desired snow storage characteristics.
Such information may be gleaned through an examination of the respective signs of the regression
coefficients, i.e., a positive sign indicating a direct association (as occurs with elevation) and a
negative sign indicating an inverse association (as is the case with basal area and potential insola-
tion).

Table 1..- Regression equation of storage- duration index versus forest density, potential
insolation (slope steepness and aspect), and elevation.

Y = - 16.2 - 0.00643(X1) - 0.0158(X2) + 0.00361(X3)

r = 0.650

where Y = storage- duration index

X1 = basal area in square feet per acre

X2 = potential insolation on index date (February 6) in Langleys

X3 = elevation in feet

r = multiple correlation coefficient

On the North Fork of Thomas Creek, high initial snow storage followed by slow melt was associated
with low forest densities, low potential insolation values, and high elevations, as sample points
exhibiting these conditions also possessed maximum storage -duration index values. Low initial snow

storage followed by rapid melt was associated with high forest densities, high potential insolation
values, and low elevations.

Storage- duration index values and snowpack water -equivalents at peak seasonal accumulation in
the year of study on North Fork were similarly associated with forest density, potential insolation,
and elevation, as evidenced by the results from this exploratory study and from a companion investi-
gation of snowpack conditions on North Fork at various points in time (Warren 1974). This association

implies that high initial snow storage under low forest densities, low potential insolation values,
and high elevations is not necessarily offset by accelerated melting, but remains high throughout the

snowmelt season. On the other hand, low initial snow storage correlated with high forest densities,
high potential insolation values, and low elevations may not persist because of rapid melting.

Generally, the results of this exploratory study indicate possibilities for empirically ident-
ifying similar hydrologic strata on a mixed conifer forest watershed (Anderson 1967) in terms of
initial snow storage and subsequent snow melt criteria. Then, once identified, water yield improve-

ment practices designed to affect snow storage may be prescribed and implemented.

Forest density is the only inventory -prediction variable selected for study that can be manip-

ulated by vegetation management. By decreasing forest density levels through thinning operations on

high elevation sites with low potential insolation, storage -duration index values should be increased,
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resulting in higher initial snow storage followed by slower melt. Allowing forest density levels
to increase on low elevation sites with high potential insolation would cause storage- duration in-
dex values to decrease, resulting in lower initial snow storage followed by more rapid melt.

REFERENCES CITED

Anderson, H.W. 1967. Watershed modeling approach to evaluation of hydrologic potential of unit areas.
Proceedings, International Symposium of Forest Hydrology, Pergamon Press, New York, pp. 737 -748.

Avery, E.T. 1975. Natural resource measurements. McGraw -Hill Book Co., New York, 339 p.

Embry, R.S., and G.J. Gottfried. 1971. Basal area growth of Arizona mixed confier species. USDA
Forest Service, Research Note RM -198, 3 p.

Ffolliott, P.F., and E.A. Hansen. 1968. Observations of snowpack accumulation, melt and runoff on
a small Arizona watershed. USDA Forest Service, Research Note RM -124, 7 p.

Ffolliott, P.F., and U.B. Thorud. 1972. Use of forest attributes in snowpack inventory -prediction
relationships for Arizona ponderosa pine. Journal of Soil and Water Conservation 27:109 -111.

o

Frank, E.C., and R. Lee. 1966. Potential solar beam irradiation on slopes: tables for 30o to 50
latitude. USDA Forest Service, Research Paper RM -l8, 116 p.

Shiue, C.J. 1960. Systematic sampling with multiple random starts. Forest Science 6:42 -50.

Warren, M.A. 1974. Snowpack dynamics in relation to inventory -prediction variables in Arizona mixed
conifer. Unpublished Master's Thesis, University of Arizona, 69 p.

Wilm, H.G. 1948. The influence of forest cover on snow melt. American Geophysical Union Transactions
4:674 -557.

89



APPLICATIONS OF DIRECT OSMOSIS:
DESIGN CHARACTERISTICS FOR HYDRATION AND DEHYDRATION

by

J. O. Kessler and C. D. Moody

ABSTRACT

In direct (normal, forward) osmosis water automatically flows through
a semipermeable membrane from a "source" solution of low concentration to
a "driving" solution with higher solute content. The process requires a
membrane which is impermeable to the solutes; hydrostatic pressure differ-
ences are not directly involved and can be set equal to zero.

In principle, direct osmosis is a low -technology, low -power consump-
tion method for reducing the water volume of industrial effluents or liquid
agricultural products, and for reclaiming brackish irrigation water. In

the latter application the driving solution may utilize fertilizer as a
solute; the source solution is drainage that contains harmful salt compon-
ents. This type of operation has been experimentally demonstrated.

This paper summarizes basic physical principles and introduces some
quantitative design factors which must be understood on both a fundamental
and on an applications level.

INTRODUCTION

The free energy of a solution is lower than the combined free energies
of its pure constituents. Formation of solutions is therefore spontaneous,
whereas a definite minimum amount of work is required for partial or com-
plete separation of solvents and solutes (Pratt, 1967; Sourirajan, 1970,
Ch. 3). The usual motives for such separations are recovery of solvent, or
reduction of the volume of a solution (increase of its concentration) by

Mr. Moody is a graduate research assistant in the School of Renewable Natural
Resources, and Dr. Kessler is professor of physics at the University of
Arizona, Tucson.
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removing solvent. Standard methods are available. They include evapora-

tion /recondensation, freeze drying and reverse osmosis. All require

expenditure of at least the minimum energy of separation and also rela-

tively sophisticated equipment.

In this paper another method is suggested (see also Moody and Kessler,
1975, which will be referred to as MK; Moody and Kessler 1971; Muller 1974;
Osterle and Feng, 1974), and some of its design aspects are discussed. This

method depends on forward, or direct, osmosis. It may be employed in situa-

tions which do not require the separation of pure solvent. One application

is the concentration of a solution, "dehydration" in the aqueous case, where
the fate of the solvent is irrelevant (Sourirajan 1970, p. 389, and Loeb and

Block 1973 consider forward osmosis as an aid to reverse osmosis; also

D. Wang 1975). Another type of situation occurs in irrigation where water
containing salt solutes deleterious to plants may be readily available. The

forward osmosis method can be used to transfer water from such a brackish
source solution to a harmless or useful one -- containing fertilizer, for

instance -- thereby reclaiming a resource that would otherwise be lost.

The free energy of solution depends only weakly on solute species.
Since the basis of the proposed method is the substitution of one solute
for another it does not require the expenditure of work of separation.
Given appropriate "driving" solutes and semipermeable membranes, the pro-

cess is automatic. It does not require heat, pressure vessels or complex
controls; the only active mechanical devices are the pumps and valves re-

quired for maintaining appropriate flow rates. In the fertilizer case,

one may view the method as recovery of a part of the energy utilized in

manufacturing the fertilizer. Energy of solution that is normally lost
when the material is spread on the ground is used instead for reclaiming

irrigation water. If naturally concentrated solutions, such as salt brines
are available, dehydration requires no energy supply at all.

OSMOSIS

Consider two compartments, A and B in Fig. 1, containing solutions of

a and b, respectively. They are separated by a membrane impermeable to a

and b, but permeable to solvent. In principle, the compartments A and B

can be pressurized. The free energy of the solution in terms of the water

potential (Noble, 1974) is

= pi-ni '

(1)

where p is the hydrostatic pressure and the subscript i refers to either

a or b. The osmotic pressure is given by

Tri - aiciRT ,
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where c is the concentration of dissolved i -type ions or molecules and
the factor m., which corrects for the activity, is the only factor depend-
ing on the pArticular solute in question.

COMPARTMENT A

7X

COMPARTMENT B

Solution containing solute a only

Solution containing solute b only

Fig. 1 Schematic of U -Tube apparatus for demonstrating osmosis.
Assuming the concentration of solute a is greater than that of

solute b, the osmotic pressure a
Ay qm indicates pure water

flux through the semipermeable membrane when pa pb (forward

osmosis), or when pb - b pa - 'a (reverse osmosis).

When = wb no water flows through the membrane. When q`)a b
water flows to the left in Fig. 1, and conversely for 0 If

= 0 one must apply a pressure pb > 7 in order to obtain g waterflow
flour right to left. This is reverse osñiosis. If p < rb, tPb is negative,

< = 0, and water will flow from left to right by "forward" or
"direct" osmosis. If pb ~ p _ 0 and 0 <

b
< a, then also 0, < Wb and

water will flow from right t$
"IT,

left, again by forward osmosis.

This last case is the basis of the procedures discussed in this paper,
where some relatively concentrated "driving" solution in A is to be aug-
mented by the automatic osmotic flow through a membrane from a more dilute
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Qd(h) QS(h)
MEMBRANE ÍE-ri

x -h
É:--

4- dm(x )id z

W

I

Qd(0)>

Fig. 2. Schematic exploded view of the countercurrent extractor,
illustrating the conservation of solute current (dashed arrows) and

the change of solvent current (solid arrows) due to the addition and

subtraction of the membrane solvent current Q . The width of the ex-

tractor and membrane (into the paper) is t. The height is h, the

height dimension being specified by 0 x < h. The differential mem-

brane current in the increment Ax is gmtAx, where gm is the membrane

flux. The subscripts d and s stand for "driving" and "source", res-

pectively. The membrane, site of the schematic separation of the two
halves of the extractor, is indicated by dots.
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"source" solution in B. The magnitude of the effect can be illustrated by
considering seawater. The concentration of salts is about 3.5 weight %;
the corresponding osmotic pressure 7 , 25 atmospheres. This is the least
hydrostatic pressure which would have to be applied to seawater to initiate
reverse osmosis solvent flow through a membrane. The same effect can also
be obtained by merely placing 6.5 weight % solution of (NHQ ) SOaq fertilizer
in contact with the "other" side of the membrane, with no hydrostatic pres-
sure difference.

THEORY

The flow of solvent through the semipermeable membrane may be approxi-
mated by

qm = L(l,s - d), (3)

where and 0d are the water potentials of the source and driving solu-
tions, Cs is the membrane conductance and qm is the membrane flux. See the
Appendix for units. When ps = pd 0,

qm = L(Trd - ns). (4)

The linearity of these equations depends on the assumptions that the com-
partments containing the solutions are perfectly mixed and that boundary
layer effects are negligible. Experiments show that these assumptions are
very nearly valid for low viscosity solutions and low membrane flux.

The theory of operation of a forward osmosis counterflow extractor
will now be presented. The geometry is indicated in Fig. 2 and also Fig. 1

of MK. The solvent currents Qd and QS are assumed vertical, respectively
on the left and right of the membrane. The membrane current Q augments
Q and subtracts from Q . It is assumed that all quantities depend only
oN the one space variable x. It is further assumed that the membrane is
completely impermeable to the solutes used; the solute currents are there-
fore conserved on each side of the extractor:

Qi(x) ci(x) Qi(h) ci(h) Qi(0) ci(0)
n = - - - _ - const. (5)

1000 1000 1000
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Considering a segment of the extractor (x, x + dx), and ignoring the very

small changes in partial molal volume of solvent, the conservation of sol-

vent yields

Rgm(x)dx = Qd(x + dx) - Qd(x) = Qs(x + dx) - Qs(x), (6)

where Qd is taken positive upwards and Qs is positive downwards. Then

Rqm

dQd dQs

dx dx

where 9. is the width of the membrane. Integrating Eqs. 7,

(7)

Qm(x) = RIó gmdx = Qd(x) - Qc(0) = Qs(x) - Qs(0), (8)

Qm(x) being the total membrane current between x = 0 and x = x. The last
equality in Eq. 8 is the integral of the second of Eqs. 7:

Qd(x) - Qs(x) = Qd(0) - Qs(0) = K *Qd(0), (9)

where K *Qd(0) is the chosen form of the integration constant. Combining

Eqs. 2, 4 and 5,

d4d
= 1000 RLRT

ndad nsas

dx Qd Qs

(10)

Defining Q *(x) = Q (x) /Q (0), and making use of Eqs. 9 and 8 (which

states thai dQm /dx =m dQd /dx), one obtains

dQm 1000 R.LRT ndad nsas

dx Qd (0) 2 Qm + 1

Q ;m

+ 1 - K*

The solutiz.n of Eq. 11, integrated over the whole extractor, is

1000 h:_;
.

(nd`d - K*2 Qm(h)
(8 + 1)ln f 1 -

r0 2 2 1 K* - 1 J
` d t

)
ß -

+ K*
1 + K* + g(h)

m
+

Qm(h)2-
ß 2
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Fig. 3. Plot of calculated average membrane flux q, vs. e, the
absolute water reclamation efficiency per driving solute.. The input
flux of driving solution, qd(0), is indicated in the same units as
Elm; qd(0) is a parameter contained in qm and e, as well as in their
ratio. The other parameters implicitly included are: RT = 24.5 1- atin -mol

= 1.36, ,d = 2.30, c (h) = 10.0513 molal, cc(0) = 0.6 molal, cd(01 = 5.75
m8lal, L = 10'5 cm- sec'1 -atm To convert from U.S. gal- day -1 -ft' to
cm -sec -T divide by 2.12 x 104.
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where ß = (nsas - ndad) /ndd.

The average membrane flux for the whole counterflow extractor,

q = Qm(h) /th = Qm(h)Q (0) /th, may be calculated from Eq. 12. It is

Vie required measure of water volume recovery rate for a given apparatus

size, and for given input solution currents and concentrations.

A determination of the applicability of the method also requires
information on the quantity of driving solute (fertilizer, here) required
to recover a given amount of water. It can be shown from Eqs. 5 and 8

that the output concentration is

cd(0) Qd(0)
cd(h) =

Qm(h) + Qd(0)

(13)

One may now define an efficiency ri of water reclamation as the volume of

water added to the driving olution by the membrane flow, per mole of driv-

ing solute. Thus n 10- Qm(h) /nd 1 -mol- ; again using Eq. 5,

n

cd(h) cd(0)

With Eq. 13, Eq. 14 becomes

(14)

Qm(h)

n =
(15)Qd(0)cd(0)

The maximum value of n occurs when c (h) is a minimum, i.e. when Trd(h) =

One may then define an absolute efficiency e = n /nmax which varies from 0 to 1.0.

One may easily show that

e(h)
Qm(h) Trs(h)

(16)

Qd(0) Trd(0) - Trs(h) ).

Combining Eq. 16 with the definition of Elm one finally obtains

Qd(0) 7d(0)

qm(h) - dh n (h)
1 e(h). (17)

s

This relation is plotted in Fig. 3. The curve is the result of using Eq. 12 to
compute Elm and e for different values of Q (0), while holding all the other para-

meters constant. Some individual values of qd(0) = Qd(0) /th are indicated.
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The particular choice of parameters made in computing Fig. 3 was based
on the available membrane, and the environmental constraints imposed by the
Wellton- Mohawk irrigation district example discussed in MK. The driving sol-
ute was taken as (NHa4) 9SOaq, the source solute as NaCl. The output concentra-
tion of the source solttidn was taken to equal seawater salt concentration.
The results would not change materially if one desired a more concentrated
solution for disposal in local brine pools. Fig. 3 is to be compared in the
Fig. 2 of MK.

DISCUSSION AND SUMMARY

This paper has derived approximate mathematical expressions governing
one possible embodiment of a direct osmosis hydration /dehydration scheme.
Other designs are of course possible; they may be matched to particular
tasks and boundary conditions. Although experiment and theory have been
shown to correspond reasonably well for solutions of NaCl and (NH ) SOA,

the correspondence has not been as good for the case of more viscoLA solu-
tions. In that case, details of the membrane boundary layer mixing and
other fluid dynamic effects will have to be examined. Furthermore, it may
be appropriate to develop special membranes, since the readily available
membranes used in the experiments are thick enough to support many atmos-
pheres of reverse osmosis hydrostatic pressure, an entirely unnecessary
feature. The extra thickness brings about boundary layer problems.

The following paper (MK) gives experimental results and demonstrates
the utility of the method in an irrigation water reclamation context. The
ultimate utility remains to be determined. It will depend on capital and
energy costs relative to existing processes, on the environmental determin-
ants and possibly on the development of improved membrane materials.
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APPENDIX - Symbols and Units

a,b - general solution subscripts
A,B - compartment labels
c(x) - concentration (mol -1"1 of solvent) at x

c(x) - molal concentration (mol -kg" of solvent)
(the above are used interchangeably, for water)

d - subscript for driving solution
h - height, long dimension of membrane (cm)
i - subscript, general case
k - width of membrane (cm)
L - membrane conductance (cm-sec-1-atm-1)
K* - integration constant (Eq. 9)

MK - paper by Moody and Kessler, 1975
m - subscript, membrane
n - solute current (moi sec-1)
p - hydrostatic pressure jatm)

q(x) - solvent flux at x (cm -cm-2 -se -1 = cm- sec -1)

Q(x) - solvent current at x (cm3- sec-I)

Q *(x) - Q(x) /Q(0)

- average membrane flux Qm(h) /th (cm- sec-1)

T - thermal energy (1- atm -mol- )

s - subscript for source solution
x - coordinate system variable (cm)

a - osmolality conversion factor

6 - solute parameter -,see Eq. 12.

n - efficiency (1- mo1-1)
n(x) - osmotic pressure (atm) at x

- water potential (atm)

1000 - conversion factor (cm3 -1 -1)
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APPLICATION OF DIRECT OSMOSIS:
POSSIBILITIES FOR RECLAIMING WELLTON -MOHAWK DRAINAGE WATER

by

C. D. Moody and J. O. Kessler

Because the limited amount of fresh water in arid climates restricts
agriculture expansion, much research has been devoted to searching for
methods for obtaining fresh water from brackish water. Direct osmosis

has been considered as one of these methods by several individuals (Murray,
1968; Moody and Kessler, 1971; Muller, 1974). The previous paper (Kessler
and Moody, 1975) considers the design characteristics for direct osmosis
hydration and dehydration applications. The following discussion considers
the applicability of direct osmosis for reclaiming brackish agriculture
effluent by using a concentrated fertilizer solution to provide the osmotic
driving pressure. The direct, osmosis product is a low concentration fertili-

zer water. A detailed discussion of reclamation possibilities for brackish
drainage water from the Wellton- Mohawk Irrigation and Drainage District is
presented as an example for the method.

GENERAL BACKGROUND

Colorado River water reaching Imperial Dam (18 miles upriver from Yuma,
Arizona) has an average annual flow of about six million acre feet and con-
tains about 850 ppm (1.2 tons /acre foot) dissolved solids. This water pro-
vides irrigation for over one million acres of land of which 169,000 acres
are in the Yuma area, 486,000 acres are in the Imperial and Coachella Valleys,
and 350,000 acres are in Mexico (Bureau of Reclamation, 1975).

By current irrigation practices, the undesirable salts, which are carried
into the soil with the irrigation water and are then concentrated in the root
zone by evapotranspiration, are removed from the root zone by the application
of extra water which percolates the salts down away from the root zone. When

this extra water causes the groundwater table to rise high enough to threaten
the root zone with waterlogging, it must be removed by a drainage system.

Mr. Moody is a graduate research assistant in the School of Renewable Natural
Resources, and Dr. Kessler is professor of physics at the University of
Arizona, Tucson.
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In the Yuma area, brackish drainage water returned to the Colorado
River from the 62,000 acre Wellton- Mohawk Irrigation and Drainage District
has increased the salinity of the Colorado River water delivered to Mexico
at Morelos Dam. The salty Colorado River water has caused the Mexican
farmers to complain that the salt is accumulating in the soil and is making
the land unfit for farming. To alleviate the politically embarrassing situa-
tion, a reverse osmosis desalting plant is being planned to desalt part of
the 175,000 acre feet of the 3000 ppm drainage water from the Wellton- Mohawk
Irrigation and Drainage District. The treatment of Wellton- Mohawk drainage

water will result in the following annual outputs:

(a) 101,000 acre feet /year -- desalted water

(b) 43,000 acre feet /year -- brine waste

(c) 31,000 acre feet /year -- untreated 3000 ppm water

Fractions (a) and (c) are returned to the Colorado River for use in Mexico.
Fraction (b) is channeled sixty miles south where it is dumped into Santa
Clara Slough in Mexico (U. S. Dept. of Interior, 1973a).

Estimated cost for the 101,000 acre feet of desalted water is $136 per

acre foot (U. S. Dept. of Interior, 1973a). For the 62,000 acres in the

Wellton- Mohawk (U. S. Dept. of Interior, 1973b), $222 per acre each year
will be required to desalt the drainage water from land which currently pro-
duces crops with an average annual value of $500 per acre (U. S. Dept. of
Interior, 1973b). (The average value of the annual crop production can be
expected to increase up to $600 per acre as young citrus trees come into
full production). Because the cost to desalt the drainage water preempts
a large fraction of the total value of the crop produced, it is obvious
that it is desirable to find a cheaper method of reclaiming the brackish
drainage water. A less expensive method may be a direct osmosis system
which uses a concentrated fertilizer solution to provide the osmotic driv-

ing pressure.

DIRECT OSMOSIS RECLAMATION OF BRACKISH DRAINAGE WATER

QUANTITY OF FERTILIZER AVAILABLE TO DRIVE THE DIRECT OSMOSIS PROCESS

In order to determine the volume of brackish water which can be re-
claimed by fertilizer- driven direct osmosis, one needs to know the quality
of fertilizer normally used in the area. Data from the Yuma area, Imperial

Valley and Coachella Valley indicate that approximately one half of the
total irrigated acreage is planted year round to crops which require nitro-
gen fertilizer (eg. cotton, citrus, wheat, sorghum, barley and lettuce),

(U. S. Dept. of Interior, 1973b). The assumptions that the same proportion
of non -leguminous crops is cultivated in the Mexican border area, and that
200 pounds per acre of nitrogen are applied each year to these crops, pro-
duce the numbers in table 1 for fertilizer usage in the area. If all nitro-

gen is applied in the ammonium sulfate form, an estimated 251,500 tons of
ammonium sulfate would be required in the Yuma area, Imperial and Coachella
Valleys and the Mexican border area.
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TABLE 1

ESTIMATED QUANTITIES OF NITROGEN FERTILIZER
APPLIED TO LANDS IRRIGATED FROM IMPERIAL DAM

Location

Total

Irrigated
Acres

Tons of

N Applied

Equivalent
tons of

1¡¡NH
) SO1 -2-4-

Yuma 169,000 8,500 42,500

Imperial and 486,000 24,300 121,500

Coachella Valleys

Mexico 350,000 17,500 87,500

Entire Area 1,005,000 56,300 251,500

VOLUME OF WATER OBTAINED PER UNIT OF FERTILIZER WITH A DIRECT OSMOSIS

COUNTERCURRENT SYSTEM

For the direct osmosis method of brackish water reclamation, the con-

tinuous counterflow model shown schematically in fig. 1 is the design used

in pilot experiments. Batch designs are also possible. The membrane used

in pilot experiments was supplied through the courtesy of ROGA division of

Universal Oil Company. It is a flat reverse osmosis asymmetric cellulose

acetate membrane. The membrane constant as listed by ROGA is

K = 10 -5
grams H2O ,

cm2- atm-sec

and the membrane rejects about 98% NaCl under reverse osmosis conditions.

Although this type of flat membrane is shown in fig. 1, the membrane may

be either flat or tubular and may be packed into space-saving cartridges

as is done with reverse osmosis units.

With the counterflow model, the osmotic pressure (which is proportional

to the concentration) of the fertilizer product water (which includes the

water obtained from the brackish water) is only slightly higher than the osmo-

tic pressure of the brackish feed water. This low concentration of the fer-

tilizer product water is essential for maximizing the quantity of fresh water

which- can be obtained with a given amount of fertilizer. The rate at which

water flows through the membrane is proportional to the average osmotic pres-

sure difference across the membrane. Therefore, although a very low fertilizer

concentration in the product water indicates that a large volume of fresh water
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CONCENTRATED
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Fig. 1 Schematic view of continuous flow countercurrent extractor. Q

Qd and Q15 are the feed (= source) and driving solution currents, and th
membrane current. The density of shading symbolizes solute concentration,
the width of the streams, current magnitudes.
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is reclaimed per unit of fertilizer, the low osmotic pressure of this pro-
duct water lowers the average osmotic pressure difference across the mem-
brane and reduces the total membrane flow rate.

The counterflow model can also be designed to maximize the concentra-
tion of the brine waste, thereby reducing its disposal problem. While reverse
osmosis at applied pressures of 350 psi can reclaim a maximum of 90% of the
fresh water in 3000 ppm brackish water and leaves at least 10% of the fresh
water to be thrown out in the brine waste, concentrated ammonium sulfate solu-
tion with an osmotic pressure greater than 4000 psi can reclaim more than 99%
of the fresh water in 3000 ppm brackish water (barring precipitation) and can
reduce the volume of brine waste by a factor of ten.

Table 2 lists the quantities of ammonium sulfate fertilizer required for
obtaining an acre foot of water from 3000 ppm NaC1 brackish water and the re-
sulting membrane flow rates. The membrane flow rates are preliminary results
of experimental work with a flat reverse osmosis cellulose acetate membrane.
These membrane flow rates can be considered to be minimum values for the pro-
cess and are subject to improvement as the process is optimized. The experi-

mentally observed relationship between membrane flow rate and direct osmosis
fertilizer efficiency is shown graphically in fig. 2, where the direct osmosis
fertilizer efficiency may be defined as:

e=

1 - 1

cprod_ cfeed - cmin(cfeed- cprod) cmin _ min

max ' - - - cproj -cfeed-cmin) -E -prod
IT

prod

min `feed

where: r;= volume of fresh water obtained per unit of fertilizer; (liters /mole)

'max = maximum possible volume of fresh water obtainable per unit of
fertilizer;

cprod =
concentration of the fertilizer in the product water; (moles /liter
H20)

cmin = concentration of the fertilizer water having the same osmotic
pressure as the brackish feed water;

cfeed = concentration of the fertilizer feed solution;

prod =
osmotic pressure of the fertilizer product water; (atm.)

min
= osmotic pressure of the brackish feed water.
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TABLE 2

QUANTITIES OF AMMONIUM SULFATE REQUIRED FOR OBTAINING AN ACRE FOOT OF
WATER BY DIRECT OSMOSIS FROM 3000 PPM NaC1 BRACKISH WATER AND THE EXPERI-
MENTALLY OBSERVED, MEMBRANE FLOW RATES.

The counterflow geometry is as shown in fig. 1 with membrane and counter -

flows vertical.

Membrane constant = 10 -5 grams
H2O

cm -atm -sec

Reverse osmosis NaCl rejection = 98%

Ammonium sulfate feed concentration = 5.75 molal

Brackish feed water concentration = 3000 ppm NaC1 (n = 2.4 atm.)

Brine waste concentration = approx. seawater concentration (35,000
20,000 ppm)

Concentration and
Efficiency of osmotic pressure Tons of ammonium Membrane Flow

fertilizer use of the ammonium sulfate required to rates in

in the direct sulfate product produce an acre foot Gallon
osmosis process. water. of reclaimed water. Day -Ft

100% (limiting
case)

64%

4900 ppm
6.66 t.a.f.
.037 molal

n = 2.4 atm.

7700 ppm
10.4 t.a.f.
.058 molal

= 3.4 atm.

35% 13,700 ppm
18.7 t.a.f.
.104 molal

n = 5.8 atm.

16.4h 29,000 ppm
39.6 t.a.f.
.22 molai

n = 11.5

6.73

10.5

19.2

40.9

0 (Estimated)

.57

1.26

3.28

ROGA Reverse Osmosis Pilot Unit - Yuma, Arizona 8.88

(Average Hydrostatic Pressure is 325 psi (22 atm.))
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,,.,

4.0

0.00
20 40 60 80

e ( PERCENT) ---->
100

Fig. 2. The observed membrane flow rate, per unit area of
membrane, or "flux, qm, is graphed versus the direct osmosis
fertilizer efficiency, e. Data is from pilot experiments with
a direct osmosis countercurrent extractor. Fertilizer effic-
iency is defined in the text. Operating conditions are those
listed in the top half of Table 2. This graph is to be com-
pared with Fig. 3, Kessler and Moody 1975. The results are
similar, but detailed correspondence cannot be made because of
inadequate experimental controls on qd(0) and cs(0), defined
op. cit.
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Table 2 and fig. 2 indicate that a high direct osmosis fertilizer efficiency
is necessarily associated with a lower total membrane flow rate. Thus, sav-

ings in fertilizer tend to be offset by higher plant costs.

A fixed size direct osmosis plant is flexible in that it can reclaim a
non -constant supply of brackish water by simply varying the feed rate of the
concentrated fertilizer solution. For an above -average incoming brackish
water flow, the fertilizer efficiency can be temporarily sacrificed (by
increasing the fertilizer feed rate), in order to increase the total membrane
flow rate of the fixed size plant. For a below- average incoming brackish
water flow, lower membrane flow rates are required and the fertilizer effi-
ciency can be increased (by reducing the fertilizer feed rate).

VOLUME OF WATER WHICH CAN BE OBTAINED WITH THE LOCALLY AVAILABLE FERTILIZER

How much fresh water can be obtained from 3000 ppm brackish water by
direct osmosis using fertilizer normally applied in the nearby areas? Table 3

incorporates the fertilizer usage data of table 1 and the direct osmosis
efficiency data of table 2 in estimating the quantities of fresh water which
can be reclaimed from 3000 ppm brackish water. For the drainage water from
the Wellton- Mohawk, the desalting requirement is 101,000 acre feet per year.
At 64% efficiency with 251,500 tons of ammonium sulfate, fertilizer- driven
direct osmosis can produce 24,000 acre feet a year of fertilizer water from

3000 ppm brackish water. If reclamation by direct osmosis is less expensive
than reclamation by reverse osmosis, then direct osmosis may be utilized for
a portion of the total desalting requirement, thereby reducing the required
size of the reverse osmosis plant. In addition, because of the high osmotic
pressure of concentrated ammonium sulfate, ammonium sulfate- driven direct
osmosis can reduce the volume of brine waste to be disposed to a fraction of
the volume of brine waste left by reverse osmosis.

TABLE 3

QUANTITIES OF FRESH WATER WHICH CAN BE OBTAINED FROM 3000 PPM BRACKISH WATER
BY FERTILIZER -DRIVEN DIRECT OSMOSIS USING AMMONIUM SULFATE TO PROVIDE THE
NITROGEN NORMALLY USED IN THE YUMA, IMPERIAL AND COACHELLA VALLEYS AND MEXI-
CAN BORDER AREA.

Location

Tons of
(NH4)2SO4

Used

Acre Feet of Water Obtained from 3000 ppm
Brackish Water at Direct Osmosis Fertili-
zer Efficiencies of:

100% 64% 35% 16%

Yuma 42,500 6,300 4,100 2,210 1,040

Imperial and 121,500 18,100 11,600 6,330 2,920

Coachella Valleys

Mexico 87,500 13,000 8,300 4,560 2,140

Entire Area 251,500 37,400 24,000 13,100 6,150
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ADVANTAGES OF BRACKISH WATER RECLAMATION BY DIRECT OSMOSIS

Because direct osmosis takes place with zero hydrostatic pressure grad-
ient across the salt- separating membrane, it is a low maintenance, low tech-

nology process, unlike reverse osmosis. The energy required for desalination

by direct osmosis is supplied by the fertilizer manufacturing process, thus
the energy used is a form of by- product recovery. This energy (of solution)

is normally wasted when the fertilizer is spread on the ground or added dir-
ectly to the irrigation water. Specifically, the energy required to obtain
an acre foot of desalted water from 3000 ppm brackish water by reverse osmosis
is 1790 kwh_l /. (Wang, 1975). The thermal energy from natural gas or other

fossil fuel required to produce 1790 kwh at 38% efficiency is

1790 kwh x 3413 btu /kwh -

.38
16.1 x 106 btu. The thermal energy from natural

gas which is required to manufacture the ammonia portion of one ton of ammon-
ium sulfate is

(32 x 106 btu /ton NH3) x (.257 tons NH3 /ton (NH4)2SO4) = 8.22 x 106 btu

(Vancini, 1971). For 10.5 tons of ammonium sulfate, which is the fertilizer
required at 64îa; efficiency to obtain an acre foot of fertilizer water from
3000 ppm brackish water, the energy requirement to synthesize the ammonia
portion is

(10.5 tons) x (8.22 x 106 btu /ton) = 86.3 x 106 btu. Therefore, at the 64i,

direct osmosis efficiency level about 18.6% of the energy cost of manufactur-
ing the ammonia portion of the fertilizer is saved by using the fertilizer to
drive the direct osmosis process. (This number does not include the addi-
tional fertilizer cost of producing and transporting the sulfuric acid frac-
tion of the ammonium sulfate, where thesulfuric acid is a by- product of the
copper mining industry).

The most pressing reason for reclaiming brackish water in the lower
Colorado is to improve the quality of the water delivered to Mexico at
Morelos Dam to be about the quality of Colorado River water at Imperial Dam.
Reverse osmosis desalts part of the Wellton- Mohawk brackish drainage water
and returns this water to the Colorado River for use by Mexico. The drain-

age water reclaimed by direct osmosis is reused by the farmers in the area,
thereby in effect increasing the irrigation efficiency. Specifically, assum-
ing one half ton of ammonium sulfate is applied per acre and five acre feet
of irrigation water is used each year, about one percent of the total irriga-
tion requirement can be supplied by reclaiming the brackish drainage water
with direct osmosis at 64` efficiency,
(0.5 tons /acre) /(5 acre ft /acre x 10.5 tons /acre ft) x 100. _ (approx.) 1',

1/ At reverse osmosis conditions of:
80/ recovery of the brackish water;
65 pressure pump efficiency;
400 psi hydrostatic pressure;
Without high pressure energy recovery from the brine waste.
(1 acre foot = 3.26 x 105 gallons)
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In other words with the fertilizer which is applied to 100 acres of wheat
and sorghum, the farmer can reclaim enough water from the brackish drainage
to irrigate an additional acre of land which will produce an additional
$500 -$600 income per year. With the irrigation efficiency increased by one
percent, about one half of one percent (about one half the acreage in each
area uses nitrogen fertilizer) less water is diverted at Imperial Dam, and
this approximately 24,000 acre feet of Colorado River water is allowed to
continue down -river to Mexico at Morelos Dam. Although the reclamation of

the brackish Wellton- Mohawk drainage water has been discussed throughout this
paper, the direct osmosis reclamation of a fraction of the drainage water in
each irrigated area for reuse in that area serves the same purpose, namely
that of delivering Imperial Dam quality water to Mexico at Morelos Dam. The

latter approach reduces the problem of storage and distribution of the fer-
tilizer water. The low technology inherent in direct osmosis plants makes
it suitable for the operation of many small units.

SUMMARY

In summary, a direct osmosis plant can reclaim twenty to thirty thou-
sand acre feet of Wellton- Mohawk brackish drainage water using no more
nitrogen fertilizer than is normally used in the Yuma, Coachella Valley,
Imperial Valley and the bordering Mexican areas. On a per -acre basis,

ammonium sulfate- driven direct osmosis can reclaim about one percent of the
total irrigation requirement from 3000 ppm brackish water. The efficiency
of fertilizer use in fertilizer- driven direct osmosis must be weighed against
the total water output rate in order to determine the optimum direct osmosis
plant size. Although preliminary experiments have membrane flow rates of
.57 to 3.28 gpd /ft at 64% and 16.4% direct osmosis fertilizer efficiencies
respectively, these flow rates can be expected to increase as the process
is optimized. Neglecting the energy cost of the sulfuric acid fraction of
the fertilizer, 18.6% of the energy cost of manufacturing the ammonia por-
tion of the ammonium sulfate fertilizer can be recovered by using direct
osmosis to desalt the 3000 ppm water. This by- product energy recovery of
the manufacture of the fertilizer and the low technology inherent in direct
osmosis processes make direct osmosis an appealing water reclaiming process.
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APPLICATION OF BAYESIAN DECISION THEORY IN WELL FIELD DESIGN

by

Charles A. Bostock1/ and Donald R. Davis"

INTRODUCTION

Bayesian decision theory is a method for comparing expected utilities (costs and /or benefits)
of alternative actions given various possible states of nature. The method treats uncertainty as
to the true stag ñature by determining the expected utility of each action in terms of the pro-
babilities of the various possible states. The decision rule is to choose the action having the

best expected utility.

One alternative may be to perform an experiment so as to obtain additional information about

the true state of nature. Bayes theorem combines the additional information with information
already available in order to improve the probability assessments over the various possible states.
By considering the possible outcomes of the experiment and their probabilities, one can calculate
the expected saving with the additional information. The expected saving is a measure of worth of

the additional information.

Application of Bayesian decision theory has been demonstrated for a variety of uses involving
surface water hydrology (Davis et al., 1972; Davis and Dvoranchik, 1971; and Lenten et al., 1974).
The decision problem concerns the optimal level of flood protection in a stream channel in view of
uncertainty in the magnitude and frequency of extreme flood events. Few applications in groundwater

hydrology have been demonstrated. Gates and Kisiel (1974) investigated the problem of what type of
new data collected in the Tucson basin would yield the most improvement in a digital model of the
basin aquifer system. Uncertainty is in the values of the model parameters at each node, which
best represent the true groundwater system. The decision problem is to determine in which parameters
will errors have the greatest effect on water level predictions by the model.

The present paper illustrates one application of Bayesian decision theory in a particular kind
of well field design problem. The decision to be made is what capacity- density combination to
choose for wells located in an extensive, uniform grid. Uncertainty lies in anticipating the fre-
quencies of transmissivity values among the wells. The well field design problem and method of
solution were defined and discussed by Bostock (1975).

The application is described in three sections. A hypothetical example illustrates the appli-

cation. The first section describes the conditions of the well field design problem, the assumptions
necessary for its solution, and the preliminary cost calculations which are used later to determine
utilities of action -state pairs in the Bayesian decision theory application. The second section
describes the Bayesian decision theory application. The Bayes risk is the expected utility of any

alternative. action. Bayes theorem enables one to combine new information with old information in
order to make better decisions and to estimate the worth of obtaining more information. In the

third section, the application of Bayesian decision theory to this well field design problem is
discussed.

WELL FIELD DESIGN PROBLEM

AQUIFER CONDITIONS

The well field design problem described here involves installing a large number of new wells
over extensive, flat, delta regions, such as occur in Bangladesh. The aquifer is unconfined. With

the exception of its permeability, the aquifer's properties are treated as being uniform laterally.
Groundwater is mined during the annual dry season. An annual wet, or monsoon, season fully re-
charges the aquifer between pumping seasons.

I. Research Associate, Dept. of Hydrology & dater Resources, Univ. of Ariz., Tucson, 85721.
2. Asst. Professor of Hydrology & Water Resources, and Systems and Industrial Engineering,

Univ. of Ariz., Tucson, 35721.
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The illustrative example uses the following numerical values for aquifer properties; 1)
specific yield is .15; 2) at the start of each pumping season, the water table is 20[ft] below
ground surface; 3) although the aquifer thickness may be greater than 200[ft], the wells are all to
be drilled to a uniform depth of 220[ft]. The maximum available drawdown is assumed to be 160[ft].

WELL FIELD OPERATION

Water demand is expressed as a depth, uniform over the ground surface. The well field is to be
operated so as to produce a total demand, D[ft], during the dry season whose length is specified as

tmax[sec].
The maximum production rate by the well field is to be Di[ft /sec].

In the example, the operation requirements of the well field are as follows: 1) the total

demand, D, for the pumping season is 5[ft]; 2) the maximum length of the pumping season, tmax, is

1.725 O 107[sec] or 200 days; and 3) the maximum instantaneous demand rate, Di, is

8.70 X 10 7[ft /sec].

WELL CAPACITY -DENSITY COMBINATION

It is desired to proceed directly with well fiela construction based on a uniform, square grid
design. (See figure la) In the uniform grid, all of the wells have the same design and are equally
spaced. The problem is to decide what capacity -density combination for the wells will minimize the
costs of well construction, pumping, and losses due to well failures. Each capacity- density com-

bination represents an alternative action. Note that the product of well capacity, Qc[ft3 /sec -well],

multiplied by well density, ll[wel1 /ft2], must equal the maximum- instantaneous -demand rate, Di.

Compared on the basis of costs per unit production rate, large wells are cheaper to construct
than small wells. Thus, from the construction point of view, it is cheaper to construct fewer,
larger wells spaced farther apart, in order to meet Di, than to construct a larger number of smaller

wells spaced closer together. From the pumping energy and well failure points of view, the reverse
is true: pumping lift costs are less and well failures are fewer with smaller wells spaced more
closely together. To obtain a measure of the utility of any well capacity- density combination, the
total of these costs is estimated.

UTILITY OF A DESIGN

Homogeneous aquifer assumption. In order to develop the method, for evaluating the utility of
a design, the aquifer is at first assumed to be homogeneous. In addition, all of the identically
designed wells in the uniform grid are assumed to operate simultaneously. Under these conditions,
a no -flow boundary surrounds each well as shown by the dashed lines in figures la and lb. The

squares enclosed by the no -flow boundaries can be thought of as aquifer cells. The no -flow boundaries
are indicated as cell divisions in figure lb.

Aquifer cell response model. All of the aquifer cells are of the same size and contain an
identically designed well at their centers (See figure lc.) Under the homogeneous aquifer and
simultaneous pumping assumptions, aquifer response at each well is the same. Consequently, an
aquifer response model representing a typical aquifer cell can be used to predict the following three
quantities at each well: 1) the maximum drawdown at the wells due to any specified pumping rate and
duration, 2) the energy consumed in pumping, and 3) the amount of water deficit, if well failure
occurs before the end of the specified pumping duration.

Well failure occurs when drawdown in a well reaches the level of the pump intake. The lowest
level for the pump intake corresponds to the level of maximum available drawdown. From the time of
well failure until the end of the specified pumping duration, a failed well is assumed to produce
at whatever rate groundwater will enter the well with well drawdown held at the level of the pump
intake.

Costs per unit area and choice of designs. Costs at each well belong in one of the following
four categories: I) well construction and replacement costs, 2) pump purchase and replacement costs,
3) pumping energy costs, and 4) water deficit costs. Other maintenance and supervision costs are
excluded from this analysis.
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In the example, well construction and replacement costs are expressed as a function of well

design capacity, as follows: 560. Qc.780[$ /year -wel1]. Pump purchase and replacement costs are

expressed as a function of well design capacity and maximum drawdown in the well, as follows:
400.+ 2.25 {Qc - ,713) {smax + 12.}[$ /year- well]. The costs of well and pump components are amortized

to equal annual payments over their estimated lifetimes.

Pumping energy costs are assumed to be directly proportional to the volume of water pumped
multiplied by the pumping lift to ground surface in any time increment. The constant of propor-

tionality used in the illustrative example was 3.06 X 10 7[$ /ft4]. Pump outlet pressure is assumed

to be atmospheric, distribution of water from the wells being by open ditches.

Water deficit costs are equal to the value of the water deficit, had it not occurred. In the

example, this cost was assumed to be directly proportonal to the volume of the deficit, the con-

stant of proportionality being 2.00 X 104[$/ft3].

For each well, these four costs are summed and divided by the ground surface area of the aquifer

cell. (Figure 1c) The resulting annual cost per unit area is independent of the size of the well

field area and the number of wells it would contain with different well densities. It provides a

basis for comparing costs (i.e., utilities) of alterrtive well capacity- density combinations for a

well field design.

Figure 2 shows the results of cost calculations which were obtained using this method (detailed
by Bostock, 1975). These annual costs, expressed per unit area, are plotted against well capacity -

density combination, Qc - N., over the range of cell permeability values which are represented by

the K's. Note that for each Qc value shown as the abscissa in figure 2, there exists a corresponding

well density, NI = Di /Qc. The costs shown in figure 2 are the starting point in the application

here of Bayesian decision theory. For each cell permeability value, the blacked -in circles indicate

the well capacity- density combination with minimum cost. If permeability were homogeneously distri-
buted in the aquifer and the true value were known, then the well capacity- density combination that
minimizes costs could be chosen from the graph.

Heterogeneous aquifer assumption. In real aquifers, transmissivity is distributed hetero-

geneously. Common practice is to assign to each well, in an existing well field, a transmissivity
value determined by pump testing it. In the well field design method described here, aquifer
heterogeneity is accounted for by assuming that each aquifer cell will have a transmissivity value
measured by a future pump test of its well. Uncertainty exists in the frequency distribution of

transmissivity values to be realized in the completed well field.

Since the aquifer is dewatered in part by pumping the wells, transmissivity changes in time
particularly in the invnediate vicinity of each well. Therefore, of interest is "field permeability"

which is equal to initial transmissivity at a well divided by initial saturated thickness of the
aquifer at the well.

The heterogeneity of field permeability is accounted for in the method by the assumptions that
1) permeability within each cell is constant, but 2) permeability among different cells may be

different.

Effects of intercell flow across the assumed bourdaries of no -flow around each cell were
examined by Rostock (1975). For the conditions of this example, they were found to be negligeable.
Also, intercell flow due to non -simultaneous well operation was considered. It was found that a

maximum period of non -simultaneous pumping, such that effects are insignificant, can be determined.
However, the total volume of water pumped from each well during this period must be the same.

PJF defines heterogeneity. The total well field cost (expressed per unit area) is of interest
rather than the cost at each individual well. Therefore, it is the frequencies of the various cell -

permeability values that is important, rather than the spatial distribution of field permeability.
The frequency of each cell -permeability value can be defined by a probability density function (pdf).
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The critical uncertainty to be examined in this paper, is in the eventual frequency distribution
of permeability to be realized in the completed well field. In this Bayesian decision theory
application, the state of nature (distribution of permeability in the aquifer) is represented by a

pdf.

BAYESIAN DECISION THEORY APPLICATION

Bayesian decision theory is a method for comparing expected utilities of alternative actions,
given possible states of nature about which there is uncertainty. In the previous section, the

alternative actions were defined as choices for well capacity- density combination. The state of

nature was defined to be represented by a pdf. In the present section, we define the probabilities

of various possible states of nature, and the utility, or risk, of each action -state pair. Next,

the Bayes risk is defined as the expected utility of any action in view of uncertainty about the
true state of nature. The decision rule is to choose the action with optimum Bayes risk. Then.

Bayes theorem is defined and used in combining new information with old information to obtain
better assessments of the model probabilities. Final y, a method for calculating the expected worth

of new information is described.

LIKELIHOOD FUNCTIONS

he unknown state of nature is the distribution ,f field permeability in the aquifer as

defined by a pdf. Since the well field will have many wells, it is not the distribution in space
that matters, but the frequency distribution of values among the wells. A likelihood function is a

pdf that defines one possible state of nature. A likelihood function can also be thought of as
defining the probability, or likelihood, of finding any permeability value at a point chosen randomly

over the well field area. Since there is uncertainty as to what the relative frequency distribution
of field permeabilities among the completed wells will be, a set of likelihood functions is defined
in order to cover the range of variations considered possible for the particular well field area.
Figure 3 shows the five likelihood functions which were used in the example, to model the possible

states of nature.

RISK

Assuming a given state, represented by one of the likelihood functions on Figure 3, the annual
average cost per unit area for the well field can be calculated for each capacity- density combi-
nation by using the cost data on figure 2. That is, the next step is to weight the costs, located
vertically above each of the actions denoted by oc on figure 2, by the relative frequency of their

K value in accord with the particular likelihood function from figure 3. The total of these weighted

costs is the average cost for that action -state pair, and is called the risk. Thus, the risk is

the average utility, or cost in this case, for a given action -state pair. Figure 4 shows these risks

plotted as circles.

PRIOR PDF

The various likelihood functions model the range of possible states of nature. We are uncertain

as to which of the likelihood functions represents the true state of nature. To account for this

uncertainty, we use a "prior" pdf to define the probability of each likelihood function modelling
the true state of nature. The prior pdf results from the assessment of the probabilities of the
models based on presently available knowledge, i.e., available prior to obtaining more information.
The left side of figure 5 shows the prior pdf used in the example.

BAYES RISK

Up to this point, we have a risk, or annual average cost per unit area, for each action -state
pair, and a prior pdf which defines the probabilities as to which likelihood function models the
true state of nature. Now, for each action, we can calculate the expected risk in accord with the
prior probabilities of the models. The expected risk (expected utility) for a given action (well

capacity- density combination) is called the Bayes risk. The Bayes risk is calculated in the same

manner as the risk, but the costs for the heterogeneous aquifer models, shown by the circles on
figure 4, replace the costs for the homogeneous aquifer cell- permeabilities, shown on figure 2.
In addition, the prior probabilities on the left side of figure 5 replace the relative frequencies
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from a particular likelihood function. That is, to evaluate the Bayes risk for any action, the
costs located vertically above that action on figure 4 are weighted by their model probabilities
according to the prior pdf on figure 5. The Bayes risk is the total of these weighted costs, and is
shown for each well capacity- density combination by the asterisks on figure 4. The close corres-
pondence on figure 4, between the Bayes risks and the risks for model As2, is coincidental.

The decision rule is to choose the action having the optimum Bayes risk, which in this case is
the minimum expected cost. In the example, the choice indicated by the asterisks on figure 4 is
somewhere between Qc = 1.5 and 2.5.

BAYES THEOREM AND THE POSTERIOR PDF

Bayes decision theory is used for decision making when there is uncertainty about the true
state of nature. If the degree of uncertainty could be reduced, then in many cases, better decisions
could be made. One way of obtaining more information, about the frequency distribution of field
permeability in an aquifer, is to conduct an experiment as follows: Drill a test well at some
location in the aquifer and measure field permeability there by means of a pump test. The result is
a sample permeability value from the aquifer, and this constitutes more information.

Bayes theorem enables combining new information from the sample with old information expressed
in the prior probabilities of the models. Accordingly, the posterior pdf is conditional on the
sample value. Figure 5 shows the range of posterior pdf's from the possible sample values in the
example.

The appropriate posterior pdf becomes a new prior pdf from which a new set of Bayes risks can
be calculated. The new set of Bayes risks will indicate an optimal action based on both the new and
the old information, and which may or may not be different from the action indicated with only the
old information.

Bayes theorem (see figure 6) states that the probability of a particular model given the sample
(experiment outcome) equals the probability of the sample given the model (likelihood function for
the model) times the probability of the model (prior pdf) divided by the probability of the sample.
The probability of the sample is derived from the likelihood functions and the prior pdf as follows:
the probability of the sample equals the probability of the sample given the model times the pro-
bability of the model, summed over all models. This denominator in Bayes theorem is a normalizing
factor. It makes all the probabilities of the models add up to one. The pdf defined over all
possible sample values is called the predictive pdf (see figure 7).

EXPECTED WORTH OF ADDITIONAL INFORMATION

Before deciding to acquire more information, we would like to know whether or not the worth of
the information will justify the cost of obtaining it. We can estimate this worth by considering
each possible sample value from the proposed experiment, and calculating the optimal Bayes risk
associated with it using Bayes theorem. Knowing the optimal Bayes risk for each possible sample,
the expected optimal Bayes risk can be calculated using the predictive pdf of the sample. The
difference between the expected optimal Bayes risk and the Bayes risk is the expected worth of the
additional information. The decision rule is that if the expected worth of the information from
the experiment exceeds the cost of the experiment, then the experiment should be done.

DISCUSSION

EXPECTED VALVE VIEWPOINT

The logical choice for the well field design is the capacity- density combination giving the
optimal Bayes risk, i.e., the minimum expected cost. Because the Bayes risk is based on the
expected value viewpoint, a small portion of the time poor results will be obtained in the form of
a high frequency of low permeabilities giving well failures. The probability of this can be reduced
to any degree by sufficiently increasing the cost of the water deficit resulting from well failures.
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JUDICIOUS CHOICE OF SAMPLING POINTS

The locating of sample points in the aquifer, fer conducting measurements of field permea-

biltiy by test wells, requires judgment. There is usually some correlation between permeabilities

at different locations in the aquifer, but generally, the correlation tends to decrease with in-

creasing distance between sample points. If several samples are to be obtained, their locations

should be distributed uniformly over the aquifer area to which the likelihood functions apply.

Clustering of sample points will tend to reduce the value of the information obtained because of the

possible correlation of values between nearby points and the redundancy of new information obtained.

With clustered sample points, one would in effect be taking the same sample repeatedly which could

lead to misleading results.

CHOICE OF MODELS AND PRIOR DISTRIBUTION

The results of the analysis are influenced by the choice of pdf models to represent the possible

permeability distributions that might be present in the well field area, and by the prior proba-

bilities assigned to them. The choosing of the models and the delimiting of the land surface area

over which they apply, as well as the assessment of prior probabilities, should be based on the best

available information and understanding of the hydrogeology of the proposed well field area. Note

that it is implicit in the method that one of the likelihood functions is a close approximation of

the true state of nature. If none of the models resemble the true state of nature, any good

decisions resulting from application of Bayes decision theory will be fortuitous.

OTHER APPLICATIONS

The example given in this paper has considered uncertainty in the spatial
distribution of field

permeability, with regard to a particular kind of well field design problem. Other uncertainties

exist which may or may not be as important. For example, the quantity of groundwater stored in the

aquifer at the beginning of the pumping season depends on a stochastic process involving the fre-

quency and intensity of rainfall during the wet seasons when the aquifer receives recharge. The

decisions to be optimized in this case are 1) to what depth to drill the wells, and 2) at what depth

to set the pump intakes. The objective is to minimize the drilling costs and pump column costs

in view of uncertainty in the initial water table elevation at the start of each pumping season.

The more general well field design method is a sequential procedure, involving drilling test

holes and test wells. The results of each test influence how and where to test next, until a well

field design eventually evolves from the information acquired. The authors are currently exploring

prospects for employing Bayes decision theory to this more general procedure for well field design.
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APPLICATIONS OF FINITE ELEMENT AND COMPUTER
GRAPHICS TECHNIQUES IN AQUIFER ANALYSIS

by

D. F. O'Donnell, L. G. Wilson and W. O. Rasmussen

INTRODUCTION

Aquifer flow systems have been simulated by a variety of techniques. The results of these

simulations can be presented in several ways. Of the several approaches in modeling groundwater
flow, the finite element method offers an advantage through its ease in approximating various bound-

ary conditions. Graphic methods offer means of simplifying data presentation. The purpose of this

paper is to (1) demonstrate the use of a finite element technique in modeling aquifer flow systems,
and (2) illustrate a 3- dimensional graphics approach when representing the results of the modeling.

A segment of the aquifer system at the Water Resources Research Center field laboratory in Tuc-
son was modeled using a finite element scheme developed by Pinder and Fried (1472). The response

of the modeled system was compared with the actual system by examining the head changes in wells
during a two week constant discharge test on a pumping well. In addition to a tabular output of

data, a graphic technique was used: The SYMVU Program of Computer Mapping (Laboratory for Computer
Graphics and Spatial Analysis, Harvard University) which provides a three dimensional perspective
of the head distribution at various times during the simulation of the two week test.

THEORETICAL DEVELOPMENT

The differential ground water flow equations may be transformed into approximate integral

equations by Galerkin's procedure. The resulting equations can be efficiently evaluated by a fi-

nite element and numerical integration scheme. For our discussion of the Galerkin finite element
method applied to the horizontal, two dimensional artesian, nonleaky aquifer, we assume the ground-

water flow equation of the form

L(h) = az(Txxax) + áy(TYya,y) i -Q =0
(1)

n

1

where Q =
Qw i' Y i

Y(x ) o1(x -x )(Y- )l
= i i

represents the strength of the sink function and

h is the hydraulic head,
Qw. is the discharge from pumping well,
S is the storage coefficient,
ö is the dirac function, and
T is the transmissivity tensor.

To approximate the solution of L(h) =0 by Galerkin's method, a trial function is assumed to be
n

of the form h(x,y,t) = C.(t)V.(x,y). The Vi's are known polynomials called basis functions. The

i =1

Ci's are undetermined coefficients. The n basis functions are assumed to be part of a linearly in-

dependent, complete set of polynomials, Vi (i.1,2,...). Essentially, this means that any solution
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of L(h) =0 can be represented as a linear combination of all the basis functions. Since only a part

of the set of functions is used, the representation may only be approximate.

If h is an approximation, L(h) is not zero but will be equal to some residual, R(x,y,t).
Galerkin's procedure attempts to force this function to zero. This is equivalent to making R or-
thogonal to all basis functions because the zero function is the only function with this orthogo-
nality condition. Since only n basis functions are used, we only require R be orthogonal to these
n functions. Orthogonality of the residual to these functions is mathematically stated as:

!ID R(x,y,t)Vi(x,y)dxdy = f1D L [h(x,y)] Vi(x,y)dxdy

= ff, L [Z Cj(t)Vj(x,y)] Vi dx dy = 0, i=1,2...n,

where D is the two dimensional domain under consideration.

To determine the Ci's, equation (1) is substituted into equation (2). The result is

(2)

n n

if {[ax(Txxax) + ay(TyY)] J
-1

Cj Vj -S at ,
-1

CjVj - Q }Vi dxdy = 0. (3)

Green's theorem is applied to equation (3) to remove the unwieldy second derivatives. The resultant

equations can be written in the matrix form

(M] {C} + ]N] Ili} + {Fi = 0 (4)

aV. aV. aV. aV.

where Mij = fID(Txxaxl ax1 + TYYa,yr aÿ )dxdy

tlij = IlDSViVjdxdy

n 3V. aV.

Fi = ;i2 ViQ dxdy - fcVi (Txxaxx lx + Tyyayl ly)Ci(t)dS

j=l

The last term in the expression for Fi represents the flux across the boundary of the domain and is
considered known.

Galerkin's approximate integral equations for groundwater flow can be evaluated by numerical
means. The suitability of these equations for computer evaluation is a result of the selection of
the basis functions. To select these functions a set of n points or nodes is chosen in the two di-
mensional domain. The function Vi(x,y) is chosen so that it is unity at the ith node and zero at all

other nodes. For convenience, we say Vi is associated with the ith node. The domain is next divided

into subdomains or elements such that all nodes lie on the boundaries of these elements. The domain

must be divided in such a way that a side of one element meets, at most, one side of an adjacent ele-
ment. This is necessary to assure continuity of the approximate solution along the interelement
boundaries. It is further assumed that Vi, i =1,2 ...,n, is non zero only over the elements contain -

inn the it''' node. 'then chosen in this fashion the undetermined coefficient Ci(t) equals the hydraulic

head at the ith node, because there are no other non zero contributing factors.

Elements used in the integration scheme introduced by Pinder and Frind (ibid.) are called mixed
isoparametric quadrilateral elements (see Figure 1). The basic shape of the element is a quadrilat-
eral, however, the sides can be distorted in certain ways. For this particular type of element there
can be up to twelve nodes lying on the boundary of each element.
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Cubic Side

Linear Side

Quadratic Side

X

Figure 1. Deformed Mixed Isoparametric
Quadrilateral Element. (After Pinder, ibid.)

By the way the domain is divided each node is associated with from one to four elements. A

basis function associated with that node, therefore, has from one to four components called shape

functions. A shape function which is identically zero outside a single element equals the basis

function over that element. Thus the sum of all shape functions for a particular node equals the
basis function for the node, and satisfies all requirements of the basis functions.

We let the Vi's in equation 4 represent the shape functions over each element and carry out the

integrations over individual elements. The suns of all these "elemental integrations" give the same

result as integrating the sum of all basis functions over the whole domain. These integrals are

evaluated by the method of Gaussian Quadrature. This numerical procedure provides exact results for

polynomial integrands like those appearing in equation 4. With Gaussian Quadrature it is usually
necessary to change variables so that an irregular element appears as a square in the new coordinate

system. Pinder chose the polynomial shape functions to relate the new and old coordinate systems as

well as to satisfy all requirements of basis functions. Linear, quadratic or cubic polynomial shape
functions are used with the mixed isoparametric element depending on the shape of the boundary or an-
ticipated shape of the analytical solution of equation 1. A list of these shape elements is given in

Pinder and Frind (ibid.).

A finite difference approximation for the time derivative is introduced into equation 4 after
the elements of the banded n x n matrices M and il have been evaluated. This converts the system of
ordinary differential equations into a system of linear algebraic equations. The system of equations

generated is solved for the undetermined coefficients by the particularly efficient algorithm for
banded matrices called Cholesky's square root method. The hydraulic head at the nodes is then known,

since it equals the coefficients at these nodes.

GRAPHICAL PRESENTATION OF DATA

In recent years significant advances have been made in the use of computer graphics techniques
in analysis of problems and in the presentation of results. For example, Yates, et al. (1973) report

on the use of interactive graphics in conjunction with time sharing computers for generation of com-
plex structural models by the finite element method. By this technique the model is displayed as it

is being constructed on a CRT (cathode ray tube) so that errors in node and element selection or
meshing inadequacies are immediately apparent. Some graphics packages permit isometric or ortho-
graphic views, which are particularly advantageous in determining errors during the modeling of com-

plex geometries.

Similarly, during the evaluation of a Fen stress analyses of a structure, data contained in
hundreds of lines (and possibly hundreds of pages) of computer output, may be reduced to a pictorial

display (ibid.). This approach markedly reduces the time required by traditional methods for data
reduction, evaluation and presentation of results. Several efficient software programs have been
developed for graphic display of structural data (eg. Batdorf and Kapur, 1973).
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To date, the use of computer graphics in constructing, calibrating and validating groundwater
models has been minimal. Pinder (1973) used computer graphics in conjunction with a finite element
model to depict the areal spread of a contaminant in an aquifer system on Long Island, New York.
Results were presented on a series of three dimensional plots.

The graphic representation used in our groundwater flow simulations (SYMVU) was developed by the
Harvard School of Graduate Design. This method provides three dimensional views of the cone of de-
pression calculated by Galerkin's finite element method. The view of the surface may be rotated
360° horizontally and from 0° to 90° vertically. The surface is generated by interpolating the head
values between the nodes in the domain.

RESULTS

A two -week constant discharge test conducted in 1967 on a pumping well at the Water Resources
Research Center Field Laboratory at Tucson provided data on the transmissivity and storage coeffi-
cient of native aquifer materials. Using drawdown data in observation wells, A, 0 and C, together
with the Jacob modified non -equlibrium method, the calculated transmissivity ranged from 0.055

ft2 /sec to 0.058 ft2 /sec during the test. The average storage coefficient was .023. Wells A, B and
C are 15 ft, 120 ft and 260 ft, respectively, from the pumping well. Data from the constant dis-
charge test allowed us the opportunity to evaluate the finite element method of Pinder and Frind
(1972) for the geohydrological conditions in the Tucson basin, and concurrently, to gain experience
in using the method.

Cecause the pumping well is partially penetrating and the extent of the aquifer at the site is
large, it was assumed that vertical flow was negligible and that the aquifer is artesian. With these
assumptions, flow in the aquifer may be adequately described by equation 1.

Analysis of the pump test data using Jacob's method, indicated that the radius of influence of
the pumping well during the test was about 1000 ft. Consequently, it was assumed that the boundary
of the region to be modeled was at this distance from the pumping well. To simplify the geometry,
the boundary was assumed to be rectangular.

In searching for an approximate solution to equation 1 using the finite element -Galerkin
approach, several nodal arrangements were considered. Nodal locations were selected to some extent
on a trial and error basis. However, it was realized that for any fixed time greater than zero, head
values have steep gradients in the vicinity of the pumping well. Consequently, a reasonable approxi-
mation to the solution in this region requires that the associated finite elements be of higher or-
der; where the order of the element refers to the order of the non -zero shape functions within that
element. In regions further from the well (sink), where the gradient was lower, linear elements were
thought to be adequate in approximating the solution. The grid finally selected is shown in Figure
2.

Boundary conditions for the groundwater flow equations are usually stated either as a flux
across the boundary, or as a head distribution along the boundary. For a node along the boundary the
last condition means that the node has a constant or fixed hydraulic head throughout the simulation.
For the section of the aquifer simulated, we assumed all nodes were of the constant head type.

Wells U and C were represented as nodes in the finite element grid. Therefore, the actual and
calculated head values were compared at these points. Well A was not represented in the grid since
it was in a zone of turbulent flow. The known transmissivity values were assigned to nodes repre-
senting wells ü and C and the pumping well. For other nodes transmissivity coefficients were as-

signed estimated values. Tiffe transmissivity varied from .045 ft2 /sec along the perimeter to .058 ft2
/sec in the center region. Of the several nodal transmissivity patterns, the one selected was rela-
tively simple and at the sane time provided accurate calculated drawdowns for well B and C.

Table 1 gives a comparison of actual drawdown and those calculated by the finite element method
at various times during the two weeks. The collapse of the calculated water surface was rapid during
the initial 48 hours. The drawdown increased slightly during the remainder of the simulation period.
The actual drawdowns also had a rapid increase during the first 46 hours but the rate of increase
remained higher than the calculated heads over the remainder of the two week simulation period. Ex-

perience indicates that firer adjustment of the transmissivity and storage coefficients will bring
the actual and calculated drawdowns into closer agreement during the entire two -week period.
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WELL Bt. PUMP

I

WELL C

Figure 2. Finite Element Grid for Analysis
of tao reek discharge test.

Table 1. Comparisons of Actual and Calculated Drae:downs.

Time (hr)

C

TELL

C C

Actual Cale.

.6.

Actual

.87

Cale.

AS
24 .23 1.23 1.43 1.83
36 1.2f 1.53 1.72 2.12
48 1.36 1.71 1.8C 2.31
168 2.32 2.03 2.53 2.57
336 2.38 2.07 2.55 2.58

Figures 3 and 4 represent three dimensional perspectives of head distributions in the aquifer
for the folloo ng four times during the sioulatioe period: 6, 24, 168 and 336 (murs. These graphs
ixre constructed unir the SYnVd program, descriled earlier. ilote the exaggerated scale; the sides
represent the full dieth and breadth of aquifer modeled and the depth equals the draodown io the
.vedi, hell.
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These graphs clearly show the rapid collapse of the water surface during the first few hours of
pumping and the gradual recession, thereafter. The figures also clearly illustrate that the cone of
depression resulting from the modeling process is distinctly rectangular in shape and asymmetric.
Furthermore, changes in water surface are abrupt. Intuitively, one would expect the cone of depres-
sion to be eliptical and changes in the water to be gradual. Additional work is obviously required
to refine transmissivity and /or storativity values. The important point is that the need for such
adjustments is clearly visible on the figures; such changes are not so evident in tabular presenta-
tion of data. In other words, graphics techniques have the potential of being a valuable aid in
dealing with the inverse problem. Furthermore, the coupling of a graphics package with an aquifer
model will provide the water manager with a simple tool for visually observing the effect of various
pumping patterns on regional water levels.
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THE APPLICATION OF STEP- DRAWDOWII PUMPING TESTS FOR DETERMINING
WELL LOSSES IN CONSOLIDATED ROCK AQUIFERS

by

V. W. Uhl, Jr.1, V. G. Joshi2, A. Alpheus3 and G. Sharma4

ABSTRACT

The concept of a step -drawdown test was first introduced by Jacob, and further modifications in
the technique were made by Rorabaugh. Analysis of step -drawdown test data enables the quantification
of the components of drawdown due to formation or aquifer loss, and due to well losses in a pumped
well. This technique has been used to test approximately 100 wells that were drilled in crystalline
and basalt formations in central India. Test data have been analyzed by Rorabaugh's method and by a
graphical method, and the results of a number of tests are presented and discussed.

Anomalies in the test analysis often proved helpful for interpreting aquifer irregularities. In

general, the well loss constant decreases with an increase in specific capacity and the aquifer loss
constant decreases with increasing transmissivity. Significant reductions in specific capacity
during a step test occur in wells with high well losses. An attempt is made to quantify the well
losses in a consolidated rock well, and a number of practical applications of step -drawdown tests are
discussed.

INTRODUCTION

The Evangelical Lutheran Church (E.L.C.) Water Development Project has been involved in ground-
water development activities since 1971. To date, over 500 tubewells have been drilled for agricul-
tural, village, industrial, institutional and municipal water supplies. The Project's area of
operation is in the Satpura hill region of central India and includes the districts of Seoni,
Chhindwara and letul. Prior to 1971, this area was almost entirely dependent on surface water and
shallow open wells (30 -40 feet deep) for water supply. The high density of these open wells
(3.75 /square mile overall) combined with the increased usage of electric pumpsets for irrigation has
resulted in the seasonal overpumping of shallow aquifers in many areas. The recent drilling of over
1,000 deep wells in the area has alleviated the problem to a degree.

Approximately 100 pumping tests have been carried out on production wells that were to be
equipped with power pumps. Testing procedures generally included a step -drawdown test followed by a
constant -rate test. Test data were analyzed by standard analytical methods and for a number of tests
reasonable values of hydraulic properties were obtained. The purpose of this paper is to:

1. Discuss the theory of the step -drawdown test and methods of step -test data analysis.
2. Review results of previous studies where step -drawdown tests were applied.
3. Discuss the results of the step -drawdown tests in the study area.
4. Attempt to quantify well losses in hard rock wells.
5. Discuss practical applications of step -drawdown tests.

1Eor,er Project Tanager of the Evangelical Lutheran Church (E.L.C.) Water Development Project, Getul,
India. Presently a graduate student in Hydrology and Water Resources, University of Arizona,

Tucson.

2Prq act Geologist, E.L.C. 'Auter development Project. Presently on study leave at the University of
Arizona, Tucson.

'Project 'tanager, L.L.C. !later Development Project.

ITec'nnical staff, E.L.C. Hater Development Project.
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AREA

The subject area lies in the central part of the country and is traversed by the Satpura hills.
The hilly regions are mainly forested; the remaining area is undulating or flat with an average
elevation of around 2,100 feet. The subject districts occupy an area of 11,826 square miles, and
contain 5,156 villages and towns, with a total population of 2,393,961. Approximately half of the

total area is forested; the remaining half is under intensive cultivation.

GEOLOGY

The geological formations in these districts range in age from Precambrian to Recent. The

general rock types are: granite, gneiss, schist, quartzite (Archean), sandstone and shale
(Gondwana), and basalt (Cretaceous- Eocene). The majority of wells tested have been in the

crystallines and basalts.

Deccan trap, or basalt, is an extrusive igneous rock formed due to the cooling of lave from

fissure eruptions. Aquifers occur in the vesicular or weathered amygdaloidal portions of a lava

flaw, at brecciated or broken -up flow contacts, and in fracture openings.

In the crystallines, aquifers occur in permeable weathered zones, and where bedrock is jointed
and fractured. The yield of an individual well is dependent on the thickness and permeability of
weathering and on the intensity, interconnection, and areal extent of joints and fractures.

PUMPING TESTS

Approximately 100 pumping tests have been conducted and observation wells were available for
only a few of the tests. The majority of wells tested were drilled by air hammer rigs and were from

6.0 to 6.5 inches in diameter. Submersible pumps of 5.75 and 3.75 inches in diameter were used for

testing. The discharge pipe was equipped with a standard water meter and water levels in the pumped
well were measured by an electric sounder. The testing of each well was conducted in the following

manner:

1. A step -drawdown test is conducted for six hours consisting of 3 to 6 steps.

2. Recovery is measured for 12 hours before starting the next phase.
3. A constant -rate test is run for 12 to 24 hours and recovery is measured for the same

duration as pumping.

Step -test data are analyzed by Rorabaugh's method (1953), and by a graphical method. Constant -

rate tests are analyzed by the Cooper -Jacob (1946) modified, non -leaky artesian formula. As testing

work progressed and a number of tests were analyzed, anomalies in the test data proved helpful for
interpreting aquifer irregularities. For a number of tests, hydraulic properties were obtained and

were generally found to be reasonable. After drawdowns were corrected for well losses, values of

corrected specific capacity for 12 hours of pumping and transmissivity were compared to theoretical
plots of Q/s versus T.

The validity of analytical methods for the evaluation of pumping tests in consolidated rock
aquifers has long been discussed and debated. The derivation of the basic equations governing ground-

water flow are dependent on a number of assumptions, viz., the aquifer is intergrannular, homogeneous,
isotropic, infinite in areal extent, of uniform thickness, and for confined aquifers the flow is both
radial and laminar. When one considers the mode of occurrence of groundwater in consolidated rock
wells, that is, through joints and fractures, it is difficult to visualize homogeneity, isotropy and
radial laminar flow, except possibly in a brecciated or highly fractured media.

Eagon and Johe (1972), in discussing the occurrence and movement of water in carbonate rocks,
have noted that hydraulic characteristics seem to be inconsistent in the vicinity of the borehole and
this may be of some importance initially in a pumping test, but as the cone of depression becomes
larger and covers a representative area of the aquifer these irregularities assume less importance.
And the larger the area considered, the more nearly some carbonate aquifers effectively assume the
hydraulic characteristics of a homogeneous media.
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In effect, when the cone encompasses a representative area of the aquifer, the resultant draw-
down in the well represents the sum total effect of the hydraulic characteristics of the aquifer in
the area encompassed by the cone, including any irregularities, etc. It seems reasonable that, in a

crystalline or bassalt aquifer where there are a number of fractures or brecciated zones connected on
an areal basis, a representative sample of the aquifer could assume the characteristics of a
homogeneous media.

REVIEW OF LITERATURE

JkC30'S METHOD

Jacob (1947) introduced a concept of a multiple step -drawdown test with the objective of deter-
mining well losses and the effective radius of a well. Jacob noted that drawdown in an artesian well
has two components, the first component termed "aquifer or formation loss" arises from the
"resistance" of the formation. It is proportional to discharge, Q, and increases with time as the
cone of influence expands. The second component, termed well loss," represents the loss of head
that accompanies the flow through a well screen, and in the casing to the pump intake. Well loss is
proportional to the square of the discharge and is independent of time. The following equation was
defined:

sw = CO + CQ2
(1)

where s,w = the total drawdown in the well;

= the aquifer or formation loss;

C(,W" = the well loss;
S = the aquifer loss constant. It represents the total resistance of the formation from the

well face out to the radius of influence. Its units are sec/ft' or ft /gpm, and it
increases with the log of time; and

C = the well loss constant. Its units are sec2 /ft5 or ft /gpm2. C is constant with time.

Jacob further defined the "effective radius," rw, which is the distance, measured radially from

the axis of the well, to a point outside the well where the theoretical drawdown based on the
logarithmic head distribution equals the actual drawdown just outside the screen. Thus, the total
drawdown in a well can be expressed as:

sw 11T
[ ln - 427 - - 0.5772. ] + CO2 (2)

rw S

and

U = 43 T E ln -T- -. 0.5772 ] (3)
rw S

where p = the discharge in cfs;

T = the transmissivity in ft2 /sec;
t = the time in seconds;

storativity; and
r = the effective well radius.
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The following equation was developed for computing the well loss from step -drawdown test data:

Asi A5

A -1

AQi + AQi

where As = the incremental drawdown for step i for a fixed time, t.; and As. is the incremental

r drawdown for step i -l. i -1

AQi = the incremental increase in discharge from step i -1 to step i; and AQ1_1 is the same from

step i -2 to step i -1.

Note, when using equation (4), that ti = ti_1 = ti_2, etc. That is, the time at which Asi is

determined for each step must be equal.

Another important concept Jacob discussed is the variation of specific capacity (Q /s) with

discharge and time. Specific capacity decreases with time and if there are no well losses in a
pumped well, then, for any fixed time, the specific capacity is independent of discharge. That is,

for a fixed time of pumping in a given well, specific capacities at different rates of discharge will
be the same. If, however, well losses represent a portion of the total drawdown in a pumped well,
then, for a fixed time, the specific capacities at higher rates of discharge will be less than
specific capacities for lower rates of discharge. The higher the well losses, the greater the

percent decrease in specific capacity. This is because well losses are equal to CQ2.

(4)

RORABAJGH'S METHOD

Jacob assumed that the head loss due to turbulent flow is approximately proportional to the
square of the velocity. Rorabaugh (1953) suggested that instead of assuming a value of n = 2 in the

well loss term, it is best to first determine if the flow is laminar or turbulent and for the
turbulent flow regime determine a value for n from a graphical solution of equation (6) on log -log
paper. Rorabaugh stated that drawdown in an artesian well resulting from the withdrawal of water is
made up of head loss resulting from laminar flow in the formation, and head loss resulting from
turbulent flow in the zone outside the well, through the well screen, and in the well casing. Two

expressions were developed for computing the drawdown, sw, in a well being pumped at rate Q. The

first expression (equation (5)) is applicable for laminar flow where Q is less than some Qc, which is

the critical or transitional Q below which laminar flow prevails. The second expression (equation 6))
is applicable for the turbulent flow regime:

Q ` Qc

Q ' Qc

sw + BQ + C'Q (for laminar flow) (5)

sw = BQ + CQn (for turbulent flow) (6)

He further noted that Jacob's use of n = 2 was based on the assumption that the critical or
effective radius is constant as discharge varies. It is more probable that at low discharges flow is
laminar and as discharge is increased turbulent flow will first occur at the well face, and as
discharge is further increased the boundary between laminar and turbulent flow will move outward into
the well. Rorabaugh attempts to compensate for this variation in the critical radius with discharge
by applying two equations: equation (5) for laminar flow, and equation (6) for turbulent flow. Also,

the application of the exponent n in the term CQn compensates partially for the movement of the
laminar -turbulent flow interface with an increase in Q.
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RESULTS OF PREVIOUS STUDIES USING STEP- DPAWDOWO TESTS

Step -drawdown tests have been used by a number of people in a variety of geological formations in
various parts of the world. The results of a few studies are summarized.

NORTHWEST OHIO, U.S.A.

The Northwest Ohio Water Development Plan (Eagon and Johe, 1972) carried out a drilling and
testing program in order to evaluate the quantity and quality of the groundwater available in
northwest Ohio. Seventy -six wells were drilled and tested in limestone and dolomite rock.

Step -test data were analyzed by three methods, viz., Rorabaugh's graphical method, Bruin and
Hudson's (1955) graphical method, and Jacob's method (equation (4)). It was felt that graphical
solutions had an advantage over averaged numerical data used in Jacob's method and that the

CQ2 relationship approximated well losses to an acceptable degree for the pumping rates used. The

effect of aquifer dewatering on drawdown and on the plot of sw /Q versus Q was discussed, and it was

noted that dewatering caused an increase in the slope of the plot.

It was noted that the well loss constant, C, is related to the number and properties of openings
that contribute water to a well and if dewatering occurs, the number of openings is decreased, thus
causing an increase in both the value of C and drawdown. This, in turn, causes an increase in the

slope of the plot of sw /Q versus Q. Values of the well loss constant were plotted against values of

specific capacity (24 hours) on log -log paper. The plot indicates a general relationship between the
two parameters, and the well loss constant is inversely proportional to specific capacity.

ILLINOIS, U.S.A.

The Illinois State Water Survey (Walton and Csallany, 1962; Csallany and Walton, 1963) used the
step -drawdown method in many pumping tests in sandstone, dolomite, and limestone wells in Illinois.
In most cases, Jacob's method was used to analyze the data. It was noted that the well loss constant,
C, increased when water levels were lowered below the top of shallow dolomite aquifers. Step -test

data were used to correct observed specific capacities for well losses and values of corrected
specific capacity and transmissivities were compared with theoretical plots of Q/s versus T. It was

also noted that the effects of well development could be ascertained from step -test results and that
a step -test could be used to determine the degree of deterioration of a well after some period of
time. Well efficiency was defined to be equal to BQ /sw. Lastly, high values of C were obtained from

wells with low specific capacities and low values of C for wells with high specific capacities. This

was attributed to greater turbulence and well losses in low transmissive formations.

ALDEHTI?, CANADA

The Ground water Division of Alberta (Lennox, 1966) conducted a number of step -drawdown tests in
sedimentary formations of relatively low transmissivity. Lennox found that the common practice of
assuming that the slope of the extrapolated drawdown curves for each step are proportional to the
pumping rate was erroneous. The correct method is to extrapolate drawdown for each step by
projecting the trend encountered toward the end of each step.

Rorabaugh's method proved better than Jacob's for analyzing the step -test data. Half of the

eighteen wells tested showed laminar flow conditions throughout the range of pumping rates. Two wells

had la,imar flow initially and turbulent flow at higher discharges. Seven wells showed turbulent flow
for the whole range of discharges. An interesting point with these results, that (long (196g)
observed, was that, as specific capacity decreases, the maximum pumping rate at which laminar flow
exists also decreases, which does not seem to be logical. Lastly, Lennox noted that a prerequisite
for a satisfactory test is an adequate range of pumping rates. An increase of threefold was
mec omaended.
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IRAN AND WASHINGTON STATE, U.S.A.

Bierschenk (1964) used the graphical method of Bruin and Hudson to analyze forty -seven step -

drawdown tests in Iran and Washington State. The wells were in fluvial deposits of Quartenary age

with both water table and artesian conditions. In ger.eral, the wells were productive.

Bierschenk noted, as did Jacob, that the efficiency of a well is governed largely by the magni-

tude of well loss and that the efficiency falls off rapidly as discharge is increased. Thus, the

efficiency in a well with high transmissivity is offset by well losses to a larger degree than in an

aquifer with low transmissivity.

DISCUSSION OF STEP -TEST RESULTS FROM THE SATPURA REGION

Step -drawdown results were analyzed by two methods, viz., Rorabaugh's graphical method and by a

graphical solution of the equation sw = BQ + CQ2. Of the two methods of analysis, the graphical

method of plotting sw /Q versus Q on rectangular paper proved to be the more practical. This method is

especially useful where dewatering or boundary conditions occur as these can often be detected by a

change in the slope of the plot of sw /Q versus Q (Figure 1). In the case of dewatering (Figure 1,

P,T. 102), the hydraulic characteristics of the aquifer are changed since the number of openings
contributing water is decreased by dewatering, resulting in increased turbulence in the aquifer near

the well face, and an increase of the value of the well loss coefficient, C. Thus, in the linear plot

of sw /Q versus Q, dewatering results in an increase of the slope.

An aquifer of limited extent (Figure 1, P.T. 77) will have a similar effect on the plot of

sw /Q versus Q, but generally the change in slope is not as pronounced as for the case of full or

complete dewatering of an aquifer. If recharge occurs during the test, the slope of the curve will

be decreased (Figure 1, P.T. 31).

If Rorabaugh's graphical method were applied to step -test data that contained anomalies, detec-
tion of these would be difficult since a trial and error procedure is used to make all the points
fall on a straight line when plotted on log -log paper.

Table 1 contains the results of a number of step -drawdown tests that were conducted in

crystalline and basalt wells in the study area. Most of the data in Table 1 are self -explanatory.

Columns 4 and 5 contain the aquifer and well loss constants determined from the graphical solution.
Columns 6 and 7 contain the constants determined from Rorabaugh's method. In Columns 10 and 11, the

aquifer and well loss components are computed for maximum test discharge using B and C from the

graphical solution. In Columns 12 and 13, the same is done using B, C and n from Rorabaugh's

solution. From this table, it becomes apparent that the proportion of drawdown due to well losses is

significant for the majority of wells tested. This factor assumes particular importance for wells

that have a low available drawdown.

There appears to be a relationship between percent decrease in specific capacity and well loss.
In wells with low well losses, generally the percent reduction in specific capacity is low. In wells

with high well losses, the percent reduction in specific capacity is quite significant.

In a few tests, values of the exponent n calculated by Rorabaugh's method were less than 2.0.
In some of these solutions with low values of exponent, the value of the well loss constant was
quite high, and the proportion of drawdown due to well loss seemed to be unreasonably high.

There does not appear to be any relationship between transmissivity and the proportion of draw -

down due to well losses. That is, in low-yielding wells, there are cases of wells with both high and

low well losses. The same was observed for wells with high transmissivities. If a significant

proportion of well loss occurs in the aquifer adjacent to the well, then it is likely that the
quantity of well loss for an individual well could be dependent on the number, orientation and nature

of the openings in the area adjacent to the well.
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In general, step -test data for crystalline wells plotted with less variance than for basalts.
The best results were from the highly fractured and productive aquifers in the crystallines.

Figure 2 is a plot of Q/s max x Q versus C (sec2 /ft5). Q/s max is the specific capacity at the
end of the step test, and Q max is the maximum rate of discharge for the test. From the plot it is
apparent that as specific capacity decreases the well loss constant, C, increases. Similar results
have been noted by Walton (1962), Hogg (1968), and Sagan and Johe (1972). It is debatable if this is

attributed to greater turbulence and well losses in low transmissive formations as Walton has
indicated. An inspection of equation (4) indicates that for low specific capacities s/Q will be high,
Q will be low and, hence, C will be high.

Figure 3 is a plot of the aquifer loss constant, B (sec /ft2), versus transmissivity. It can be

seen from equation (3) that the aquifer loss constant, 8, is proportional to lnT /T arid, thus, should
decrease with an increase with T. The data in Figure 3 are quite scattered, but there is a definite
pattern of decreasing B with increasing T.

QUANTIFICATION OF WELL LOSSES IN CONSOLIDATED ROCK WELLS

In a well completed in an alluvial formation, well losses are associated with resistance to flow
through the well screen and inside the well. In a consolidated rock well, well screens are rarely
used; however, well losses represent a significant portion of the total drawdown in both low and high
yielding wells.

In a consolidated rock well, well losses are associated with flow inside the well, in the
annular space between the pump and borehole, and in the aquifer near the well face. While it may be
difficult to quantify the well losses in the aquifer near the well face, the losses due to flow in the
well and in the annular space between the pump and the borehole can be determined.

First, head losses are computed for discharges of 50, 100, 150 and 200 gpin in a 6 -inch diameter
well. The results are in Table 2.

Table 2

Discharge (gpm) Head Loss (hL /100 feet)

50 0.08

100 0.34

150 0.72

200 1.24

Next, the head losses in the annular space between the pump and borehole are computed. The

standard size of bore for a 'water well in consolidated rock drilled with an air hammer rig is 4 to 4.5
inches and 6 to 6.5 inches. Pump manufacturers recommend a 3.75 -inch diameter pump for the 4 to 4.5
inch diameter bores and e 5.75 irich diameter pump for the 6 to 6.5 inch diameter bore. Bead losses
are calculated in Table 3 for 6 inch, 6.25 inch and 6.5 inch diameter wells using a 5.75 inch
diareter pump for discharges of 50, 100, 150 and 200 gpm. Lengths of submersible pumps range from
about 5 feet to 10 feet in the 5.75 diameter class.
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Table 3

Q (gpm) 50 100 150 200

Q (cfs) 0.11 0.22 0.33 0.44

6.50 -inch diameter well

Velocity in the
annular space
(ft /sec)

2.2 4.4 6.6 8.8

Head loss per foot
in the annular
space (h,/ft)

.036 .144 .345 .58

6.25 -inch diameter well

Velocity (ft /sec) 3.4 6.8 10.3 13.75

Head loss (h,/ft) .13 .51 1.18 2.11

6.00 -inch diameter well

Velocity (ft /sec) 6.47 12.9 19.4 26.0

Head loss (hL /ft) .93 3.72 8.42 15,1

Well losses associated with flow in the well at lower rates of flow are negligible and for dis-

charges around 200 gpm losses are approximately 1.25 ft /100 feet. Losses due to flow through the

annular space between the pump and borehole are significant if discharges are high and if the bore is

less than 6.25 inches in diameter. It is advisable that 6.5 -inch diameter wells be drilled rather

than 6 -inch diameter wells considering the well losses that occur in the annular space and the

increased pumping costs that will result.

Most of the wells tested in this study had diameters of 6.25 inches and above, and maximum dis-
charges were generally less than 100 gpm. Hence, it would seem, for most wells, that a greater pro-

portion of the well loss occurs in the aquifer itself in the vicinity of the borehole.

APPLICATION OF STEP- ORAWOOWN TEST RESULTS

In order to estimate the safe yield of a well, the following parameters must be known: well

loss coefficient, C; critical pumping levels, that is, the depth to productive aquifers; aquifer
transmissivity and the rate of drawdown with time; recharge characteristics; and the available

drawdown.

Transmissivity and the rate of drawdown with time can be determined from a constant -rate test.
If only the pumped well data are available, the Cooper -Jacob modified equation must be used for

analysis. From the results of a step -drawdown test, the components of drawdown due to aquifer loss
and well loss can be determined as well as values of the aquifer and well loss constants. Thus,

calculations of the drawdown due to well loss for any rate of flow can be determined. Recharge

characteristics for the study area are fairly straightforward since there are distinct rainy and dry

seasons. Critical pumping levels can be determined if the depth to productive aquifers is known, and
available drawdown will be the difference between seasonal low pumping levels and critical pumping

levels. Lastly, the effects of interference from nearby pumping wells must be taken into account.
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If the above parameters are known, the analysis is fairly straightforward if critical pumping
levels are above the top of productive aquifers and if there are no boundaries. Constant -rate test

drawdowns are corrected for well losses; then the theoretical drawdowns at any rate of flow can be
determined since the rate of change of slope is directly proportional to the increase in Q. On the

semi -log plot of drawdown versus time, these curves can be extended to the time period of interest
and, by adding the well losses for the pumping rate, the actual drawdown in the well at the time of
interest can be determined. Using this type of analysis, it can be determined if water levels for a
particular pumping rate at a particular time will be above or below critical levels.

If the aquifer is of limited extent, the same method of analysis can be applied, but, in this
case, the rate of drawdown with time that occurs due to the limited aquifer must be used rather than
the initial rate of drawdown with time. When dealing with wells in consolidated rock aquifers, it is
important to realize that fracturing can be localized, resulting in aquifers with a limited extent.
It often pays to have a pumping test of sufficient duration to enable the delineation of boundaries.

In aquifers under slightly confined conditions, available drawdown is low; that is, the distance
from the static water level to the top of principal water -bearing zones is low. In such wells,
dewatering is likely and the estimation of safe yields should be done with caution and care.

une further application of a step -drawdown test is for wells with poor or non -existent drillers'
logs, as a step -test often enables the determination of the depth to significant water -bearing zones.

C ODIC LUSIONS

1. At this point, it seems that the step -drawdown test can be used with fair results in
consolidated rock aquifers.

2. fhe relation of C with Q/s correlated with previous results and E appears to behave
according to theory.

'loll losses comprise a significant portion of the total drawdown in a number of low- and
high- yielding wells. It appears that the majority of well losses occur in the aquifer
itself.

4. The graphical method of solution is preferable since anomalies in the test data can be

helpful for interpreting aquifer irregularities. The CQ2 relationship gives the best
approximation for well losses.

5. The results of a step -test can be quite helpful in the determination of a safe yield for a
well. It is also a useful technique for testing wells with poor or non -existent records.

REFERENCES CITED

Bierschenk, W. H. 1964. Determining well capacity by multiple step -drawdown tests. International

Tssociation of Scientific Hydrology, Publication 64.

Bruin, J., and H. E. Hudson, Jr. 1955. Selected methods for pumping test analysis. Illinois State
.later Survey, Report of Investigation 25.

Cooper, H. II., Jr., and C. E. Jacob. 1946. A generalized graphical method for evaluating formation
constants and summarizing well field history. Trans. Am. Geophys. Union, Vol. 27, No. 4.

Csallany, S., and N. C. Walton. 1963. Yields of shallow dolomite wells in northern Illinois.
Illinois State Water Survey, Report of Investigation 46.

Lagon. H. 'J., and D. E. Johe. 1972. Practical solutions for pumping tests in carbonate rock

aquifers. Ground later, Vol. 10, No. 4, pp. 6 -13.

145



Jacob, C. E. 1947. Drawdown tests to determine effective radius of artesian wells. Transactions,

ASCE, Vol. 112, pp. 1047 -1070.

Lennox, D. H. 1966. The analysis and application of the step -drawdown test. Journal of the

Hydraulics Division, ASCE, Vol. 92, No. H16, Proc. Paper No. 4967, November, pp. 25 -48.

Mogg, J. L. 1968. Step -drawdown test needs critical review. Johnson Drillers Journal, UOP

Johnson Division, St. Paul, Minnesota.

Rorabaugh, M. I. 1953. Graphical and theoretical analysis of step -drawdown test of artesian wells.
Proc., ASCE, Vol. 79, No. 362, September.

Walton, W. C. 1962. Selected analytic methods of well and aquifer evaluation. Illinois State Water

Survey, Bulletin 49.

Walton, W. C., and S. Csallany, 1962. Yields of deep sandstone wells in northern Illinois. Illinois

State Water Survey, Report of Investigation 43.

146



WATER RESOURCES OF THE WOODY MOUNTAIN WELL
FIELD AREA, COCONINO COUNTY, ARIZONA

Errol L. Montgomery
Northern Arizona University

Ronald H. DeWitt
City of Flagstaff Water Department

GENERAL

The Woody Mountain municipal well field is located on the Coconino Plateau approximately 6
miles southwest of Flagstaff, Arizona, and is within the San Francisco Volcanic Field. The location

of the Woody Mountain well field is shown in Figure 1.

Beginning in 1954 the groundwater resources of the Woody Mountain well field area were devel-
oped with a drilling program which, by 1968, resulted in six producing wells. Figure 2 shows

quantities consumed and sources of all municipal water for Flagstaff from 1949 through 1974.

HYDROGEOLOGICAL FEATURES

The Woody Mountain well field lies east of and adjacent to the Oak Creek Fault on the down-
thrown side. The uppermost lithified rock units are lava -flow rocks which issued from several vol-
canic vents which include Woody Mountain volcano. The outcrop patterns of geologic units in the
Woody Mountain area are shown on Figure 3.

The sequence, in descending order, of rock units in the Woody Mountain well field is alluvial
and colluvial deposits, volcanic rocks, Moenkopi Formation, Kaibab Limestone, Coconino Sandstone,
Supai Formation, and Redwall Limestone. Alluvial and colluvial deposits comprise a mixture of rock
fragments which range in size from silt to boulders, lie above the water table, are moderately to
highly permeable, and enhance rapid infiltration of surface water. Volcanic rocks include cinders
and other pyroclastic rocks, and lava -flow rocks. Cinders occur as a thin mantle which covers
older rock units, and provide excellent infiltration media. Intense fracturing in lava -flow rocks

appears to provide recharge conduits. Thickness of lava -flow rocks penetrated by Woody Mountain
wells ranges from 233 to 611 feet. Sandstone and mudstone strata of the Moenkopi Formation lie
above the water table for the principal aquifer, but where unfractured provide perching conditions
for small perched groundwater reservoirs which occur in lava -flow rocks and in Moenkopi sandstone
interbeds. Although the Moenkopi has been removed by erosion at most locations on the Coconino
Plateau, thickness of Moenkopi strata where penetrated by Woody Mountain wells ranges from 67 to
142 feet. The Kaibab Limestone lies above the water table and contains numerous joints and faults
which have been enlarged by solution and provide recharge conduits. Average thickness of the
Kiabab Limestone in the Flagstaff area is approximately 300 feet, however, in the Woody Mountain
area the Moenkopi is conmronly present, which indicates that post Moenkopi erosion has not attacked
the Kaibab, the thickness of the limestone ranges from 355 to 428 feet. The Coconino Sandstone is

the principal aquifer in the. Woody Mountain well field. Permeability of unfractured Coconino is
low; wells drilled into unfractured Coconino have specific capacities of less than one gallon per
minute per foot of drawdown (gpm /ft). Fracturing enhances yield from the Coconino; wells drilled
into highly fractured portions of the aquifer have specific capacities which may exceed 4 gpm /ft.
Thickness of the Coconino Sandstone in the Flagstaff area and in the Woody Mountain well field
ranges from 700 to 905 feet. The uppermost 50 to 150 feet of the Supai Formation is a sandstone
which is similar in lithology to the Coconino Sandstone and comprises the lowermost part of the
Coconino aquifer system. The remainder of the Supai Formation consists of interbedded mudstone
and sandstone strata with a few thin beds of limestone, and is believed to be an aquitard. Although

Woody Mountain wells bottom prior to completely penetrating the Supai, thicknesses of approximately
1500 feet have been established by measured sections near Sedona, Arizona, and by logs oil test
wells in the Flagstaff area (McGavock, 1968). The Redwall Limestone is believed to extend from
3100 to 3400 feet in depth below the land surface in the Woody Mountain well field and is the aqui-
fer for large springs which discharge into the Verde River and into the Grand Canyon. The Redwall

Limestone is a potential aquifer in the Flagstaff area.

The Oak Creek Fault trends north -south, and is downthrown approximately 400 feet on the east
side. Antithetic faulting near the Oak Creek Fault inclines strata of the downthrown block down-

ward toward the Oak Creek Fault and creates a structural trough. Transverse faults cut the Oak
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Creek Fault and provide additional fractures in the Coconino aquifer. The most prominent transverse
fault is the northwesterly trending Dunnam fault. Other transverse faults are the northeasterly
trending Woody Mountain fault and the north -south trending Graben fault. Figure 4 is a hydro -
geological section of the Woody Mountain well field and shows subsurface hydrogeological relations.

Groundwater contours of static water level conditions in the Woody Mountain area are shown on
Figure 5 and indicate that the well field is recharged from the southwest and discharges to the
northeast. A groundwater divide occurs south of the well field.

WOODY MOUNTAIN WELL FIELD

Between 1954 and 1968 six cased wells numbered WM -1, WM -2, WM -3, WM -4, WM -5, and WM -6 were
constructed near Woody Mountain. The wells range in depth from 1,515 to 1,712 feet and presently
(1975) have a combined potential discharge of 3.3 million gallons per day (mgpd). WM -1 and WM -3
penetrate the Supai Formation. WM -2, WM -4, WM -5, and WM -6 bottom in the Coconino Sandstone. All

Woody Mountain wells are equipped with submersible electric pumps.

LONG -TERM PUMP TEST

A long -term test of the Woody Mountain well field was begun on April 10, 1972 after pre -test
water levels had been monitored and recorded. Wells were individually turned on at eight to seven-
teen day intervals. By May 20, 1972 four wells (WM -2, WM -3, WM -4, and WM -6) were operating. WM -1

and WM -5 were not pumped and served as observation wells. The pumping phase was completed on
November 4, 1972. During the pumping phase, measurements were made of pump discharge, water level,
temperature, and conductance. Water levels were measured during the recovery phase which continued
into 1973. Data were obtained for other factors which include power failures, precipitation, and
barometric pressure. A summary of water level drawndown and recovery data is listed in Table 1.

ANALYSIS

After the pumping and recovery phases of the test were completed, water level drawdown and
water production data were analyzed to determine specific capacities, coefficients of transmissi-
bility and storage of the aquifer, and interference effects. Specific capacities of the pumped
wells ranged from 1.53 gpm /ft for WM -6 to 4.95 gpm /ft for WM -3.

COEFFICIENT OF TRANSMISSIBILITY

Drawdown and recovery data were used to compute transmissibility using the methods of Theis
(1935) and Jacob (1950). The graphic plots of drawdown and recovery data indicated a series of
line segments, each of which was used to compute transmissibility. The computed values ranged from
4,600 to 33,500 gallons per day per foot (gpd /ft). The largest transmissibility values were com-
puted using early data from pumped wells and using data from observation wells. The smaller values
were computed using late data from pumped wells. The smaller values are attributed to the influence
of turbulent water flow which occurs in fractures adjacent to the well bore.

The most reliable transmissibility values are believed to be those determined using the obser-
vation well data and using early drawdown and recovery data which was collected prior to the time
when the influence of turbulent flow became large. The average areal coefficient of transmissi-
bility for the Coconino aquifer at Woody Mountain is estimated to be 30,000 gpd /ft.

COEFFICIENT OF STORAGE

The coefficient of storage of the Coconino aquifer at the Woody Mountain well field was com-
puted from drawdown and recovery data using both the Theis and Jacob methods of analysis. Only
data from observation wells were used in computations for coefficient of storage. The computed
values ranged from 7 to 9 percent using data from WM -1 and from 8 to 9 percent using data from WM -5.
It is believed that recharge during the pump test influenced water levels in the aquifer and that
the coefficient of storage computed may be larger than the true value. The coefficient of storage
for the Coconino aquifer at Woody Mountain is estimated to be 5 percent.
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INFLUENCE OF INTERFERENCE

Interference in the Woody Mountain well field was measured directly in the observation wells
and was found to be 13.1 feet in WM -1 and 12.5 feet in WM -5 at the end of the pumping phase of the

test. Computations were made using coefficients of transmissibility of 30,000 gpd /ft and storage
of 5 percent. The theoretical interference at WM -1 was computed to be 13.5 feet, and at WM -5 was
computed to be 14.0 feet.

The similarity of measured and computed interference confirms the computed magnitude of the
aquifer coefficients and also allows computation of interference effects of each Woody Mountain
well at other wells. The results of theoretical computations, assuming all Woody Mountain wells
were pumped are given in the following table.

PUMPING
WELL

PUMPING
RATE (GPM)

INTERFERENCE (IN FEET) AFTER 200 DAYS OF PUMPING
WM -1 WM -2 WM -3 WM -4 WM -5 WM -6

WM -1 280 -- 3.8 3.8 2.4 1.5 0.9

WM -2 300 4.1 -- 2.9 4.0 2.5 1.5

WM -3 400 5.3 3.9 2.3 1.5 0.6

WM -4 450 3.8 6.0 2.7 -- 6.0 3.6

WM -5 400 2.1 3.3 1.5 5.3 -- 3.9

WM -6 560 1.7 2.7 0.9 4.4 5.4

TOTAL 2390 17.0 19.7 1.8 T87 16.9 10.5

Interference becomes greater with increased time of pumping, with higher rates of pumping, and with
closeness of the interfering wells. Analysis of data for the Woody Mountain well field indicates
that interference would be negligible between wells spaced at distances greater than 6,000 feet for
pumping periods as long as two hundred days.

WATER LEVEL CONTOURS

The drawdown of water levels -in the Woody Mountain well field after 208 days of pumpage is

shown on Figure 6. Although the change in position of water level contours indicating maximum
drawdown (Figure 6), as compared to the static water levels (Figure 5), is small, the pumping levels

in the wells were significantly lower than predicted by theoretical computations. The difference

between computed and measured pumping levels is believed to result chiefly from dewatering and
from turbulent flow associated with fractures in the aquifer. The performance of the portion of
the aquifer in which turbulent flow occurs cannot be assessed using presently available data.

Figure 6 shows the composite effect of the pumping wells on water levels in the Coconino aqui-
fer at the conclusion of the pumping phase of the long term test. The positions of the drawdown

lines were computed, and were verified by comparison with actual drawdown in the observation wells.
Only the less steep portions of the cones of depression around the pumped wells were used to con-
struct the composite cone.

It may be noted that the composite cone of depression shown on Figure 6 did not reach the
groundwater divide which lies south of the Woody Mountain field. The total pumpage was also not
sufficient to change the northeasterly pattern of groundwater flow away from the well field. These

relations indicate that recharge to the Woody Mountain well field area is in excess of withdrawals.

INFLUENCE OF FAULTS AND FRACTURES

The influence of stratigraphic off -set on the Oak Creek Fault was anticipated to be evident in
the analysis of the pumping test of the aquifer; however, no significant effects on water levels
have been attributed to this off -set. Some increases in drawdown rate, which have been attributed
to decrease in saturated thickness and hence to increased turbulent flow losses, may possibly be
due to stratigraphic off -set.

Particular attention was directed to determining the effect of stratigraphic off -set along the
Oak Creek Fault, or alternatively, to determining the effect of recharge into the well field from
groundwater located in the highly permeable zone immediately adjacent to the Oak Creek Fault.
Neither effect was evident in the water level data plots. An effect due to a partial negative
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boundary caused by stratigraphic off -set is, in theory, indicated by an abrupt steepening of the
drawdown data on a Jacob plot. The point in time which the data plot steepens may be related
mathematically to the distance from the well to the negative boundary. Distances to boundaries
indicated by the Jacob plots did not correspond to distances to mapped faults, including the Oak
Creek Fault. Conclusions reached are:

1. The steepening segments of water level data on the Jacob plots are probably due to
turbulent flow in the parts of the aquifer near the pumping wells rather than to
negative boundaries caused by stratigraphie off -set.

2. The effect of off -set on the Oak Creek Fault may be balanced by the recharge
effect of groundwater located in the highly permeable zone adjacent to the Fault.

EXPANSION OF WOODY MOUNTAIN WELL FIELD

The locations of additional Woody Mountain wei's are based on geologic data and prediction of
intensely fractured areas where the Coconino aquifer is downthrown by the Oak Creek Fault and
supplemental faults. These criteria indicate that motential well locations could be selected north
or south of the existing Woody Mountain well field.

The selection of future well sites is also dep':edent upon hydrologic data to indicate locations
where the water table is at an elevation which woul7. permit utilization of maximum saturated thick-
ness. Inspection of Figure 5 indicates that the water table is at a maximum elevation south of the
existing Woody Mountain well field. Using both geologic and hydrologic data, the optimum locations
for future wells are south of WM -6 at the locations shown on Figure 6.

CONCLUSIONS

The salient conclusions from the Woody Mountain water resources study are:

1. The average coefficients of transmissibility and of storage of the principal
aquifer are approximately 30,000 gpd /ft and 0.05 respectively.

2. Drawdcwn in Woody Mountain wells in greater than predicted using theoretical
calculations due to turbulent flow near the well bore in the fractured Coconino
aquifer.

3. Computed interference between pumped wells in the Woody Mountain well field
ranges from 10.5 feet to 19.7 feet after all wells are pumped continuously
for 200 days. Interference would be negligible between wells spaced at dis-
tances greater than 6,000 feet for pumping periods as long as two hundred days.

4. The negative boundary effect of off -set on the Oak Creek Fault may be balanced
by the recharge effect of groundwater located in the highly permeable fractured
zone adjacent to the fault.

5. The quantity of recharge water to the Woody Mountain well field is greater than
withdrawals from wells.
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CHEMISTRY OF EFFERVESCING GROUNDWATER
FROM MUNICIPAL WELLS, FLAGSTAFF, ARIZONA

John C. Germ and Errol L. Montgomery
Northern Arizona University, Flagstaff

INTRODUCTION

Gases effervesce from groundwater produced from specific wells in Flagstaff's Lake Mary and
Woody Mountain municipal well fields. Degassing was first noted at the Lake Mary well field in
1962 when Lake Mary well number 1 (LM -1) was placed into production, and later noted at the Woody
Mountain well field in 1972 when Woody Mountain well number 5 (WM -5) was placed into production
following rehabilitation. The locations of the well fields and of other sources of water for
Flagstaff are shown on Figure 1.

HYDROGEOLOGICAL CONDITIONS

The Lake Mary well field is located approximately eight miles southeast of Flagstaff on the
west and downthrown side of the Anderson Mesa Fault. The sequence of rock units, in descending
order, at the Lake Mary well field is: alluvial and colluvial deposits, the Kaibab Limestone,
the Coconino Sandstone and the Supai Formation. Subsurface hydrogeological relations at the Lake
Mary well field are shown on Figure 2. The Woody Mountain well field is located about six miles
southwest of Flagstaff on the east and downthrown side of the Oak Creek Fault. The sequence of
rock units, in descending order, at the Woody Mountain well field is: alluvial and colluvial
deposits, lava -flow rocks, the Moenkopi Formation, the Kaibab Limestone, the Coconino Sandstone,
and the Supai Formation. Subsurface hydrogeological relations at the Woody Mountain well field
are shown on Figure 3. -Both well fields produce groundwater from the Coconino Sandstone aquifer
(Harshbarger & Carollo, 1972).

Recharge to the Coconino aquifer occurs as infiltration from snow melt, from ephemeral
stream flow, and from ephemeral and perennial lakes which include: Lower Lake Mary, a perennial
lake adjacent to the Lake Mary well field, and Rogers Lake and Dry Lake, which are ephemeral lakes
located near the Woody Mountain well field. Recharge water moves easily through the highly
permeable Kaibab Limestone which contains many fractures that have been enlarged by solution.
The Coconino Sandstone is poorly permeable except where extensively fractured by faulting similar
to that adjacent to the Oak Creek and Anderson Mesa Faults.

CHARACTER OF EFFERVESCING GROUNDWATER

After being discharged from the well, the effervescing water appears milky with the gas
remaining in suspension for several minutes. A fizzing sound is audible for a few minutes while
a sample from LM -4 legases. A pulsation or surging sound is noted when the wells which produce
effervescing groundwater are being pumped. Rates of effervescence change with duration of
pumpage and with pump discharge rate.

Gases which effervesce from groundwater in storage in the Coconino aquifer yield bubbles
that may fill interstices and may reduce permeability in the aquifer. Reduced permeability
results in a decrease in specific capacity for a pumped well. Decreases in specific capacity are
reported at LM -2 and are believed to result from reduction of permeability in the Coconino aquifer.

COLLECTION OF GAS SAMPLES

Samples of the effervescing gas were first collected in an evacuated 500 or 1,000 milliliter
(ml) glass bulb. The bulb was connected to a faucet at the well -head with a hose which was fitted
with a three -way stopcock. The stopcock was used to purge the hose of air. During collection of
the sample, the bulb was filled approximately one -half full with gas- charged water. A slight
residual vacuum allowed the water in the sample bulb to further degas after collection, but caused
injection of the gas sample into a gas chromatograph to be difficult.

A modified procedure, in which the effervescing water was displaced by the effervesced gas,
was more successful. The gas samples were later displaced with distilled water during injection
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into a gas chromatograph. A dead -air space which is estimated to be one -to -two milliliters is

associated with each of three stopcocks and causes a slight contamination.

ANALYSIS OF GAS AND WATER SAMPLES

Initial identification of the gas was made by mass spectrometry. The principal constituents

of the effervescing gas were found to be nitrogen, oxygen, and argon. Initial identification

using mass spectrometry also made the design of the quantitative gas chromatographic analysis

technique possible.

Gas samples from three wells (LM -2, LM -4, and WM -5) were analyzed for quantities of nitrogen,

oxygen, and argon using a gas chromatograph. Air was used for the calibration standard. The

results of these analyses are summarized in Table 1.

Water samples from LM -2, LM -4, WM -1, WM -4, WM -5, WM -6, Rogers Lake and Lower Lake Mary were

also analyzed. Cations were quantitatively identified by atomic absorption spectrophotometry.

Results of analyses of water samples are given in Table 2. Amounts of dissolved oxygen were

determined using the Modified Winkler Method of iodometric titration (EPA, 1971). Amounts of

dissolved carbon dioxide were calculated using results of alkalinity measurements. Results of

analyses for dissolved gases are given in Table 3.

DISCUSSION

Groundwater from the Coconino Sandstone aquifer at the Flagstaff municipal well fields is
classified as calcium magnesium bicarbonate sulfate water using the dominant ion classification

of Davis and DeWiest (1966). The ion content of the groundwater samples is similar to other
samples from the Coconino aquifer in the Flagstaff area (McGavock, 1968).

Inspection of the results of analyses of gas samples collected at Flagstaff municipal wells
shows that the gas is sufficiently similar to air to indicate that the effervescence results from

entrapped or dissolved atmospheric air. The source of the air is not known; however, the source

is believed to he air which occurs in the upper Dart of the Coconino. above the water table.
This air may be trapped during periods when recharge occurs, between the water table and a body

of recharge water which temporarily saturates the uppermost Coconino. This mechanism may pro-

vide large hydrostatic pressures which are adequate to cause large amounts of air to go into

solution. When pressures are subsequently reduced, is the area of the cone of depression around
a pumped well or in the discharge column of a pumped well, the dissolved air comes out of solution.

Lake Mary is a principal source of recharge and may provide conditions during recharge for

entrapment of air in the uppermost Coconino. All Lake Mary wells lie down -gradient from this

recharge source and all Lake Mary wells pump effervescing groundwater. Rogers Lake is believed

to be a local recharge center for the Woody Mountain well field and may provide air entrapment

conditions. The Woody Mountain wells which lie directly down -gradient from Rogers Lake do not
pump effervescing groundwater; however, IWM -5 does pump effervescing water and penetrates rocks
which are fractured adjacent to the Dunnam fault which is believea to provide a high permeability
path through the Coconino Sandstone from Rogers Lake to WM -5.

CONCLUSIONS

The salient conclusions which have resulted from this study are,

1) Gas which effervesces from groundwater from Flagstaff municipal wells is derived from

dissolved atmospheric air.
2) Groundwater from the Coconino aquifer at the Flagstaff municipal wells is classified

as calcium magnesium bicarbonate sulfate water and is similar to groundwater pumped
from the Coconino aquifer by other wells in the Flagstaff area.

3) The source of the gas which effervesces from groundwater pumped Sy the municipal wells
is believed to he air- which is trapped in the Coconino aquifer during recharge.



TABLE 1

Results of Gas Analyses in Volume Percent

DATE OF
COLLECTION WELL NITROGEN OXYGEN ARGON

14 Mar 75 LM -2 76.5 22.6 0.90

21 Mar 75 LM -2 76.7 22.2 1.1

27 Mar 75 LM -2 77.8 20.8 0.99

19 Apr 75 LM -2 78.1 21.0 0.88

25 Apr 75 LM -2 78.8 20.2 0.96

29 Apr 75 LM -2 76.5 21.1 1.2

8 May 75 LM -2 76.3 21.8 1.9

12 May 75 LM -2 81.0 17.9 1.1

18 Apr 75 LM -4 88.0 11.0 0.99

22 Apr 75 LM -4 87.5 10.1 0.96

25 Apr 75 LM -4 89.2 9.9 0.89

29 Apr 75 LM -4 88.4 9.4 1.01

8 May 75 LM -4 87.3 11.7 1.0

12 May 75 LM -4 89.8 9.0 1.2

3 Apr 75 WM -5 81.3 17.5 1.2

15 Apr 75 WM -5 77.8 20.8 1.3

16 Apr 75 WM -5 79.9 19.0 1.1

17 Apr 75 WM -5 79.2 19.8 0.95

12 May 75 WM -5 82.2 16.6 1.0
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Table 3

DATE OF
COLLECTION

Results of Analyses for Dissolved Oxygen and
Carbon Dioxide in Milligrams per Liter

SOURCE OXYGEN CARBON DIOXIDE

25 Apr 75 LM -2 N.D. 5.1

29 Apr 75 LM -2 N.D. 8.1

7 May 75 LM -2 26.9 4.6

12 May 75 LM -2 28.0 7.1

22 Apr 75 LM -4 N.D. 1.5

25 Apr 75 LM -4 N.D. 1.3

29 Apr 75 LM -4 N.D. 2.5

7 May 75 LM -4 17.8 1.1

12 May 75 LM -4 11.7 1.4

1 May 75 WM -1 N.D. 1.1

8 May 75 WM -1 21.7 1.7

12 May 75 WM -1 21.5 1.1

8 May 75 WM -4 20.7 1.1

12 May 75 14M -4 20.4 1.1

8 May 75 WM -5 26.7 1.2

1 May 75 WM -6 N.D. 1.0

8 May 75 MM -6 23.1 1.1

12 May 75 WM -6 21.0 1.6

1 May 75 Rogers Lake N.D. 0.4

8 May 75 Rogers Lake 20.7 0.7

12 May 75 Rogers Lake 22.0 0.4

7 May 75 Lower Lake Mary 24.7 0.1

12 May 75 Lower Lake Mary 24.7 0.1

N.D. = Quantity Not Determined
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TRANSFORMATIONS IN QUALITY OF RECHARGING
EFFLUENT IN THE SANTA CRUZ RIVER

by

L. G. Wilson, R. A. Herbert and C. R. Ramsey

INTRODUCTION

Since 1955 secondary treated effluent from the City of Tucson Treatment Plant has been released
to the Santa Cruz River, the principal drainage tributary of the Tucson Basin. Because the river is
ephemeral, it has functioned essentially as an artificial recharge facility for sewage effluent. For
example, in Fiscal Year 1973 -1974, the total volume of effluent released to the river channel was
about 34,460 acre -ft (Dye, 1974). Assuring 90% recharge (Davidson, 1973), the total volume of ef-
fluent artificially recharged amounted to about 31,000 ac -ft. Such recharge has affected not only
the groundwater levels in the vicinity of the river but also water quality (ibid.). Recharge of
nitrate is of particular concern.

An investigation, in progress since 1973, involves studying the interactions between effluent
infiltrating into the Santa Cruz River and the deposits within two landfills, which adjoin the river.
A monitoring program associated with the investigation involved constructing sampling wells in the
vicinity of the landfills. As it turned out, samples from the well system near the upstream land-
fill (the Ruthrauff Rd landfill) indicated certain transformations in chemical and microbial quality
of recharging sewage effluent. This paper reviews results of the sampling program in the Spring of
1974, with particular emphasis on transformations in nitrogen.

MONITORING PROGRAM

SAMPLING LOCATIONS

The Ruthrauff Sanitary Landfill, managed by The Pima County Department of Sanitation, is located
about 0.5 miles downstream of the outfall from the City of Tucson Treatment Plant (see Figure 1).
The relative locations of five sampling sites in the vicinity of the landfill are shown on Figure 1.
Samples of surface water were obtained directly from the Santa Cruz River, about 0.5 miles downstream
of the Ruthrauff Road bridge. The landfill well, installed at the base of the landfill in an area
not yet covered with refuse, consists of a 16 ft section of 2 inch diameter PVC pipe, with a screened
well point. This well taps a perched water table, which appears to have developed on a caliche lay-
er, within the zone of aeration. Apparently this perched layer and the river are hydraulically con-
nected - an inference based on the observation that the water level in the well responds to discharge
events in the Santa Cruz River. When the well was installed, the water level in the unit was about
25 ft below a reference point in the river channel.

The site designated "city well" represents a 95 ft well, installed by the City of Tucson next
to the Santa Cruz River. The well is about 1.5 inch I.D., constructed from drill stem with an open,
unscreened end. The water level in the unit was about 71 ft below the river channel when the well
was first installed.

The "downstream control well ", also installed by the City of Tucson, is 105 ft deep, and the
initial water level was about 72 ft below the Santa Cruz River channel. The "downstream control
well" is about 1000 ft west of the "city well ".

Hydrologist and Research Assistant, respectively,
in the Water Resources Research Center; and Graduate
Assistant in Research, Department of Soils, Water and Engineering,
The University of Arizona, Tucson.

169



\\\\\ LL WEL

CITY WELL

DOWNSTREAM

CONTROL WELL

UPSTREAM CONTROL
WELL

2 MILES

F1ß.1
SAMPI.MS LOCATIONS, RUTHRAIP LANDFILL SITE

The "upstream control well ", another City of Tucson well, was installed about 1.5 miles upstream

of the outfall from the City of Tucson Treatment Plant. The rationale for installing the well at
this location was that water samples would represent indigenous groundwater quality. This well is

120 ft deep.

SAMPLING PROCEDURES AND ANALYSES

In the Spring of 1974, 24 -hour composite samples were obtained from the Santa Cruz River five
times a week. The landfill well was sampled three to five times a week. The deeper wells were sam-

pled once a week. Water levels were measured in each well prior to sampling.

Samples intended for analyses of nitrogen series were preserved with mercuric chloride and
stored at 40 C.

Analyses on samples included: Specific conductance, pH, sodium, potassium, calcium, magnesium,
chloride, carbonate, bicarbonate, sulfate and hardness. Nitrate -N, nitrite -N and ammonia -N were de-

termined via a steam distillation method reported by Bremner (1965). As a check, ammonia -N together

with organic -N were determined via the Kjeldahl method.

Total and fecal coliform levels in river and well samples were measured periodically via the
Millipore membrane filter technique.

HYDROGEOLOGICAL FEATURES

Sediments underlying the monitoring site are more or less typical of alluvium in the Tucson
Basin. Specific geologic units and their water bearing properties are thoroughly reviewed by David-
son (1973). Surficial deposits in the zone of aeration may have transmissivity values in excess
of 150,000 gpd /ft (ibid.).

Analyses of auger samples taken during construction of the City of Tucson wells reflect the
variability of surfícial deposits within the zone of aeration (Davis, 1975). For example, samples
from the site of the "city well" manifested coarse deposits ( "gravelly sand with silt ") to about 40

ft below land surface, with underlying deposits to 85 ft being highly stratified and defined as
"gravelly- clayey- sand ". Silt plus clay averaged about 5% in materials to 40 ft and 30% in deeper
materials. In addition, the driller encountered an apparent perched water table at about 60 ft
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(ibid.). Caliche beds were encountered during installation of the "downstream control well ".

A prominent feature of shallow river bed materials, downstream of the treatment plant, is the
presence of an illuviated, black deposit (Sebenik, 1972). Apparently, this deposit consists of re-
duced forms of iron and sulfate, together with organic materials. Incidentally, such deposits pene-
trate soils underlying oxidation ponds (Deming, 1963). In time, the black deposit may promote the
formation of a shallow, perched water table.

RESULTS AND DISCUSSION

GENERAL RESULTS

Mean values of the various water quality parameters from the five sampling locations during the
period January 1, 1974 to May 30, 1974, are shown on Table 1. These values represent the means of
the following total number of samples: Santa Cruz River, 67; landfill well, 20; city well, 19;
downstream control well, 19; upstream control well, 11.

Mean values of chloride in samples from the river, landfill well and city well were about the
same, suggesting a common source - sewage effluent in the river. Chloride concentrations in the
downstream well averaged about 20 mg /1 less, and in the upstream well almost 100 mg /1 more, than in
the three locations in and near the river. Trends in chloride concentrations are shown on Figure 2.
The lower values in the downstream well may represent dilution with good quality underflow from the
Tucson Mountains, immediately to the west. The higher levels of chloride in the upstream well may
reflect the passage of a wave of poor quality water, possibly leachate from an upstream sanitary
landfill or industrial effluent recharged in an upstream artificial recharge pit.

Substantially higher concentrations of calcium, magnesium, and bicarbonate were observed in
landfill well samples than in river water. Lesser increases were observed in samples from the city
well. Possibly these increases reflect the dissolution of native (relict) salts during infiltration
of sewage effluent (Laney, 1972). In contrast to calcium, magnesium and bicarbonate, the mean con-
centrations of sulfate were less in well samples than in river samples. Possibly, reducing condi-
tions in the near -surface stream deposits promote the formation of hydrogen sulfide from the sulfate
present in effluent.

Excessive levels of total and fecal coliform were present in river samples (e.g. maximum total
col iform was 675,000 colonies per 100 ml). Because of filtration through shallow surficial deposits,
the corresponding values in well samples, including those from the shallow landfill well, were gen-
erally within the limit of recommended public health tolerances.

NITROGEN TRANSFORMATIONS

During the monitoring period, the total nitrogen levels in well samples were markedly lower, on
the average, than corresponding levels in river samples. For example, using the values in Table 1,
total nitrogen in samples from the landfill well averaged only 210 of the total -N in river samples.
Therefore, 790 of the total -n originally present in the effluent infiltrating into the river channel
was lost in transit to the landfill well. Similarly, 881, of the total -N of recharging effluent was
lost between the river channel and the sampling region of the "city well ".

Trends in total -N in the river, landfill well and city well samples are shown on Figure 3. The
disparateness of total -Il values between river samples and well samples is evident on this figure.
Peaks in total -II of river samples possibly reflect the release of sludge or supernatant from the
treatment plant into the river. Of interest on the figure is the gradual decrease in total -N in the
river samples as the season progressed, whereas, the corresponding values for the well samples oscil-
lated about their means. Assuming the total -n of raw sewage entering the treatment plant remains
constant, the decrease in total -d in treated effluent represents a seasonal loss in transit within
the facility.

Trends in iä13 -ìl in samples froc, the river, landfill well and city well are shown on Figure 4.

Again, the illi3 -il levels ire the river tended to greatly exceed the corresponding values in the wells,

at least until about the middle of March. Thereafter, NH3 -N decreased in the river samples. This
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TABLE 1.

MEANT WATER QUALITY VALUES,
LANDFILL PROJECT, 1974

Santa Cruz
River

Landfill
Well City Well

Downstream
Control Well

Upstream
Control Well

EC

(mmho /cm)

phi

1.09

7.71

1.17

7.23

1.53

7.43

0.94

7.08

1.56

7.06

NH3 -9* 22.91 2.05 1.05 0.67 2.2G

302/903 -3 1.43 2.57 0.86 0.49 0.94

KJN 30.69 4.34 2.87 2.63 3.92

Total -îl 32.12 6.91 3.73 3.12 4.86

Na 129.27 129.36 130.54 102.31 190.25

K 15.65 12.50 12.25 12.60

Ca 55.15 94.25 70.80 69.75 116.87

Mp 8.32 13.41 9.33 13.25 24.12

Cl 102.22 104.20 103.40 84.00 200.40

HCO3 266.93 427.17 297.17 263.33 307.83

SO4 154.00 100.00 87.00 135.00 249.00

*All constituents below 7H3 -fi are in mg /1.

FIa. 2
CHLORIDE LEVELS IN THE SANTA CRUZ RIVER AND

2301 NEARBY OBSERVATION WELLS
SPRING 1974

190 ¡ UPSTREAM CONTROL WELL-.

,- LANDFILL WELL

CITY WELL

DOWNSTREAM CONTROL WELL-
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decrease suggests that ammonia volatilization may have occurred during transit of effluent within
the plant site, and /or that nitrification increased during the season. Both reactions are tempera-

ture dependent.

Figure 5 illustrates the trends in NO2 -N + 503 -N levels at the three sites. Note the change in

ordinate scale between this figure and Figures 3 and 4. For the initial period, 302 -N + îV03 -N con-

centrations were higher in the landfill samples than in either the river or city well. The peak

value in the landfill well nay correspond to the high total -N values in the river. The trend re-

versed after about March 15, with nitrate levels increasing in the river. As indicated above, nitri-

fication was probably enhanced by the increasing springtime temperatures. The mean NO2 -S + NO3 it

values in the city well was only 2.63 mg /1, considerably below the recommended limit of 10 mg /1 for

drinking water.

FACTORS AFFECTING NITROGEN TRANSFORMATIONS

Results of the monitoring program in the vicinity of the Ruthrauff landfill suggest that during
the observation period, recharge of effluent from the river did not contribute a substantial amount

of nitrogen to groundwater in the area. In fact, if nitrogen values in the upstream control well,

with a mean total -ii value of 4.86 mg /1, are representative of indigenous groundwater quality, total -N
actually may have been reduced as a consequence of recharge. Naturally it is not possible to extra-
polate these results to other downstream sites - similar monitoring programs will be required, par-

ticularly in the vicinity of farming areas.

Possible mechanisms responsible for the marked loss in total -N during recharge of effluent from
the river include nitrogen volatilization, together with nitrate assimilation, sorption and fixation

of ammonia on clays and organic matter.

Ammonia volatilization is governed by the reaction (Stratton, 1968):

Idi3 + I120 NH4+ + 0Il-

A pH increase causes a shift to the left and ammonia gas is evolved. According to Stratton (ibid.)
under favorable temperatures and pll conditions substantial gaseous evolution of ammonia may occur in

stream channels. However, Nilson (1974) found little difference ir, total -N levels in river samples

taken at Ruthrauff Road and at a sampling site 4 miles downstream, suggesting that ammonia volatili-
zation was not active in the reach.

Denitrification involves the reduction of nitrate to gaseous nitrogen compounds, via the activ-
ity of heterotrophic microorganisms, in an environment with low dissolved oxygen (0.0.) and an avail-

able source of energy. jitrification and denitrification may occur simultaneously in a system

(Keeney, 1973). For example, nitrification of added N11 -N has been observed in the surface layers
of rice paddy soils, with denitrification of NO3 -il subsdquently occurring in the anaerobic subsurface

layers (ibid.).

Denitrification may have been a significant mechanism for the loss in total -N observed during
the monitoring study. In particular, the presence of a water table within surface deposits is ideal
for promoting denitrification. As indicated earlier, this water table apparently develops upon a
layer clogged by the eluviation of reduced iron and sulfate, and organic substances. However, a pre-

requisite for denitrification is that ammonia be nitrified to NO3-N, and this step requires adequate

aeration. Such aeration may be promoted in surface deposits by the diurnal fluctuations in effluent
discharge rate. The presence of an oxidized surface layer and anaerobic underlying region is
thus analogous to the conditions in rice paddies. For denitrification to proceed in the water table

an energy source is also needed for the heterotrophic organisms. Studies by Sebenik (1975) suggest
that sufficient organic carbon is present in shallow layers to serve as such an energy source.

In addition to denitrification, nitrate may also be reduced by microorganisms when used as a
nutrient source, i.e., during "nitrate assimilation" (Alexander, 1961). Many researchers feel that

assimilation may be negligible compared to denitrification in most soils (Keeney, 1973). Insuffi-

cient data are available, however, to quantify the importance of the mechanism in this study.
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Ammonia passing into the anaerobic region underlying the stream channel may be sorbed on the
cation -exchange complex of clays and organic matter and /or fixed within the crystal lattices of clay
mineral and on organic matter. Adsorption of ammonia may not be too significant a mechanism for the
observed decrease in total -h at the monitoring site because of the continued presence of an anaerobic
zone: Patrick and Hahapatra (1968) found that the ammonia ion is displaced from the exchange complex
by ferrous and manganous ions in water -logged soils as reducing conditions increase.

Clay minerals in the Tucson Basin are primarily of 2:1 structure, such as illite and montmorillo-
nite with some of 1:1 structure such as kaolinite. Fixation of NH3 -N is greater on the 2:1 types

than on the 1:1 types. However, according to Nomnik (1965) fixation on illitic clays is markedly
affected by K saturation, and montmorillonitic clays do not fix NH3 -N under wet conditions. Fixation

is increased by an increase in organic matter in soils (ibid.). Consequently, if organic matter in-
creases in river sediments during infiltration of effluent, fixation of 11H3 -N might also be expected
to increase. At this time, data are not available on the relative importance of NH3 -ìl fixation on
clays or organic natter at the monitoring site.

Trends observed in the Spring of 1974 were not continued into the fall of 1974. In particular,

the loss in total -ïl was markedly diminished. Scouring of riverbed deposits by discharge events in
the summer of 1974 possibly destroyed the black, anaerobic layer eliminating the shallow water table
observed in the Spring. Conceivably, as the layer redevelops conditions favoring denitrification
will be reestablished.

SUMMARY AND CONCLUSIONS

As part of a groundwater monitoring program in the vicinity of the Ruthrauff Rd landfill and
the Santa Cruz River of southern Arizona, observations were made on the transformation in quality of
effluent recharging from the river. Samples were obtained in the Santa Cruz River about 0.5 miles
downstream of theCity of Tucson Treatment Plant; from a shallow well terminating within a perched
water table in the 70 ft thick zone of aeration; and from a deeper well tapping the surface of the
main water table. A downstream control well, also reaching to the water table, was sampled to pro-
vide data on groundwater quality west of the river. Similarly, a well upstream of the Treatment
Plant outfall was sampled to indicate "indigenous" groundwater quality.

It appeared that "indigenous" groundwater quality was poorer in general than groundwater down-
stream of the treatment plant or to the west. For example, chloride in the upstream well was almost
twice that in samples from downstream wells. A wave of poorer quality water may have been moving
through the upstream site at the time of observation. In comparison to the other wells, quality was
substantially better in the downstream control well. Possibly low salinity groundwater moving in
from the Tucson Mountains promoted dilstion with indigenous groundwater and westerly -migrating, re-
charged effluent.

in both the shallow well and deeper well near the river, an increase in calcium, magnesium and
bicarbonate over river effluent possibly manifested the dissolution of relict salts. Sulfate levels

decreased in samples from these wells, compared to river samples. It is hypothesized that sulfate

was reduced in an anaerobic zone within river bed deposits.

Although high concentrations of both fecal and total conform were observed it river effluent,
corresponding levels in well samples were within allowable limits.

The most interesting and significant observation of the study was the substantial difference in
total -íi between river samples and the shallow and deeper test wells. For example, an apparent loss

of 79. in total -ri was observed is the shallow well and 88% in the deeper well. Possible mechanisms
for these losses include, ammonia volatilization, denitrification, assimilatory reduction, adsorption
of Ihl4 on the exchange complex of clays and organic matter, and fixation on clays and /or organic

matter. Of these mechanisms it is speculated that denitrification was the most significant in caus-
ing the observed losses in total-N. Conceivably, diurnal changes in effluent discharge rates would
permit the development of an oxidized surface layer such that nitrification could proceed. Subse-

quently, denitrification would occur within a shallow water table which developed above an illuviated
layer of reduced iron, sulfate and organic material.

The study illustrated the value of monitoring in the zone of aeration vis a vis determining the
possible sources of nitrate in groundwater. Thus, for the period of monitoring in the vicinity of
the Ruthrauff landfill, it appears that recharge of sewage effluent in the river did not contribute
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nitrate to native groundwater supplies. Similar studies downstream, however, may produce entirely

different results.
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SALT BALANCE IN GROUNDWATER OF THE
TULARE LAKE BASIN, CALIFORNIA

by
Kenneth D. Schmidt

INTRODUCTION

The Tulare Lake Basin (Figure 1) is located in the southern portion of the San
Joaquin Valley and the adjoining Sierra Nevada. Only the valley floor portion of the
basin is of direct concern in this discussion, and it is hereafter referred to as the
"Tulare Lake Basin ". The basin is bounded by the Sierra Nevada Mountains on the east,
the Coast Range Mountains on the west, and other mountain ranges on the south. The
San Joaquin River bounds the basin on the north and is considered to be outside of
the basin. Over five million acres are intensively farmed in the basin at present,
and Fresno and Kern Counties lead the nation in value of gross farm products.

Abundant precipitation on watersheds of the western Sierra Nevada produces most
of the surface flow water supply to the basin. Historically, much of the surface
flow was to lake beds on the valley floor, namely Tulare Lake southwest of Fresno and
Buena Vista and Kern Lakes near Bakersfield. Most of the precipitation falls in the
winter, and snowmelt in the spring and early summer results in high runoff. Dams
have been constructed on all of the major rivers to enable direct use of surface
water during the irrigation season. The basin is essentially closed hydrologically
at present, that is little surface or groundwater leaves the basin, except during
very wet years.

Historically, extensive development of irrigation in the basin resulted in ground-
water overdraft. Some of the most extensive subsidence measured in aquifer systems
of the world occurred in western Fresno County and Kern County through the late
1960's. The natural water supply has been augmented by importation of surface water
from areas to the north. The Friant -Kern Canal, on the east side of the basin, has
provided water from the San Joaquin River since 1951. The California Aqueduct was
completed on the west side of the valley and importations from the Feather River
began in the late 1960's. These water imports have more than doubled the water
supply to the Tulare Lake Basin and greatly alleviated land subsidence. The recently
completed Cross Valley Canal connects the California Aqueduct and the Friant -Kern
Canal near Bakersfield. This will allow delivery of water from the California Aque-
duct to the east side of the basin.

Prior to the importation of surface water on the west side, groundwater supplied
over two -thirds of the irrigation demand. In the near future, groundwater use will
decline to about one -half of the demand. Large urban centers occur at Fresno, Bakers-
field, and Visalia and wells are used to supply virtually all of the domestic water
use in the basin. However, agricultural use comprises over 95% of the total water
use it the basin.

Analysis of water quality problems in agricultural basins of the southwest indi-
cates that long -term salinity increases in the groundwater are perhaps the greatest
problem. Little attention has been given to groundwater quality in the past one
hundred years, rather most management decisions have been based on quantity considera-
tions. The objective of the author is to discuss concepts that need to be considered
in the future long -term management of groundwater quality in the Tulare Lake Basin.

SALT BALANCE CONCEPTS

A simple concept of salt balance in groundwater of the basin is to equate salt
input primarily in surface water and salt output primarily in surface and groundwater.

The author is a Groundwater Quality Consultant,
Fresno, California.
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This generalized concept could be highly erroneous in some basins. A better defini-
tion of "salt balance" in groundwater is that the salinity throughout the groundwater,
in a three -dimensional sense, remains relatively constant with time. Two important
factors which are poorly understood and seldom analyzed in many salt balance studies
are: 1) precipitation of salts, and 2) dissolution of minerals in the soil- ground-
water system. In the Tulare Lake Basin, these are likely major factors, as is
suggested by recent work at the U.S. Salinity Laboratory in Riverside, California.
(Rhoads and others, 1974)

In the period prior to development (circa 1850), the predominant item of salt
input was surface water runoff to the valley floor. The dissolution of mineral
matter was minimal in the sense that much of the groundwater recharge occured along
major stream channels and the mountain fronts. The primary source of salt output
from the groundwater was precipitation of salt. Precipitation of gypsum and calcium
and magnesium carbonates was widespread in areas of surface and groundwater discharge
along the valley trough and old lake beds. Gypsum is currently mined at some of
these sites and redistributed on agricultural lands as a soil amendment. Additional
salt left the basin in surface water and groundwater outflow. Man greatly altered
the system, originally by controlling much of the surface water runoff and eventually
spreading it out over large areas. This has allowed much greater dissolution of
minerals in the topsoil and unsaturated zone. The control of runoff and lowering of
groundwater levels due to pumping have reduced the salt output in water and also salt
precipitation at former points of discharge. More recently, the importation of salts
in surface water has greatly increased the salt input.

Historically groundwater quality data are sparse. However, regional sampling
was reported by Mendenhall, Dole, and Stabler (1916), Eaton (1935), Davis and others
(1959), and the California Department of Water Resources (1971). In small areas,
such as Fresno and Bakersfield, a number of annual chemical analyses for individual
wells are available, some spanning 20 to 30 years. These data are inadequate to
draw valid conclusions on trends in basin -wide groundwater salinity. However, they
do suggest that little or no increase in salinity has occurred in groundwater on the
east side of the valley.

WATER BUDGET

A study of salt balance in the basin begins with an evaluation of the water bud-
get. More than one -half of the average annual natural streamflow into the basin (3.1
million acre -feet) is supplied by the Kings River. Imported water from the Friant-
Kern Canal averages 1.2 million acre -feet per year. Imports from the California
Aqueduct were about 900,000 acre -feet in 1970, and will exceed 3 million acre -feet by
2000. Water demand for agricultural use is expected to increase by about 2.5 million
acre -feet from 1970 to 2000. Because of the increase in water demand, the total
groundwater pu:npage will not decrease. Table 1 is a groundwater budget for the Tulare
Lake Basin for 1970, 1980, and 2000.

The overdraft prior to importation of California Aqueduct water was about 2.0
million acre -feet per year, largely on the west side of the basin. The overdraft
will almost be eliminated by 1980 due to imported surface water. However, the over-
draft will be about 1.3 million acre -feet by 2000. At this time much of the over-
draft will be on the east side of the basin. The values for future water demand and
supply were derived from the Tulare Lake Basin (5D) study by the California Regional
Aater Quality Control Board (1974). It should be noted that the usable groundwater
storage in the basin exceeds several billion acre -feet of water.

SALT INPUT AND OUTPUT

In this section, it is assumed that there is no dissolution or precipitation of
salts in the system except for dissolution in the case of leaching beneath newly
developed lards. The major sources of salt input and output to the groundwater basin
must be itemized. (Table 2) Methods for calculating these items were presented by
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TABLE 1- GROUNDWATER
TULARE
(MILLION

Item_

Input:

Natural Streamflow

BUDGET FOR THE
LAKE BASIN
ACRE -FEET)

1970 1980 2000

3.1 3.1 3.1

Imported Water 2.2 4.0 4.4

Output:

Streamflow and Groundwater Outflow 0.2 0.2 0.2

Evapotranspiration 6.0 6.7 7.9

M & I Consumptive Use 0.2 0.2 0.3

Subsurface Drainage Export 0 0.2 0.4

Overdraft: 1.1 0.2 1.3
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TABLE 2-

Item

Input:

SALT INPUT TO AND OUTPUT
GROUNDWATER

(THOUSAND TONS)

1970

FROM THE

1980 2000

Precipitation 25 28 30
Streamfl ow 393 393 393
Imported Water 359 932 1,021

Soil Amendments 525 599 656
Fertilizers 194 209 233
Animal Wastes 56 61 66
Leaching New Lands 0 850 1,108

Muncìpal Wastewaters 42 48 65
Urban Runoff 8 9 10
Industrial Wastes 31 33 39
Gil Field Wastes 201 6 6

Suototal 1,834 3,168 3,527

Output:

Streamflow and Groundwater 39 112 102
Subsurface Drainage Export 0 601 1,913

Subtotal 39 713 2,015

Net Accretion: 1,795 2,455 1,515

Source: Modified from California Regional Water Quality Control Board (1974).
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California Regional Water Quality Control Board (1974). The major sources of salt
input in 1970 were soil amendments (mainly gypsum), streamflow, and imported water.
Gypsum is applied in some areas merely to increase the salinity of irrigation water
to enhance inffiltration. Oil field wastes (brines) and fertilizers were also sig-
nificant sources of salt. By 2000, the two dominant sources of salt input are pro-
jected to be leaching of relict salts beneath newly developed lands and imported
water. Other sizeable inputs are soil amendments and streamflow. By the year 2000,
total salt input will have almost doubled from 1970.

Much of the added salt load in the future will be applied on the west side of
the basin. Groundwater quality on the west side of the basin is generally inferior
compared to that on the east side. Most of the salts from the leaching of new lands
will enter groundwaters that have salinities in excess of several thousand parts per
million (ppm) at present. The impact of oil field wastes is projected to decrease
rapidly between 1970 and 1980 due to regulatory action prohibiting brine disposal
through percolation basins or stream channels.

Sources of salt output include surface water and groundwater outflow and the
export of subsurface drainage. The salt in water outflow is a relatively small item,
however the salt exported in subsurface drainage export is significant. As lands

on the west side and in the valley trough are tile drained (assuming the drainage is

collected and exported), significant quantities of salt will leave the groundwater
basin. The salt accretion (input minus output) under the foregoing assumptions is
estimated as about 1.8 million tons per year in 1970, 2.5 million tons in 1980, and
1.5 million tons in 2000. It appears that much of the increased salt brought into
the basin on the west side will be removed by the export of subsurface drainage.
However, a new accretion of salts will still occur, as in 1970.

APPARENT CHANGES IN SALINITY

Assuming no dissolution or precipitation of salt in the soil- groundwater system
except for leaching beneath newly developed lands, the salt accretions mentioned
would increase the groundwater salinity. This increase can be estimated by selection
of mixing volumes in the aquifers of the basin. The mixing volume is the body
through which the salts will be dispersed. For the portion of the valley with a wide-
spread predominant confining bed (the Corcoran Clay), the aquifer above the clay
can be used. In areas where this confining bed is absent, a zone based on water
levels and well depths can be used. The volume of groundwater in these combined
mixing volumes totals about 800 million acre -feet.

On the east side of the basin, the average groundwater salinity ranges from about
300 to 500 ppm. Water and salt balance studies for sub -basins on the east side in-
dicate that salinity would increase from about one to four ppm per year from 1970
to 2000. On the west side of the basin, groundwater salinity in the upper aquifer
averages from 3,000 to 4,000 ppm. Salinity increases would range from about 10 to
30 ppm per year from 1970 to 2000.

Due to the layered nature of the alluvium in the basin, the vertical permea-
bility is small compared to the horizontal permeability. Because the salts are
applied at the land surface in most cases, and because of this permeability distribu-
tion, the actual increases in salinity would occur primarily in the upper parts of
the aquifers.

ASSUMPTIONS IN PREVIOUS STUDIES

There are two primary items missing from the foregoing calculations. The first

is dissolution of minerals in the topsoil, unsaturated zone, and saturated zone
throughout the basin. Lysimeter studies at the U.S. Salinity Laboratory in Riverside,
California indicate that this phenomenon may be substantial in magnitude. (Rhoades

and others, 1974 and Oster and Rhoads, 1975) No valid field -scale data have been
presented for the Tulare Lake Basin on this phenomenon. Long -term changes in soil
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parameters have occurred due to leaching and fertilizer applications. For example,
the soil pH has been lowered and many bases have been leached from the soil into the
groundwater on the east side of the basin. Regional changes in groundwater salinity
along well defined flow paths in the aquifer need to be assessed in conjunction with
water quality changes in the soil and unsaturated zone. The distribution of ground-
water salinity in the Fresno area suggests that the salinity increases downgradient
due to dissolution of minerals as groundwater flows westward under the Corcoran Clay.
The increase appears to be at least several hundred ppm in concentration.

Precipitation of salt at or near the land surface was a major factor historically.
At present, some accumulation of salt is taking place in the topsoil on the east side
of the valley. Virtually no chemical equilibrium studies have been performed for
groundwater quality in the basin. These studies would provide insight into the pre-
cipitation- dissolution relationship in the aquifer.

THE LEACHING FRACTION CONCEPT

Rhoades and others (1974) discussed minimizing the salt contribution in irriga-
tion drainage waters. The salt burden of drainage water can be minimized by irriga-
ting with the smallest possible leaching fraction. Minimizing the quantity of drain -
aye water results in a minimum amount of applied salts in the return flow because it:

maximizes the precipitation of carbonate minerals and gypsum in the soil.

2) minimizes soil mineral weathering and the dissolution of relict salts
in the soil.

0) maximizes the amount of soluble salt from the irrigation water that is
retained in the soil profile.

The contribution of salt by mineral weathering is especially important for low
salinity irrigation waters. It is also significant for waters of higher salinity at
high leaching fractions. Lysimeter studies indicate that the annual salt return can
be reduced by about 1 to 5 or more tons per acre by decreasing the leaching fraction
from 0.3 to 0.1. Current leaching fractions average about 0.5 or more on the east
side of the basin and about 0.3 on the west and south parts of the basin. The con-
cept of reducing salt return in drainage water is an imaginative approach that could
become the major method of groundwater salinity control in the basin. However,
field -scale tests are necessary before applying this concept on a large scale. Also,
there is no reason why it should be applicable throughout the basin.

FUTURE GROUNDWATER MANAGEMENT

Groundwater quality management is closely related to surface water and ground-
water quantity management. In the past, inefficient irrigation in the basin has been
rationalized on the basis that:

1) none of the excess applied water escapes, since it is in a closed basin.

2) the excess applied water is a source of recharge when surface water is used.

Improving irrigation efficiency could produce the following benefits:

1) positive impact on groundwater quality.

2) more efficient use of fertilizers and soil amendments.

3) energy savings, because allowing excess water to percolate necessitates
that it later be pumped to the land surface for use.

4) less imported water (and salt) would be necessary.

183



5) groundwater overdraft could be decreased, because evaporation losses could
be reduced with more efficient irrigation.

Besides more efficient use of water, watershed management could be practised to
increase runoff on the watershed and inflow of surface water into the basin. To

date there has been little serious consideration of such management.

Groundwater management in the future must be undertaken by consideration of
water quality as well as quantity. Appropriate monitoring programs urgently need to
be implemented to provide data on trends in groundwater quality.
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DEVELOIM' AND TESTING OF A LASER RAIN GAGE

by

Arnold D. Ozment

INTRODUCTION

Current catchment methods of measuring precipitation have several problems which
affect their accuracy. The physical presence of the gage disturbs windflow patterns
and reduces catch, as illustrated by wind tunnel measurements by Ilelliwell and Green
(1974) and calculations assuming a Laws and Parson (1943) distribution (Fig. 1).
Other errors of less significance arise from evaporation from the gage, wetting
of the gage, and so forth.

Another problem with catchment gages is the difficulty in obtaining acceptable
precipitation means for areas of irregular topography, such as encountered in mixed

conifer forests in Arizona. A study of a 67 -acre tract of this type indicated
that 31 gages would be required for a statistically acceptable annual mean, and
many more for monthly means (Rycroff 1949).

This paper describes a method of measuring precipitation by scattering light
from a beam by waterdrops. The sampling medium is a collimated beam from a
helium -neon laser. The amount of light scattered is a function of the number
and size of drops intercepting the beam.

ATTENUATION OF LIGHT BEAM

Mathematically, the scattering of a light beam by raindrops is expressed as:

Is = I - LxP(- midi) i = 1,2,3,...,m (1)

Is is the fraction of the initial light that is scattered; L is the length of the
beam; ni is the number of drops with diameter di per unit volume.

Theoretical and empirical work by several people shows that drop -size
distribution can best be represented by an exponential distribution given by:

1(d) = Noe
-Ad o<d<m (2)

where A= 4.1 R-0.21 and R is the rainfall rate. No was originally assumed to be
constant, but has since been sham to be variable (Iialdvogel,2 1974). Using equation
(2) to calculate ni, a relationship between No, R, and nidt was derived:

6mid2 i = .029 óR' .i (3)

Research Physicist, located at Tempe, Arizona in cooperation
with Arizona State University; central headquarters are
maintained at Fort Collins, in cooperation with Colorado
State University.
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The output of the laser rain gage is a measure of the scattered light.
Combining equations (1) and (3) gives a relationship between rainfall rate,
R, and scattered light, Is:

R = [_ 19 ln(1 -1s)] 1.587
(4)

The constants in this equation are determined by the length of the beam and by
the units of the rate, in this case they are 86.7 meters and millimeters per
minute, respectively. The recorded output of the system is numerically
integrated to obtain total rainfall.

INSTRIAIF.NFATION

The laser is located in a weatherproof housing along with other system
components. The beam out of the laser is approximately 2 millimeters in diameter.
This thin beam is chopped into pulses, which proviue for removal of ambient light
effects, and directed into the eyepiece of a telescope. The telescope expands the

beam to a diameter of approximately 10 centimeters. This enlarged beam then passes

downrange to the signal detector. The chopper also provides light pulses to a
reference detector which measures the laser output power. The measure of light
arriving at the signal detector at the other end of the beam is subtracted
electronically from this reference measure to obtain the light scattered by
the rain. A heat exchanger regulates the laser temperature, minimizing power
drift.

The laser rain gage was located on Thomas Creek in mixed conifer forest of the
White gountains of Arizona. The beam length from source to detectorwas 86.7 meters.
The source was mounted on a reinforced concrete pillar for stability with adjustments
provided for alignment purposes. A 13- centimeter lens at the signal end focuses the

beam onto the signal detector. Four standard 8 -inch gages were placed directly
under the beam with their orifices 60 centimeters above ground surface to provide
a basis for comparison. The catch in the gages was measured after each storm.

RISIILTS

Data from three storms during September 1973, were recorded on strip charts as
illustrated by a tracing of the strip chart record of the September 10 storm (Fig. 2).
Fine structure of rainfall rate is easily seen. The high intensity peak represents
an instantaneous rate of 2.97 millimeters per minute, or about 7.0 inches per hour.

The strip chart record of each storm was divided into 0.5- minute intervals
and numerically integrated to give total rainfall. A comparison of thisuntegrated
output frea the laser gage and the mean catch of the four standard gages is given

in Table I. The data from the September 10 stone was integrated several times,

changing No each time. At No = 11200 the integrated value agreed with the gage
catch. This value of No was then used to integrate the stones of September 6 and
9. The first storm was one of medium intensity reaching a peak rate of 22.10
millimeters per hour. The second was a low intensity storm with a peak of
6.23 millimeters per hour. The total catch during this stone approached the
resolution of the scales used to weigh the standard gages.

An improved approach to obtaining a value of No would be to use a raindrop

spectrometer. (hie described in the literature allows a value of N to be calculated

for each minute of stone duration (Joss and Waldvogel, 1967). No does not change

each minute, but can have several values during any one stoma. Calculation of No
using a spectrometer would allow calibration of the laser independent of the gages.
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APPLICATIONS

We to the complexity of the system, it will be difficult to make it an
automatic, untended gage. lkiwever it does have some advantages for research
purposes. The laser beam does not disturb windflow and, thus, does not disturb
the fall paths of raindrops. Therefore, it would also be useful for measuring
snowfall if calibration problems could be overcame.

Instantaneous rainfall rates are difficult to determine using mechanical
gages. With a laser system, the rate can be resolved for much less than a second.

The laser system allows for an increased sample size. The area for a beam
10 centimeters in diameter and 100 meters long is equivalent to over 300 standard
8 -inch gages. The beam length can be extended to 400 meters or the equivalent of
1200 gages. Such large sampling areas make it possible to measure rainfall on an
entire watershed with two or three beams which would average topographic effects.
Fraction of precipitation occurring as runoff from a watershed could than be
obtained more readily than by current methods.

Comparison of beam attenuation above and below a forest canopy would give a
measure of precipitation intercepted by the canopy, which could be particularly
useful for snow interception measurements.
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TABLE 1. Comparison of mean catch of four standard 8 -inch gages and
integrated output of laser system for three storms. The

laser measurement for the September 10 storm was made to
agree with the standard gage reading by choosing an appropriate
value for a constant in the integration equation. The other
two storms were integrated using this value.

Date
1973 Storm Duration

Mean rainfall catch

Laser Gages

hours ms mm

September 6 1.6 6.2 6.0

September 9 1.1 1.0 1.4

September 10 .5 3.8 3.8
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ASSESSING SOIL MOISTURE REMOTELY'

by

Robert J. :.eginato, Sherwood 6. Edso, and Ray O. Jackson2

INTRODUCTION

Space -age technology has produced tools, which, when turned to earthly pursuits, can provide
information on food and fiber production. Soil moisture, that ingredient essential to the survival
of many forms of life, has the potential for oeing remotely assessed. The rapid assessment of this
parameter from aircraft or satellites could be used by many people for many purposes.

Some crop pests depend on the soil -water status in the upper few centimeters of soil to com-
plete their life cycle (Chauvin, 1967). The desert locust (Schistocerca gregaria, Forsk.), for
example, lays its eggs in the upper 5 cm of soil in many uninhabited areas of Africa and Asia
(aainey, 1967). AS the soil becomes wet from rain, the eggs hatch. The insect can develop from
laying to fledging in as few as 6 weeks. 'foe locust will remain in

a

nonflying stage about 5 days
oetore becoming airborne and devastating all vegetation in its path. If, however, soil moisture
could be

p

nitored routinely, emergence of the insect could be predicted, and poisoned bait could
oe dropped in the area before the locust entered the minged stage. The possibility of drastically
reducing locust plagues exists.

tee persistence of pesticides in oils depends partly on oil moisture. Adequate water may
either stimulate or retard microbial decomposition of many of these compounds (Messersmith et al.,
19,1), and certain optimum soil -water contents promote volatilization of pesticides (Spencer and
Cliath, 1973). Knowledge of the status of soil water could be used co assess the persistence and
effectiveness of pesticides at various times after application or to determine their optimum appli-
cation time to minimize losses.

!, successful reseeding program on watersheds or rangelands is dependent on soil moisture and
oil temperature (blatyer, 1969). Proper combinations of these parameters are necessary for
adequate germination, and knowledge of their magnitude could aid in scheduling reseeding programs.

hodels used to predict crop yields require a knowledge of soil moisture before and during the
growing season, although current methods actually use precipitation data to obtain soil moisture.
Techniques that would provide actual soil -water content data routinely over large areas would u

emuch more valuable than techniques used to merely estimate the soil -water status (Bauer, 1972).
Similarly, the effectiveness of various cultural practices used to conserve moisture could ne
evaluated. This would be particularly significant in the Great Plains, where the wheat yields are
dependent on soil moisture.

One parameter used ny hydrologists to predict runoff from watersheds is antecedent moisture,
,r the amount of water in the soil at the time of a rain. destine remote sensing should provide
-tort: accurate knowledge of this parameter than ,,ill estimates based on a water budget analysis.

ie su are but a few examples of the many areas where a knowledge of the status of soil water
is important. It appears reasonable that a routine, direct measure of this parameter would be
super (or co any technique used to estimate it. 'l'his is, of course, if the information is rather

obtained, is not too costly, and is quantitative rather than qualitative.

Ibcilun from the Agricultural Eesearcu Service, C.S. bepartment of :agriculture.

..,,il uetent toto and +march Physicist, (.RS, cSUA, U. S. Water Conservation Laboratory,
o iii ..:dh 6roadwuy, Paecnic, :Arizona 8SU40.
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MEASUREMENT TECHNIQUES

A plethora of photographs (imagery) have been taken remotely in various regions of the spectrum
to assess specific features on the earth's surface. Analysis of this information has been mostly
qualitative, and understandably so: Groundtruth is difficult and costly to acquire. However, the
time has come to quantify this information into a farm usable by people with diverse backgrounds
and interests.

Generally, three regions of the spectrum have been used to assess soil moisture: the visible,
the infrared, and the microwave. Sensors to measure radiation in these regions have been used at
ground level, from aircraft, and from satellites.

REFLECTANCE

In the visible region, 0.3 to 3 pm, albedo (the ratio of reflected to incoming solar radiation)
varies significantly for many soils over the soil -water content range from air dry to field capacity
(Idso and Reginato, 1974). When normalized to remove sun zenith angle effects, the curves for all
depth intervals converge at the maximum albedo value at a very low water content approaching zero
for Avondale loam (Figure 1). The curves also converge at a low value of albedo at volumetric
water contents greater than 0.2. An extrapolation procedure (Idso et al., 1975a) indicates that
albedo is a linear function of water content at the soil surface. In the top 2 cm of soil, the
albedo -water content relationship is dependent on soil type but independent of season. Addition-
ally, albedo has been used to differentiate between the potential rate (energy limiting phase)
of evaporation following an application of water and the succeeding falling rate (energy non -
limiting phase) of evaporation. Although a multitude of parameters apparently may be evaluated
from albedo, the technique has drawbacks.

Albedo is sensitive to surface soil conditions. Correlations between this parameter and water
content with soil depth are tenuous due to factors such as soil type, surface roughness, and amount
of water applied to the soil. Albedo remotely sensed from aircraft or satellites also requires a
knowledge of the incoming solar radiation at ground level and the attenuation of the reflected
radiation through the atmosphere. With current technology albedo may pest be obtained from ground -
based sensors.

THERMAL

The second portion of the spectrum that has the potential for assessing soil moisture is the
infrared region, 8 to 14 pm (Blanchard et al., 1974). Thermal images or actual surface tempera-
tures can be obtained from infrared radiometers. Temperature is a parameter that could se easily
understood and used oy people with diverse interests.

i. search has shown that surface soil temperature may provide a practical means of estimating
the water content in the upper few centimeters of the soil (Idso et al., 1975b). Both the ampli-
tude of the diurnal surface soil temperature wave and the maximum value of the surface soil -air
temperature differential can be used to estimate soil -water content in the top few centimeters.
Each soil has its own specific temperature -water content relationship. In Figure 2 the amplitude
of the diurnal surface soil temperature waves for clear day -night periods that prevailed during
the experiment is shown as a function of the mean volumetric soil -water content. These data
indicate that every soil would have to be calibrated if this temperature parameter was to be used
to remotely assess soil moisture -- an impractical approach to any large scale project. A second
study, üowever, has shown that there is a unique relationship between the temperature parameter
and soil -water pressure potential, independent of soil type (Figure 3). The relations fou the
four different soils are c

o

nsiderably more similar than those shown in Figure 2. In this context,
an "average" line has been added to Figure 3 to graphically represent a general thermal parameter-
soil water pressure potential relation for the four soils tested. Pressure potential, commonly
referred to as tension or suction, is often used to describe the availability of water to plants.
In some cases this parameter may be potentially more useful than the actual quantity of water in
the soil (Teats, 1974). Therefore, soil temperatures derived from infrared measurements may allow
large scale assessment of the status of soil moisture which, in turn, can be used to predict when
conditions are optimum for biological activity in the upper few centimeters of bare soil. It should
be emphasized that there will be situations where both water content and pressure potential are
desired, so that the quantity of available water can be determined.
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Surface soil temperature can be measured with an infrared radiometer from aircraft or satel-

lites if there are no obstructions (vegetation, clouds, etc.) in the line -of- sight. The temperature
parameter-water content relationship is a soil -type dependent, but the temperature- pressure
potential relationship appears to be independent of soil type. The major drawback for the accu-
rate measurement of soil temperature by infrared radiometry is that the emittance of the soil must
be knc.m. Studies are in progress to define the magnitude of the effects of soil type and water
content on soil emittance. Actual values of emittance are relatively unimportant if the amplitude
of the diurnal surface soil temperature wave is used to assess soil -water pressure potential rather
than the surface soil -air temperature differential. This latter statement implies that ground-
truth may not be necessary, and global surveillance of the status of surface soil moisture is in
the realm of possibility. However, the fact that the condition of only the soil surface is being
sensed should caution the user in inferring too much about the water status of deeper depths.

MICROWAVE

The third portion of the electromagnetic spectrum that has been considered for sensing soil
moisture is the microwave region. Here the intensity of observed radiation is essentially propor-
tional to the product of the temperature and emissivity of the soil -water system, this product
generally being referred to as brightness temperature (Schmugge et al., 1974). Data from aircraft
flying over bare land have demonstrated that brightness temperature is a linear function of soil -
water content from air-dry to near -saturation at a wavelength of 21 cm (Figure 4) with no apparent
difference between soil types. At wavelengths of ahoat 1 cm surface roughness has a pronounced
effect on a brightness temperature, whereas at longer wavelengths the effect appears to be minimal.

Microwave radiometry can ssess soil moisture to greater soil depths than can either the
reflectance or the thermal methods, and possibly even through a plant canopy. Tne microwave region
.ranges from a wavelength of about 0.1 to 80 cm, so it appears possible to sense soil moisture
ithin the upper portion of active root zone of most agricultural crops. As with the other methods,

this one also has its limitations. The longer the wavelength, the bigger and bulkier is the hard-
ware, which can cause problems when one proposes satellite -based sensors. Experiments have shown
that surface roughness and soil salinity influence the results from microwave radiometers. Also,
the water content in the uppermost portion of the soil profile (0.2 wavelength) seems to influence
the response of this radiometer more than does the average soil -water content to the depth of the
wavelength. For example, from a 50 -cm wavelength microwave radiometer, with present technology,
the water content in essentially the top 10 -cm layer of soil would be sensed.

SUt1P41RY

Three techniques capable of remotely assessing soil moisture are under study. Two of the
methods, reflectance and thermal, are sensitive to the conditions of the bare soil surface, and
empirically derived relations between those parameters and water content to any soil depth more
than a couple of centimeters are quite tenuous. The third technique, microwave emission, appears
to have good potential for assessing soil moisture with depth, because of its greater wavelength.
Several technological problems must be investigated and solved before this method can be classified
as useful.

Many of the limitations of all three methods should be overcome through improved technology
and additional experimentation. doing able to assess soil moisture rapidly over large areas and
,aving the information easily accessible to a variety of users would greatly benefit mankind. From
[Ifs knowledge it should be possible to predict crop yields with greater accuracy than is currently
oeing done; to predict the potentiality of crop pest infestations, such as locusts; to evaluate
various cultural practices for conserving moisture under dryland farming conditions; to assess the
persistence of pesticides in the soil; and to assess myriad other soil- moisture- dependent phenomena.
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ASSESSING BARE SOIL EVAPORATION VIA SURFACE TEMPERATURE MEASUREMENTS1

by

Sherwood B. Idso, Robert J. Regiaato, and Ray D. Jackson2

INTRODUCTION

Evaporation of water from bare soils is an important consideration in the scheduling of many
farming operations in both irrigated and dryland agriculture (Idso, et al., 1975b). It influences
timing of seeding, irrigation, pesticide applications, and various tillage practices; therefore its
successful prediction figures highly in the economics of these ventures. In some areas, accurate
predictions of bare soil evaporation may serve as the basis for decisions to increase the acreageeage

planted with a given crop. For example, according to Allmaras (personal communication), the
zone for wheat in the Columbia Plateau could be extended to areas of lower annual precipitation if
appropriate surface residue and internal drainage practices were used to retain the winter rainfall.

Bare soil evaporation has usually been determined by two basic procedures. The first has been

to m vaporation directly by means of lysimeters (Harrold and Dreibelbis, 1958; Pruitt and
Angus, 1960; Van Bevel and Reginato, 1965; Ritchie and Burnett, 1968). However, precision lysim-

eters are ostly to install and difficult to maintain. Thus, the second procedure, calculation, has

been used much more extensively. In this approach the evaporation process is mathematically modeled
by some formula that depends on

aiety
of soil and meteorological factors (Penman, 1948, 1961;

Penman and Schofield, 1951; SLatyerand Mcllroy, 1961; Monteith, 1963, 1965; Van Ravel, 1966; Tanner
and Fuchs, 1968; Priestley and Taylor, 1972; Davies and Allen, 1973). The first stage of soil drying
(potential rate phase, where atmospheric factors dominate) has been modeled fairly successfully by
these procedures; but the subsequent falling rate phase, where soil factors are dominant, has pre-
sented more problems and cannot yet be said to be satisfactorily modeled.

Sc present here a simple approach to estimating bare soil evaporation that shows promise of
overcoming some of the limitations of previous approaches. It is not strictly a model of the evapo-
ration process, but rather an empirical correlation between the ratio of daily totals of actual to
potential evaporation and the amplitude of the diurnal surface soil temperature wave. The rationale

for chi: correlation comes from the thermal inertia theory of remote soil moisture determination by
infrared thermometry (Blanchard, et al., 1974; Rosema, 1974), which Idso, et al. (1975a) have shown

to be valid for several soils ranging from sandy loamy to clays. Although the soil thermal inertia -
water content relations were different for these different soils, when soil water pressure was sub -
stituted for water content, one single relation adequately described them all. Since evaporation is
directly related to the surface soil water pressure, we felt that the soil thermal inertia technique
might thus be capable of prescribing relative bare soil evaporation rates, that combined with
potential evaporation calculations could allow determination of actual evaporation rates over the
entire range of soil drying. If such a relation could be found, it would greatly enhance the
potential for remotely determining hare soil evaporation rates from aircraft and orbiting satellites.

EXPERIMENTS

ALL of the experimental work described in this paper was conducted at Phoenix, Arizona, on a
smooth hare field of Avondale loam (fine- loamy, mixed (calcareous), hyperthermic, Torrifluventic
Haplustoll). Seven drying experiments were onducted in the 72- x 90 -m field in July 1970, March
1971. August 1972. May. September, and December 1973, and November 1974. In the first six experi-

ents, irrigations of approximately 10 cm of water were applied to the field and two lysimeters
lucat.d therein. Evaporation, soil surface temperature, and screen level air temperature were there-
after measured c cry 20 minutes -- evaporation by the lysimeters and the temperatures by tine -wire
copper- constanean thermocouples. In the November 1974 experiment, only the lysimeters were rigated.

One had a small r
o

nt of water added to it each m ning thereafter, while the other w allowed to

dry. The ratio ui the two [vaporation rates rhos gave the actual evaporation rate as traction of

1. Contribution from the Agricultural Research Service, U. S. Department of Agriculture.

2. Soil Scientists and Research Physicist, ARS, USDA, U. S. Water Conservation Laboratory,
4331 East Broadway. Phoenix, Arizona 85040.
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the potential evaporation rate. These data were valid only for a limited time, however; for al-
though initially both lysimeters experienced identical "island" effects, once the drying lysimeter
entered stage III of soil drying (Ideo, et al., 1974) it no longer acted as an island and could not
be compared with the wet lysimeter still in stage I and surrounded by a dry field. Since both the

field and the lysimeters were irrigated in the first s
r

x experiments, the ratios of actual to poten-

tial evaporation for those experiments were calculated total daily evaporation divided by total

evaporation on the first day of each experiment. It was this ratio of actual to potential evapo-
ration that we wished to correlate with the amplitude of the diurnal surface soil temperature wave.

RESULTS AND DISCUSSION

In Fig. 1, the ratio of daily actual evaporation (E) to daily potential evaporation (E°) is
plotted as a function of the amplitude of the diurnal surface soil temperature wave, i.e.,
TS -Ts, for the seven experiments. The line through the data points was drawn by sight. It

Max Min
indicates that the second stage of soil drying that has been described by Ideo, at el. (1974) is

actually only a transitional stage between two basic regimes: stage I, where evaporation is con-
trolled by atmospheric factors, and stage III, where it is controlled almost wholly by soil factors.
This fact is also demonstrated by the data plotted in Fig. 2. Here again we wet one lysimeter
sufficiently to enable it to evaporate at the potential rate all day, while the other was wet only
enough to allow evaporation at the potential rate for 2 hours. From periodic photographs of the

drying lysimeter we could determine the percentage su -face area of the lysimeter that had dried,
and thus could plot the ratio of actual to potential evaporation as a function of the fraction
of the total surface area of the drying lysimeter that had entered stage III of soil drying. The

linear regression that resulted indicated that as a given small area of surface soil changed from

stage I to stage III, its evaporation rate experienced an effectively instantaneous stepwise reduc-
tion. As shown in Fig. 1, this occurred at a T - T value of 22.5° C on a daily basis. The

SMax SMin
end point of the drop is much lower in Fig. 2 than it Fig. 1 (0.58) because we again have the island

effect occurring in Fig. 2, where the continually wet lysimeter is surrounded by a dry field, which
enhances its evaporation rate and lowers the E/E

0
ratio to an unrealistic minimum value.

Figure 1 shows that the empirical relation we found between E/E and T - T is fairly
o

Moe Min

independent of season. Thus, there is good reason to believe that it would also be independent of
climate, and this would be a logical next step for future research. However, would our results be
less similar if different soils were involved? The work of Tdso, et al. (1975a) cited in the
INTRODUCTION indicates that the relation defined by Fig. 1 may indeed be independent of soil type.
Thus, both of these hypotheses should be tested.

In a variation of our basic objective, we next plotted E /E° vs. (Ts - TA) the maximum
Maxi

value of the surface soil minus air temperature differential, since Idso, et el. (1975a) showed

this parameter to be as good as T - rT n specifying surface soil water content and pressure.
'Max -Min

The results are isshown in Fig. 3, where the line through the data points i again drawn by sight.

The scatter in the data is about the same in Fig. 1 and 3, and the shapes of the lines through the
data are identical. This similarity prompted us to normalize the data in each figure by subtrac-
ting from the abscissa value of each data point the abscissa value of the stage I to III transition
point. Data from both graphs were then combined to produce Fig. 4, which again demonstrates the
equivalence of the two approaches. In addition, a linear regression was run on the data that
appeared to define stage III (enclosed by dashed line which is + 2.5 times the resultant standard
deviation). Equally good regressions were obtained for the two data sets separately:
ry X = 0.879 and Sy = +0.083 for X = ISMax

- TSMin
22.5° C, and rY = -0.855 and Sy = ±0.087

for X = (TS - TA) - 3.5° C.

Max

In addition to indicating the degree to which the data satisfy the major objective of our in-
vestigation, Fig. 4 also indicates that since only one relation is required to fit the two types of
data plotted over the entire. range of E /Ev riability encountered, the two normalized abscissa
functions must be roughly equivalent in ail seasons and for all soil moisture conditions.
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That is

Ts- 22.5° C (T5 - TA) - 3.5° C
x Mtn Max

IL we thus make the simplifying assumption that (T5 - TA) is equivalent to TS
equation (1) reduces to Max Max

TA '- T5 + 19° C
Max Min

(1)

(2)

Since the surface soil temperature wave generally peaks before the screen level air temperature
each day, our simplifying assumption is not quite correct. Nevertheless, it is probably in error by
a rather constant amount each day, so that the generalized form of equation (2) would still hold;
that is,

TS + K
Mtn.

(3)

where K is constantnstant somewhat greater than 19 C, since TS - TA would generally be somewhat
less than (T,- TA)

Max

. Max Max
w

To check this relation, we have plotted values of TA vs. T5 in Fig. 5 for all of the days
Max Min

representedented in Fig. 4, plus some additional days that lacked lysimeter data. The regression
analysis of these data indicates a very good correlation between TA and T5 , which closely

Max Min
apprc teases equation (3) with K n 20° C. Within the degree of accuracy indicated, it may thus be
used to infer maximum air temperatures in remote areas from aircraft- or satellite -derived surface
soil temperature near sunrise. More conventionally, it may also be used to predict minimum surface
soil temperatures to he expected on the basis of maximum air temperature measurements obtained the
previous afternoon. Again. as with the previously derived relations, generality is implied with
respect to both climate and soil type; but both of these hypotheses need to be independently checked.

CONCLUDING STATEMENTS

It appears that the thermal inertia technique, which has recently been suggested as a possible
means for remotely determining surface water contents of bare soils via infrared thermometry, may
ilso be used to evaluate the relative evaporation rates of bare soils. Each of the two variations
of this technique. which use Ts - Ts and (T5 - TA) as independent variables. worked

Max Mtn Max
.fully of a smooth bare field of Avondale loam at Phoenix, Arizona, on clear day -night periods

during all s of the year. Together with stage I potential evaporation calculations, this
approach would allow evaporation rates from bare soil to be calculated throughout all of the class-
teal stages of soil drying.

The empirical relations describing these results also indicate that stage II of soil drying is
not a unique physical process, Fut rather an observational artifact arising from the noninstanta-
neour of the entire soil surface:u from the basic .stage I of soil drying (where energy i

slimiting the evaporation rate) to the basic stage III of soil drying (cohere soil water content is
the Limiting

evaporation

In addition, there appears to be a unique relation between maximum clear -sky.
tuarcen-level temperature and minimum surface soil temperature that is independent of season and
sell cater content. The e e indications that it. as well as the relative evaporation rate-
-oil thermal inertia relation, may also be independent of climate and soil type. Research in other
aie.s and on ds;fe.ront soils is needed to check these hypotheses.
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AERIAL SNOWPACK MAPPING

by

William L. Warskow

INTRODUCTION

Melting snow is the primary source of water for the 1.1 million residents of
the eight cities and 104,000 hectares (257,000 acres) of urban and agricultural
lands located in Maricopa County, Arizona served by the Salt River Project. Seventy-
five percent of the 135,700 hectare -metre (1.1 million acre feet) mean annual runoff
flowing into Project reservoirs from the 33,670 square kilometre (13,000 square mile)
Salt -Verde watershed is generated by winter cyclonic and frontal storm systems which
occur during the December to May runoff season. Much of the precipitation which
falls during these storms occurs in the form of snow.

Snow deposited above 1,980 to 2,135 metres (6,500 to 7,000 feet) on the Verde
River watershed and 2,135 to 2,285 metres (7,000 to 7,500 feet) on the Salt River
watershed normally remains in place until spring snowmelt which usually occurs in
March and April, respectively, for the two watersheds.

Snow deposited at lower elevations down to 1,370 metres (4,500 feet) on both
watersheds is ephemeral in nature and subject to rapid melt induced by either subse-
quent rainfall or sharp increases in temperature. Sixty -five to seventy percent of
both watersheds falls within the ephemeral snow zone. The areal extent and insta-
bility of the ephemeral snowpack combined create a major flood potential when
Project reservoirs are at or near capacity. Though not frequent, snowfalls down to
760 metres (2,500 feet) have occurred and only add to the flooding potential.

Modern man's continued existence in Arizona hinges on sound management of
Arizona's precious water resources. Recognizing early that successful coordination
of its surface and groundwater resources to minimize groundwater withdrawals while
optimizing hydroelectric generation required an ability to forecast spring runoff
from the high altitude snowpack, the Project established Arizona's first snowcourse
at Beaverhead Lodge in 1938. While additional snowcourses and several aerial snow -
markers were established over the years in cooperation with the Soil Conservation
Service, it was not until 1965 that a method for providing additional snowpack
information became available.

The author is Lead Watershed Specialist, Salt River Project,
Phoenix, Arizona.
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HISTORY OF AERIAL SNOWPACK MAPPING

Runoff from heavy precipitation during the fall of 1965 filled Project reser-
voirs almost to capacity by mid -December. Watershed soils were saturated. Above

1,370 metres (4,500 feet) the watershed was blanketed with snow.

Rain up to 2,135 to 2,285 metres (7,000 to 7,500 feet) during a storm on
December 29, 1965 stripped the heavy ephemeral snowpack off the watershed within a
matter of hours, triggering a major runoff event that made it necessary to spill
both the Salt and Verde river reservoir systems. Developments which had encroached
on the normally dry Salt River channel throughout the metropolitan Phoenix area
since the last spill in 1941 suffered major damage.

Because Project reservoirs were at capacity and had no room to contain the
spring runoff, which was anticipated to be above average due to the heavy high
altitude snowpack, controlled reservoir release became necessary. The threat of
similar catastrophic runoff events from additional storms also remained.

While the Project had no legal responsibility for flood control, it felt
morally obligated as a good neighbor to try and minimize the potential for additional
flooding while at the same time meeting its legal responsibility to its shareholders
to maximize reservoir storage. To maintain the delicate balance required, more data
than that provided by the established snowcourses which were mostly located above
1,980 to 2,285 metres (6,500 to 7,500 feet) was needed. Because of the flood poten-
tial presented, the areal extent and depth of the ephemeral snowpack were of prime
interest. To obtain this information, low level aerial reconnaissance flights over
the snowpack were initiated by the author. Crude maps drawn at a scale of approxi-
mately 1:3,000,000 generalizing the outline of the snowpack were used to keep
Project Management appraised of watershed conditions. Snow depths were estimated
using range and highway right -of -way fences.

In December, 1967, a record breaking snowstorm which deposited from 1.22 metres
(4.0 feet) of snow at elevations of 1,065 metres (3,500 feet) up to 2.13 metres
(7.0 feet) at 2,135 metres (7,000 feet) created a far greater flood potential than
existed during the fall and winter of 1965 -66. Because existing snowcourses, aerial
snow markers, soil moisture stations and snowpillows were all point samples and did
not give any indication as to the areal extent and depth of the ephemeral snowpack,
the following technique for estimating snow depths and mapping snowpack areal extent
and percent coverage was developed.

TECHNIQUE

AIRCRAFT

A Cessna 182 equipped with long range fuel tanks was selected for making the
Project's snow reconnaissance flights. This aircraft has the power required for
high altitude mountain flying, the range and speed for extended cross -country flight,
excellent slow flight stability and a high wing which permits easy observation of
the ground. Faster aircraft, such as the Cessna 210, have not proven sufficiently
superior to justify their increased cost. Also, the higher stall speeds of higher
performance aircraft becomes a disadvantage in the event of a forced landing. Low

wing aircraft interfer with the observer's view of the ground and make both observa-
tion and photography difficult or impossible.
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SAFETY

Mountain flying is not for the uninitiated and requires a skilled pilot if
operational safety is to be maintained. Also, because it is humanly impossible to
divide one's concentration between that required for safe flying and that required
for accurate snowpack mapping, the two should never be attempted at the same time by
one person. Vertigo and disorientation may occur - with fatal results.

The reliability of the modern light aircraft engine makes a forced landing an
unlikely event. However, if one should occur, rapid recovery of the observation
team is essential. The nature of the terrain overflown by most aerial snow surveys
makes locating a downed team at best very difficult. To facilitate recovery, the
aircraft should be equipped with an emergency locating transmitter (ELT). A flight
plan should be on file with both the local Federal Aviation Agency Flight Service
Station and the team's home office. An emergency recovery procedure triggered by
the flight being overdue or the team failing to make enroute reports as prescribed
should be in effect. Teams should fly a standard route and where possible maintain
constant radio contact, reporting each time they enter or leave a specified area.
Full winter survival kits should be carried for each person aboard the aircraft.

Oxygen should also be carried if possible. Its use, even where not legally
required, has been found to add materially to the team's comfort and observation
ability.

No flights should ever be permitted or demanded by supervision if weather
conditions exist which would compromise the safety of the flight. Snowpack data is

never worth the cost of someones life.

MAPPING

For the first two years, maps of the Salt -Verde snowpack were drawn at a scale
of approximately 1 :3,000,000 from notes taken during each flight. The snowline
depicted on these early maps was generalized - primarily on the basis of elevation.

Direct enroute mapping was first attempted in 1969 using the 1:1,000,000
Arizona aeronautical chart. This proved so successful that a copy of the Salt -Verde
portion of the chart was mounted permanently on a 28 by 43 centimetre (11 by 17 inch)
lapboard. Superimposed over this base map was a removable mylar overlay showing the
watershed boundary, elevation by 305 metre (1,000 feet) increments, towns, and the
major drainage systems.

The shaded relief on the Arizona aeronautical chart very accurately depicts
watershed topography, enabling the aerial observer to map the snowpack with consid-
erable precision. The edge of the pack is traced on the mylar overlay with a colored
pencil as the flight progresses over the watershed. Ocular estimates of the percent
of the ground covered with snow are made and recorded marginally. Snow depths are

recorded in a similar manner.

ESTIMATING SNOW DEPTHS

Highway right -of -way and range fences were originally used to obtain aerial
estimates of snowpack depth. The aerial observer's knowledge of fence heights and

strand placement coupled with a simple observation of how many strands remained
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above the snow and an estimate of the distance between the top of the snow and the
lowest exposed strand permitted fairly accurate estimates (+ 5.0 -7.5 centimetres;
+ 2 -3 inches) of snow depth. By using fence shadows, estimates with similar
accuracy could be obtained from a height of 305 to 460 metres (1,000 to 1,500 feet)
above the ground.

The infrequency of fences over much of the watershed, however, limited the
amount of snowdepth information which could be obtained. Another method for esti-

mating depths over vast unfenced areas was needed.

Early observations indicated that surface rock, vegetation and cull logs might
be useful yardsticks. Capitalizing on the author's extensive knowledge of the
variations in these features over the Salt -Verde watershed, a technique utilizing
them to estimate snow depths was developed.

The volcanically- derived soils underlying most of the juniper vegetation zone
on the Salt -Verde watershed are covered with dark rocks of varying size. These

contrast sharply with the white of snow. With a familiarity of their size (height
above soil line), it becomes relatively easy to estimate depths from the air. A

"powdered sugar" appearance with numerous dark "freckles" indicates depths of less
than 2.5 centimetres (1.0 inches). As snow depth increases, fewer rocks are visible
and the snow takes on a "wet, lumpy cotton" look. By the time snow depth reaches
15 centimetres (6 inches), the sides of individual rocks are no longer visible and
their presence is indicated only by mounds "softly" outlining them.

At this stage, it becomes necessary to transfer the reference point to remnant
grasses or suffrutescent shrubs. Because of its growth form and height, sideoats
grama (Bouteloua curtipendula) is a good indicator for depths of 15 to 20 centimetres
(6 to 8 inches). The dried culms sticking out of the snow are readily visible giving
it a yellow cast. The half -shrubs, particularly snakeweed (Gutierrezia sarothrae),
are useful for depths of 15 to 30 centimetres (6 to 12 inches). Depths greater than
30 centimetres (12 inches) require the use of logs or some other indicator.

The widespread occurrence of logs makes them one of the most useful references
available for estimating snow depths. A knowledge of the relative sizes of logs in

each area is, however, required for accuracy. The ability to classify logs by 7 to
8 centimetre (3 inch) size classes from the air can be achieved by most observers
with practice.

The visibility of the underedge and sides of the log, presence or absence of
snow bridging between its top and sides and the form of the snow mound over the log
are all used to determine the depth of the snow relative to the log's diameter. If

the snow is less than half the log's diameter, its curved underedge will be visible.
If one -quarter or less, significant shadow can usually be seen depending on the log's
orientation to the sun.

Bridging between the snowcap on top of the log and the snow on the ground
occurs at depths between fifty and sixty -five percent of log diameter depending on
the wetness of the snow. At depths greater than two- thirds log diameter, the sharp
outline of the log under the snow begins to soften to the point it almost disappears
at depths equal to or slightly greater than the log's diameter. A very flat mound
revealing the log's presence may sometimes occur up to depths of fifteen to twenty -
five percent greater than the log's diameter depending on other factors such as wind

and snow wetness. The upper limits for using this method in Arizona is about 107

centimetres (42 inches). Depths greater than this require the use of man -made

aerial snowmarkers.
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ESTIMATING SNOWPACK CONDITION

Relative condition of the snowpack can also be observed and mapped aerially.
The presence of ice can usually be detected by a dull sheen at or just below the
surface of the snow. Pack discoloration, striation and deformation can all be used
to detect the imminence of snowmelt. The presence of on -going melt can be deter-
mined from the brilliant, mirror -like reflectance of the sun through small holes in

the pack.

PROCESSING- DISSEMINATION OF SNOWFLIGHT INFORMATION

If the information obtained during the low level (150 to 460 metres; 500 to
1,500 feet) aerial snowpack reconnaissance flights is needed for emergency reasons,
the mylar overlay is either simply xeroxed or blue -line printed and copies promptly

distributed. If time is not of the essence, a new map with corrections is drawn
prior to reproduction and dissemination.

LIMITATIONS

The primary limitation is the observer's relative immunity to vertigo and his
ability to withstand the airsickness which may be induced by the head movements
involved in enroute aerial mapping. In rough air, induction of vertigo can be
reduced by the use of a tape recorder to reduce the observer's need to look down at
the laphoard.

The lack of contrast and shadows on cloudy days reduces most observers' ability
to accurately estimate depths or to see the shape of the snow over the reference
features being used.

The low oblique at which the snowpack is observed will induce errors where
mapping is done at a distance instead of by direct overflight. This is particularly
true where the snow has melted off of south -facing slopes but not the north -facing

ones. Observation to the north may show a total absence of snow while looking
towards the south may give the observer the impression of an unbroken snowpack.
Observation towards the east or west helps prevent this type of error.

Percent snow cover becomes difficult to estimate at percentages less than sixty -

five - particularly in the juniper vegetation zone where the bulkiness of the plants
screens much of the snow or the snow is hidden in deep shadow. No solution to over-

come the optical tricks played on the observers' vision has yet been developed.

RESULTS

The quality of snowpack information obtained by the method described is directly
affected by the experience of the observer, his physical condition during the flight,
the time spent at altitude without supplementary oxygen, the quality of existing
light conditions, and the depth of snow relative to the depth indicators being used.
Under good to fair conditions, experienced aerial observers have been able to con-
sistently estimate snow depths within +5.0 centimetres ( +2.0 inches) of the depths

reported independently by various ground observers. For operational purposes, this

variation is more than acceptable.
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Barnes (1974), independently comparing the author's snow maps for seven dates
in 1972 -73 with snow maps compiled from imagery obtained in the 0.6 -0.7 pm spectral
band by the ERTS -1 satellite, reports a mean areal difference of only seven percent
between the two mapping methods. Snow melt or deposition occurring between the date
of a low level reconnaissance flight and the date of the comparable satellite image
plus approximation of the snowline by the aircraft observer for areas not directly
overflown account for most of the differences between the satellite and aircraft
maps. Other differences arise due to the aerial observer's ability to map shallow,
partial snow cover which may not at times be visible on the satellite imagery. The

difference between the two mapping methods dropped to two percent when the low level
maps were produced from direct overflights conducted on or near the same day the

satellite passed overhead.

USE OF INFORMATION COLLECTED

The existence of distinct snow zones on the Salt and Verde river watersheds
became evident early in the Project's aerial snow survey flights. Subsequent obser-

vations made on snow accumulations, depths, and melt characteristics were used to
identify and map areas having similar snowpack characteristics. Snow zone character-

istics and size coupled with ground and flight information on existing soil moisture
and snowpack conditions have been used for empirical calculations of maximum poten-
tial streamflow, timing of runoff from individual watersheds, and the total amount
of reservoir inflow anticipated for the season.

Snowmelt information provided by the flights has also been successfully used as
a guide for making adjustments in reservoir outflows during critical runoff periods.

Project snow maps are presently being utilized in several studies by the Univer-
sity of Arizona and the U.S. Geological Survey investigating the use of remote sens-
ing techniques for mapping snow and the correlations between snowpack areal ablation
and runoff.

COSTS

Aircraft rental and manpower costs vary from one part of the country to another
and from agency to agency. For this reason and to allow the reader to estimate
expenses for aerial snow mapping related to his own operations,costs have been
expressed in units of time rather than in dollars.

Normal flight time for the Project's average aerial snow survey covering 1,130
kilometres (700 miles) has been slightly under 5.0 hours. Flight -related activities

(assembling survival gear, loading and unloading the aircraft, filing of flight plans,
etc.) usually require an additional 2 to 3 hours. Map correction and redrafting

prior to reproduction take 2 to 4 hours.

BENEFITS

The Project's low level aerial reconnaissance flights of the Salt -Verde water-
shed snowpack provide information not presently obtainable by any other method.
Snow reports from local watershed observers often over or under -estimate snowpack
conditions - particularly for the lower elevations. Aerial reconnaissance permits
rapid confirmation of the extent, depth and condition of the ephemeral pack and the

potential for flooding.
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The single greatest benefit derived from the snow flight information is the
opportunity to make early adjustments in reservoir releases required to handle high
runoff. Snowmelt runoff may take from a few hours to one or two days to reach the
nearest Project early -warning gaging station. Water is money to the Project and any
early detection of major runoff events when Project reservoirs are at or near capa-
city permits additional time for orderly releases through Project hydroelectric
generators and into the canal system for use by Project shareholders. Release of

the same volume of water over a shorter period of time may require the use of spill-
way gates with attendant tailrace damage and loss of the water down river.

When down -river spills are already in progress, early detection of flow reces-

sion becomes important. The early knowledge provided by the aerial flights that the
snowmelt supporting a runoff event is almost ended permits earlier termination or
reduction in reservoir releases than is possible when stream gages are the only
source of data. By utilizing the flight information, the amount of water that would
otherwise be wasted down river is materially reduced.

CONCLUSIONS

The aerial snow survey and mapping techniques described provide a method for
rapidly determining and recording the areal extent and depth of snow over large

areas. The method is relatively inexpensive and easy to learn. Most persons with
a good knowledge of the surface features used to reference depth can become qualified
observers by the end of a single season.

Primary limitations of the method are the presence of suitable depth indicators,
available light conditions and the observer's resistance to motion sickness.
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MEASURING SNOW COVER FROM ERTS IMAGERY ON THE BLACK RIVER BASIN

Jerry S. Aul and Peter F. Ffolliott

INTRODUCTION

The increase in demand for water and the construction of multipurpose reservoirs to regulate
snowmelt runoff in the western United States requires accurate streamflow forecasts. Such forecasts
are needed to schedule allowable releases from reservoirs with assured refil (Leaf and Haeffner
1971).

In the Rocky Mountains, most streamflow results from snowmelt. However, the processes which
produce runoff from snowmelt are varied and complex (Leaf 1971). As a result, relatively simple
relationships have Leen derived which empirically relate important factors in toe hydrologic cycle
to snowmelt runoff. Included in these relationships are correlations between areal snow cover
depletion and streamflow.

Many investigators have attempted to use snow cover depletion- runoff relationships for stream-
flow forecasting (U.S. Army 1956, Brown and Dunford 1956, Thorns 1961, Ffolliott and Hanson 1966,
Leaf 1971, Meier 1973). Results of these investigations indicate that areal snow cover depletion
measurements have the potential to improve various snowmelt runoff forecasting techniques. Despite
its potential, use of areal snow cover depletion measurements in runoff forecasting has been limited
because of the difficulty in obtaining measures of areal snow cover (Meier 1973).

Recently, the possibility of using imagery from the Earth Resources Technology Satellites (FRTS)
for measuring areal snow cover has been explored. These satellites operate continuously, repeating
scans of an area every nine days. ERTS offers small scale imagery while maintaining high resolution
( Rango et al. 1974).

DESCRIPTION OF STUDY

A study was initiated to determine if ERTS imagery could be used to monitor changes in areal
snow cover in east -central Arizona. The objectives were to:

(1) determine whether ERTS imagery could be interpreted for areal snow cover by use of manual
or semi -manual vetuods of interpretation that could be available to those who would use
snow cover data:

(2) determine whether quality ERTS imagery could be obtained frequently enough to monitor
changes in areal snow cover; and

(3) compare estimates of snow cover from ERTS with estimates obtained from low- altitude
aerial mapping of snow cover.

The Black River Watershed above the Black River Pumping Station, an area of 1450 square kilo-
meters, was chosen as toe study site. This watershed is an important water producing area in
Arizona, with seasonal flow averaging over 125 million cubic meters per year.

Vegetation on the Black River Watershed is primarily montane- conifer forest with smaller areas
in tiie spruce -fir, mountain meadow, and pinyon -juniper types. Soils have igneous materials, almost
exclusively, as parent material. The watershed is almost totally basaltic in respect to geologic
formation. Elevations range from 3533 meters at the top of Mt. Baldy to 1745 meters at the Black
River Pumping Station.

The LRTS -1 satellite, launched on July 23, 1972, was the data source. The ERTS data was con-
verted to, and analyzed in, an imagery format. Specifically, multi- spectral band 5 (0.6 -0.7 I lm)

was used because previous studies have shown this band to be the most effective for determining
snow cover (Barnes and Bowley 1973, Evans 1974, Rango et al. 1974).

Tne authors are Research Assistant and Associate Professor, School of Renewable natural Resources,
University of Arizona, Tucson, Arizona. Approved for publication as Journal Paper No. 2442 of the
Arizona Agriculture Experiment Station. Appreciation is extended to the Salt River Project, Phoenix,
Arizona for providing funding for this study.
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The scale of imagery used in three of the methods of interpretation was 1:1000000. A watershed
overlay delineating the Black River Watershed at 1:1000000 scale was developed to facilitate inter-
pretation of only the desired areas.

The time period analyzed was November 2, 1972, to May 1, 1973. A near record snowpack existed
in Arizona over this period (Barnes and Bowley 1974).

Snow covered areas were determined on the ERTS imagery by comparison of the brightness level on
the watershed with the boundary of the snowpack. If areas within the watershed appeared brighter
than areas at the boundary of the snowpack, they were judged snow covered. When not obliterating
view of the snowpack on the watershed, clouds were differentiated from snow by pattern recognition,
shadows, recognition of terrestrial features, and pattern stability.

Four methods were used in the interpretation of areal snow cover from the ERTS imagery. The

first three methods viewed black- and -white transparencies at a 1:1000000 scale on a light table.
The first method employed was a simple dot grid method. A dot grid with fifty dots per square
centimeter, viewed under a microscope at 7% power, was used to obtain a measure of percent snow
cover on the watershed.

A second method of interpretation utilized a grid of squares six millimeters per side. These

squares were on a sheet of clear mylar. Snow cover within each square overlaying the watershed was
estimated to the nearest multiple of twenty percent. These estimates were then multiplied by the
area of the full or partial square, and the resulting numbers were summed and divided by the total
area of the watershed to obtain an estimate of percent of areal snow cover.

A densitometer was used for the third method of interpretation. The densitometer views the
imagery, splits the shades of gray into twelve discrete levels, and projects the image on a tele-
vision -like screen. Attempts were made to have a given set of twelve discrete levels occupy the
snow covered area on the photo by calibrating tile densitometer to each particular photo. Percent
area that was snow covered could then be read off directly.

Finally, black- and -white positive transparencies with a thirty -five millimeter format were made
from seventy millimeter negative transparencies for use in a projection -planimeter method of inter-
pretation. The watershed was projected to a 1:250000 scale base map because of the difficulty of
planimetering at a 1:1000000 scale. Once the watershed projection was fitted to a 1:250000 scale
base map, the snowpack boundary was drawn. The snow covered area was then planimetered and divided
by the total area of the watershed to obtain an estimate of percent snow cover.

Areal snow cover estimates on the Black River Watershed were made by one observer using all
four methods of interpretation to test for differences among techniques and differences in time of
observations. Estimates of areal snow cover using the dot and squares grid methods were made by
four observers to test for differences among observers and between methods. To test for differences,
split plot analysis of variance tests were evaluated at a 95 percent significance level.

Aerial snow surveys were frequently flown by the Salt River Project in the winter of 1972 -73
because of the near record snowpack and the transient characteristics of the snowpack. Values of
percent snow cover on the Black River Watershed were obtained from snow survey maps, developed from
these low- altitude surveys, by planimetering the snow covered area and dividing by the total area
of the watershed. A paired t test evaluated at 95 percent significance level was used to test for
differences between estimates from snow surveys and estimates from ERTS.

RESULTS AND DISCUSSION

Arizona has more days per year suitable for aerial photography than any other state (Avery 1968).
Despite this advantage, only six of eleven possible imagery dates could be interpreted for snow cover,
with clouds obscuring all or significant portions of the Black River Watershed on the other dates.

Significant differences were detected among the four methods of interpretation on the basis of
one observer. A Student -Newman -Keul multiple range test at a 95 percent significance level was
used to determine which methods differed (Table 1).
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IIBLL 1. -- Differences among four methods of snow cover interpretation on the basis of one
observer.

Densitometer
Method

Dot Grid Squares Grid Projection- Planimeter
i lethod Method Method

percent of areal snow cover over the six dates analyzed

69 71 72 74

fltTL: line under means indicate not significantly different.

Each of the methods of interpretation used has advantages and disadvantages. The dot and squares
grid methods required approximately twenty -five minutes per date of imagery and requires only a light
talle for interpretation. The densi tometer yields an estimate of snow cover in the least amount of
time, e:proximately fifteen minutes per date of imagery, but requires a high initial investment and
may jr old less precise values than the other methods. The projection -planimeter method yields a map
of ti. snow cover extent but required approximately forty -five minutes per date of imagery for inter-
pretation. A Loom Transfer Scope is needed with the projection -planimeter method if more accuracy
is needed than can be obtained from the available imagery (Wiesnet and McGinnis, Jr. 1974).

No difference in estimates of percent snow cover in time was discerned among the methods of
interpretation on the basis of one observer. This lack of difference would indicate that once an
observer has guidelines in mind as to what areas to consider snow covered, these measures can be
reliably repeated at a later time.

Differences were noted among observers and between methods when four observers used the dot and
squares grid methods to determine percent of areas snow cover. The differences among observers
indicate that individual observers have different interpretations of snow covered areas despite
raving followed the same guidelines for snow covered area interpretation. The difference between the
dot and squares grid methods may indicate indecision as to which areas were snow covered. Previous

tests on the basis of one observer, familiar with the imagery, indicated no difference between dot
and scpares grid methods.

The results of the tests among the four observers indicate that interpretation of snow cover
from ERTS imagery is not necessarily a simple matter of distinguishing black from white. Specific

problems were encountered in tire interpretation of snow cover. The ERTS imagery varied in density
and contrast within and among the dates of interpretation. Differing types and densities of vege-
tation often cause snow covered areas to appear in differing shades of gray. Patchiness of snow

cover may create problems in deciding whether an area is snow covered. Poor illumination due to
siadoeirg effects may cause an observer to misinterpret snow covered areas. Clouds, in addition to
totally preventing interpretation, cari also create problems on dates when cloud cover is not severe

enough to prevent interpretation. Problems in interpreting ERTS imagery for snow cover were not
unique to this study, as other investigators have encountered similar problems Names and Cowley
1974, 'Meier 1973).

Ho differences were found between estimates of percent snow cover on the black River Watershed
obtained from low- altitude aerial snow surveys and estimates from ERTS imagery. These results would
indicate_ that an experienced observer who was familiar with a particular watershed could obtain
comparable measures of snow cover extent from aerial reconnaissance and ERTS imagery.

11 specific difficulty encountered in use of ERTS imagery was the time necessary to obtain the
imagery. Normally, a minimum two weeks wait was encountered after an order was submitted. if at-

tempts were made to use ERTS imagery in real -time monitoring changes in areal snore cover, this delay

mold aave to be overcome.
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CONCLUSION

None of the methods of interpretation of ERTS imagery for snow cover could be ruled unusable

by the results of this study. The particular method a user would ultimately choose to use would
depend upon the investment he cared to make, the level of precision he desired, the time he cared

to spend in interpretation, and whether he wanted a map of snow cover extent.

ERTS imagery, by itself, cannot effectively be used to monitor changes in areal snow cover in

Arizona. Arizona snowpacks are shallow, intermittent, and large changes in areal snow cover can

occur rapidly (Warskow 1971). To serve any functional purpose in monitoring changes in snow cover

depletion, reliable estimates may need to be determined for periods of twenty -four hours or shorter

during the snowmelt season. At the present time, the two Earth Resources Technology Satellites

repeat scans of an area every nine days. In this study, nearly one half of the possible dates of

observation were obscured by cloud cover. The possibility of not obtaining an estimate of areal

snow cover for weeks at a time may preclude dependence on ERTS for monitoring snow cover depletion

in Arizona.

Differences among observers in estimating percent snow cover indicates difficulty in using ERTS

to measure areal snow cover. However, if an observer is familiar with an area, he may be able to
obtain estimates of snow cover from ERTS that are quite similar to estimates of snow cover obtained

by low- altitude aerial reconnaissance. In this way, estimates of snow cover from ERTS imagery may
be used in combination with estimates of snow cover obtained from aerial snow surveys to monitor

changes in extent of snow cover.

Any use of ERTS imagery for measuring changes in areal snow cover is dependent on the turn-

around time for obtaining ERTS imagery. If ERTS imagery cannot be obtained within twenty -four

hours after its scan of an area, the snow cover information obtained from ERTS may be limited in

practical application.
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