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PREFACE 

a compilation of papers 

These meetings, and the published proceedings of the meetings, help accompliSh the American Water 
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3. collecting, organizing, and disseminating ideas and information concerning all aspects of 
water resources. 
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Again we welcome to these pages papers by recognized professionals, graduate students and, for the 
first time, legislators, lawyers and citizens concerned with water resources and the politics of water 
in the Southwest. Some of the topics discussed are of more than a parochial interest. They deal 
universally with problems and situations of water resources in an arid and semiarid environment. 

Due recognition must be given to Dr. Lloyd Gay for his efforts in arranging the meeting program and 
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and assistance. 
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ARIZONA WATER: USES AND SOURCES 
PAST, PRESENT, AND FUTURE 

by 

SENATOR LUCY DAVIDSON 

It is becoming, everyday, more apparent, to most of us, in this, the last quarter 
of the 20th Century, that the old truisms and cherished bromides which nourished this 
country in its youth, are everywhere subject to question. 

When I was a child, we all knew that bigger was better--whether it was toothpaste, 
loaves of bread, or cities. We used to believe {and were encouraged to do so) that 
"The more you use, the cheaper it will be"--whether it was hamburger, or water and 
electricity. We had abundant folklore to sustain our belief that "Nature could be 
tamed; that man must seek to conquer the elements". The size and wealth of our 
continent fostered the belief that our resources were infinite--limitless. We knew, 
if we tried, we could put a man on the moon. And we did! 

Now, in the last quarter of the 20th Century, having worshipped technology and 
glor fed in its fruits, we are facing up to the problems we have created for ourselves. 
We are facing up to our profligate past as we move into an era of scarcity. Some, 
amongst us, are seeing the values of living in harmony with nature, of hesitating before 
we disturb the delicate balance. Building dams and diverting rivers had its day, but 
even the Bureau of Reclamation and the Corps of Engineers must face new realities. 
Kapairowitz may not be the ultimate solution. A few short decades ago, we were making 
deserts bloom and creating lush gardens among the sage and cactus. Today, we are facing 
up to declining water tables, alarming overdrafts, degradation of water quality, and the 
need for revisions in our water law. 

The changes that came to Arizona following World War II {and the development of 
evaporative cooling) include, not just the creation of a profitable agricultural 
economy subsidized, in part, by the federal government, but in three swift decades, a 
further change from a rural society to· a largely urban one. Arizona's population today 
is not in farming communities. In 1976, as all of you know, two rapidly growing 
metropolitan centers dominate the state and their water needs can no longer be ignored 
by a reluctant legislature. 

In the early 1900's, the mighty Colorado was tamed and the Imperial Valley saw 
thousands of acres brought into cultivation. The years that followed witnessed what 
might be called a second California Gold Rush. When the rampaging river spread silt 
along its banks, a flood control plan was developed. Dams were built, interstate 
compacts signed, and the semi-arid Colorado region was divided into the upper and lower 
basin states. Many other agreements 1/ and projects developed over the years, but it 
is not our purpose to elaborate them nere. Except for one: a "flight of fancy", known 
as the Central Arizona Project, had been cluttering up the desks and filing ~abinets of 
Congressional leaders for two decades. 

There were many objections to the project--most of them from California. Arizona 
filed suit against her neighbor to the west; other staes got into the act, and 340 
witnesses were eventually heard. The final decree came in 1964. After fifteen years of 
legal battle, many involved egos and political reputations, and so much testimony to 
the effect that C.A.P. would solve all our water problems, it is easy to see that the 
idea could not be easily abandoned. Even with abundant evidence that the Colorado 
cannot possibly meet the demands! Also, building dams and channeling rivers creates 
jobs. New jobs are the lifeblood of politics. Page doesn't want to be told there will 
be no dam and politicians fight to keep the dollars flowing to their own balliwick. 
This is just one more fact of life. The big picture, the overall good of all the people 
is not always popular politics. 

In last year's address before this body, I note that Wesley Steiner stated that 
the longtime yield of the states "remaining entitlement" to Colorado River water is "on 
the order of 1.3 million acre feet per year. And in 1969 {and 1970) seventy agencies 
expressed interest in contracting for 5,400,000 acre feet or 4~ times the available 
supply". In addition to this, Steiner pointed out that the Secretary of the Interior 
would • ... make his own allocations to the five central Arizona Indian reservations." 
The specific amount is currently in litigation. With just these limited facts {supplied 
by the head of the Arizona Water Commission), it is evident that the Colorado River and 
the C.A.P. cannot pull off the miracle required. 

Steiner also talked, last year, "of equalizing the groundwater decline" in our 
state. How can we possibly do this, I would like to ask you, if we do not know how much 
water is being withdawn? Without measurement, the best we can do is guesstimate. How 
can we equalize groundwater decline if farmers can continue to enlarge and deepen 
existing wells as they now do, and, if, in critical areas, they can change their 
cropping pattern and produce two or three crops a year, where formerly they produced 
only one? These conditions came about because our state grew like Topsy, rapidly, and 
without a plan. An agricultural state responded to the needs of the farmers and the 
body of law, created through years of court decision, protected these needs and 

l/ August, 1921--known as the Colorado River Compact Commission. 7~ million acre feet 
per year in perpetuity to each basin. 



buttressed them. Today, all over the state, our water supplies are dwindling and urban 
interests have come alive and are clamoring to be heard. 

In central Arizona, two counties are suffering from excessive groundwater with
drawals. One of them is urban. Yet in this county, Pima, 70% of our pumpage goes to 
agriculture and, of the consumptive water use in our county, agriculture accounts for 
80% (Avra Valley and Sahuarita). In Pinal County, the groundwater overdrafting is most 
severe (90% of Pinal's consumptive use is for agriculture). 

The urgent question facing our state, which I pose to you today, is how do we 
lessen the demands on our groundwater supplies? Three answers have been suggested. One 
answer lies in new construction, more concrete-lined ditches (i.e., C.A.P.--but C.A.P. 
will only preserve groundwater, if there is a corresponding lessening in pumpage equal 
to the water imported, which some individuals frequently forget is a basic stipulation 
in the federal contract). A second answer is through legal means. Currently languish
ing in the legislature are four bills which would have an impact on groundwater with
drawal. However, the liklihood of their passage this year is slim. (Senator Farr will 
elaborate upon these bills--! will merely state that they have to do with measurement, 
with payin9 for what we use, and with giving each county power over its own water 
management). The first of these bills introduced in both the House and Senate, has, in 
a somewhat diluted fashion, made unexpected headway in the House under the able direction 
of Representative Cauthorn. What will happen now, in the agriculturally-dominated 
Senate, is anybody's guess. 

Of course, there are other obvious solutions--very touchy politically. One of 
them is to phase out all farming. Let the cities spread and industry take over. This 
would save our groundwater, but aside from the politics of the matter, I don't believe 
most of us would prefer acres of asphalt to fields of lettuce and pecans. In addition 
to the food they produce and the fibre, there is an aesthetic good that we derive from 
farmland. It rests the eyes, restores the soul, and frames our cities with a belt of 
green. However, we could eliminate through intelligent planning, the crops which are 
water-intensive (like alfalfa--most thirsty, at no economic loss to the state) and grow 
crops which are of highest value and use our water most efficiently. 

Another way to curtail the mining of groundwater is a method Pima has already 
begun and shall do more of in the future; namely, recycling of effluent. As you know, 
the Bureau of Mines is researching the possibility and Tucson has started using · 
effluent on Randolph Golf Course. 

Another factor we must not omit concerns Indian water rights. Litigation in this 
area, at present moving slowly through the courts, is apt to reform Arizona's water law 
far faster than the heavily-weighted legislature will. 

Interestingly enough, events beyond our control frequently alter lives as well as 
legislation. And the newest element in the water equation is spelled "energy". Due to 
the newly- realized energy shortage (energy meaning natural gas, on which our farmers 
have so heavily relied to fuel their pumps; energy, meaning oil, increasingly scarce in 
supply and expensive; energy meaning electricity, escalating in cost every day), 
farmers will very likely be forced to think of alternatives to heavy water pumping in 
the years ahead. Either they will move to sprinkler and drip irrigation (a desirable, 
water-conserving alternative to the currently practiced flooding technique, so wasteful 
in terms of evaporation) or they will move themselves to where the water is rather than 
pay the cost of bringing it where it's not. Events have caught up with changing 
philosophies and the free ride for Arizona farmers, I would guess, is at an end. 

Parenthetically, also, let me add that the inevitable, but enormously-increasing 
cost of water to municipalities such as Tucson is bound to put heavier and heavier 
pressure upon the legislature. Representatives will be elected to both Houses who 
truly represent the people who pay the taxes--not just the traditional vested interests. 

In closing, I want to direct a plea to you members of the scientific community, 
to you scientists who made it possible for man to accomplish so many big and small 
miracles in the past through your knowledge and expertise. You, who taught man how to 
channelize rivers, build dams, rotate crops, fertilize the soil, gather rocks from the 
surface of the moon, walk in space, and live under the sea; today, there is a new job 
for you. We sho are the plodders and the politicians need new thinking and new 
directions and we look to you men and women of science. We need more effective ways 
of measuring the resources we have on this planet, more effective ways of predicting 
the effect of our use of our resources. 

If we are to husband our 
swiftly into the solar field. 
or they possess hazards we do 
directions so the politicians 
to conquer. 

water and yet have sufficient energy, we need to move 
Other alternatives demand more water than we can spare; 

not fully understand. The scientists must point the 
can pick up the challenge. Together, we have new worlds 
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POLITICS OF WATER IN ARIZONA 

by 

Senator Morris Farr 

I find this an interesting situation, speaking before an audience like this. I 
appear before a group of people who are blessed with no small amount of technical ex
pertise, who are immersed in the scientific meathod and the requirements it places on 
thought processes to be logical. On the other hand, the topic you have given me is 
"The Politics of Water in Arizona" and any relationship that might exist between logic, 
scientific principles, and Arizona water politics is tenuous indeed. 

Let us consider how the Legislature might act if it was proceeding in a logical 
manner. First, we would define precisely the problem that we have before us. Second, 
we would examine possible solutions, considering a range of alternatives, and finally 
choosing the most appropriate solution. Third, we would, of course, set up the neces
sary governmental institutions to carry out the policy established under point two. 

I will be moderately encouraged if in this session we are able to cope adequately 
with the first point and take some steps to better define the problem that exists in 
Arizona. That we have a problem is obvious, and I think goes unchallenged by anyone -
in or out of the Legislature. The water table has dropped demonstratably in almost 
every part of the state. Increased pumping costs, among other factors, have caused the 
water bills of Tucson's residents to skyrocket in recent months and we have only dire 
predictions for the forseeable future. High altitude photography displays the cracks, 
sometimes miles in length, in the earth's surface caused by subsidence due to the over
pumping of the groundwater reserves. I doubt that there is a single legislator who has 
not received a complaint from some citizen about the expense of deepening an old well 
or drilling a new one. The precise dimensions of our water dilemma escape us, though. 
In my short term in office I have heard predictions ranging anywhere from fifty to 
three hundred years supply in the Tucson area, predictions all made by apparently rep
utable hydrologists. In the scientific community we know what happens when experts 
disagree. The search begins for new data to corrborate one or the other - or none, as 
the case may be. 

So what has happened in Arizona? What has the legislature accomplished in the 
search for truth that should preceed a rational solution? The simple answer is nothing. 
Although introduced in many previous sessions of our legislature, we have yet to 
succeed in getting a really minimal piece of legislation - a metering system to measure 
groundwater withdrawals - through the legislature. The need is great. Let me quote to 
you from Phase I of the "Arizona State Water Plan": 

"While a great deal of data has been presented in this report, careful 
reading indicates that data availability is still a major obstacle in 
clearly identifying many of Arizona's specific water problems. 

Of foremost importance, data wise, is the need for adequate groundwater 
pumpage information. This information is essential in understanding the 
response of groundwater basins to recharge, natural discharge, and pumpage." 

These words were authored by Wes Steiner, Executive Director and State Water Engineer, 
Arizona Water Commission. I am not often in agreement with Wes about public policy in 
the water area, but on this need we are in solid agreement. I am convinced that we must 
have better informed hydrologists, better informed legislators, and a better informed 
citizenry; and therefore I have again introduced a bill requiring the metering of 
groundwater withdrawals. 

Will this require additional expense to those who pump groundwater? This is the 
objection we hear most frequently. The answer is that it probably will. This version of 
the bill takes a somewhat different tactic and merely specifies a measurement accuracy 
and leaves it up to the Water Commission to determine if the measurement procedure 
meets that accuracy. This opens the door to using power or fuel consumption records as 
a means of meeting the requirements of law rather than requiring an actual water meter. 
Even if it does entail some additional expense to those who pump water, it seems to me 
to be a justified expense. Personally, I am tired of the arguement that we must consign 
Arizona to an uncertain future water supply because those who are now draining our 
state cannot afford the small capital expense of a monitoring system. That is the epi
tome of being penny-wise and pound-foolish. By the way, if you are worried that some 

The author is the State Senator from District 13, Tucson, Pima County,_ Arizona. 



people will have to bear an unjust burden under this law, let me assure you that amend
ments to all of the water bills have been drafted that would exempt the well used for 
domestic purposes only. I feel that we can obtain the information we need without bur
dening the small consumer whose share of the total pumping is minimal. I might add that 
when this law goes into effect, as it someday will, we are going to be surprized at how 
many large water users already monitor their flows within the five per cent accuracy 
guideline in the proposed statute. 

I have been discussing one of several pieces of legislation, and you asked me here 
this morning to comment on the politics of water. The politics of water in Arizona do 
not really require a great deal of insight to understand - we have a clash as old as 
American politics - the clash between the general public and special interest groups 
who are out to make sure that their particular interests are served. Legislative col
leagues who represent rural districts make no bones about it in private, and occasion
ally in public, that they are out to protect the agricultural interests in their dis
tricts, and as I am sure you realize, agriculture constitues the greatest opposition 
to any reform of our water law. That the policies, or rather the lack of policy, these 
legislators espouse is actually contrary to the best interests of the groups they 
strive to protect is a point that is often lost. Agriculture, like many other buSi
nesses, is strong on short-term profit and very weak on long-term planning. However, 
in the politics of Arizona the rural politicians do not greatly concern me. I know full 
well the pressures of local constituents. Furthermore, most of them are honestly 
striving to do what is right for their localities. A far more disturbing group of leg
islators are those who represent urban constituents, yet consistently vote in a manner 
directly opposed to the interests of those constituents. We often talk of the influence 
of agriculture, yet the legislators, like the population of this state, are overwhelm
ingly from the urban area in which agriculture does not comprise a significant part of 
the local economy. To quote, again, a statistic I have often used, Arizona with eighty
five per cent of its population in the Phoenix and Tucson metropolitan areas is in fact 
not a rural state, but one of the most urbanized states in the Union. 

Why, then, is the Arizona Legislature apparently unable to cope with some obvious 
groundwater problems? Part of the reason is the tradition of Arizona as a land where 
farming is one of our most important activities. That tradition rests in part on an 
image of farming as an enterprise carried on by families struggling to scratch out a 
hard-earned existence, that image is one which most Americans, even city-dwellers relate 
to and feel good about, but it is an image that soon pales when compared to the reality 
of corporate agribusiness. I claim that we must give up that image and regard agricul
ture for what it is - a highly technical industry exploiting a natural resource that is 
in limited supply and a resource that must be wisely used if the rest of our economy 
is to survive. 

A second reason that we have failed to act is just plain lack of knowledge that a 
problem situation exists. This is particularly true for the legislators from Phoenix. 
In a valley which has many canals visibly flowing with surface water, it is difficult 
to conceive that a great water problem exists. We Tucsonans, with our rising water 
bills and obvious dependence on groundwater, are much more sensitive to the need for 
groundwater reform legislation. Yet the hard fact is that even with limited data at our 
disposal, it is clear that Phoenix has a greater problem than Tucson in the sense that 
at a level of 902,000 acre-feer a year, Maricopa County's overdraft exceeds Pima 
County's by a ratio of over three to one. 

This fact is beginning to take hold, and my experience has been that my newer col
leagues in the legislature from Phoenix are sensitive to and concerned about ground
water reform. A major problem is that these legislators never get a chance to act 
because the Senate Natural Resources Committee is so dominated by agricultural inter
ests that we simply cannot get significant water bills to the floor where all can vote. 

The third reason that these urban legislators have failed to act is buried much 
deeper in the psyches and political and philosophical outlooks. That is the knee-jerk 
conservatism that many Arizona legislators display and that says any change is suspect 
and to be avoided at almost any cost. That this attitude inevitably leads to government 
by crisis - to action only after the disaster has struck - probably goes without saying, 
and I won't bore you with the dreary list of crises that I have seen in my one brief 
term in the Senate. 

When I began this talk, I mentioned three steps in logical problem solving -
definition, consideration of a+ternatives, and implementation. I must make onr other 
point - I have a fear that in Arizona we may skip points one and two and go directly to 
point three - and the resulting cost to our citizens could be immense. I refer, of 
course, to the Central Arizona Project. It is simply incredible to me that the citizens 
of this state should be asked to enter into a project costing multiple billions of 
dollars before completion of Phase II of the State Water Plan, which would delineate 
the various alternatives that exist. 

In a nutshell, then, this is my analysis of water politics in Arizona. Like most 
political problems, the ultimate solution is in the hands of the citizen in the polling 
place. If you share my concern, what is required is an ongoing program of voter educa-
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tion. Education of legislators is also important, but it is secondary to the fundament
al problem of persuading the people of Arizona to send men and women to Phoenix who are 
not fixed in the ways of the past, who are open to new concepts, and who are willing to 
oppose those powerful interests that weigh short-term profit more heavily than long
term benefit. 

REFERENCES CITED 

Steinham, Wesely. 1975. Arizona State Water Plan, Phase I, State of Arizona, Phoenix, 
Arizona, 32 p. 
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WATER IN ARIZONA: A REPORTER'S HISTORY 

by 

Tom Turner 

Once Arizona sent National Guard troops to the Colorado River in an effort to counter California's 
claim on that River's water. Then, in following years, the farming interests dominated Arizona econo
my and politics. The farming interests promoted in their behalf the powerful Salt River Project, and 
the concept of groundwater as a property right. Over the years, agricultural power has held fast with 
only slight modifications in the basic groundwater law; this has inhibited the scientific assessment 
of Arizona's groundwater resources. Projections of the dire effects of groundwater policies first 
came from a few mavericks in the academic coiiii1Unity. As facts have accumulated, these projections ap
pear to be essentially correct. It is now evident that city, farm and industry can join to manage and 
conserve what is left of the dwindling water resource, or they can dr.y·.up separately. 

THE STORY 

The miracles of irrigation and desert farming were Arizona's earliest pride. As in Southern Cal
ifornia and the deserts of the Middle East, the greening of "worthless" land to produce food and fiber 
for the nation was a heady achievement for science and technology. 

If anyone was worried that water would one day run out, history doesn't report it. The farmers 
cut their irrigation ditches from brimming natural river courses--the Colorado at Yuma, the Salt in 
what was to become the Valley of the Sun, the Gila at Safford. The fight was shares of the water and 
the worry was keeping everyone in business in years when the river's flow ran low. 

On Armistice Day, 1934, Arizona Gov. B.S. Mouer sent National Guard troops to keep Californians 
from building yet another dam across the Colorado. Arizona and California would eventually end up in a 
10-year-lorgfederal court battle for proportional rights to the Colorado (Arizona v California 376 
U.S.340[196~]), then another several years battling in Congress over federal financing for Arizona to 
take a portion of its share of the Colorado to the central and southern parts of the state--the Color
ado River Basin Project Act (82 Stat.885) adopted in 1968,better known as the Central Arizona Project. 

"The (U.S. Supreme Court) decree handed down in 1964 
apportioned the first 7,500,00 acre-feet per year of 
Colorado River mainstream water available to the 
three Lower Basin states as follows: Arizona 2,800,000; 
California 4,400,000; and Nevada, 300,000. Any excess 
above 7,500,00 was apportioned 50 per cent to Califor
nia and 50 per cent to Arizona ... " (Arizona Water 
Commission, 1975). 

In the Salt River Valley, farmers sought and won the nation's first federal reclamation project 1 
completed in 19ll--pewer dams and irrigation systems that would both modernize life and stabilize sur
face water supplies for irrigation. 

But the modernization of Central Arizona resulted in something more than the farmers or the Bu
reau of Reclamation had planned. People with less or no interest in farming began settling in the 
Salt River Valley--winter vacationers, health seekers, retirees. Small businesses, then larger indus
tr·ies, fallowed them. Water and power remained plentiful. The federal Salt River Project had effect
ively claimed for Maricopa Countians the surface water resources of 13,000 square miles to meet their 
needs. (Salt River Project,l973) 

And, while earlier settlers in the more arid Tucson valley were severely water-conscious, drawing 
daintily on their 1 esser Santa Cruz River, succeeding generations began saying--and be 1 i evi ng--that the 
water locked up beneath the Tucson valley's surface knew no bounds; that there was no reason that Tuc
son could not be as lush and green as Phoenix; that midwesterners and easterners could bring their 
green lawns and trees to Tucson, as well. 

Farming remained the king of the state's economy--and its politics--for generations. While copper 
mining was active, copper brought meager profits. And, as appropriators of the state's surface water 
eventually laid claim to it all, newcomers spread out from the rivers, sinking wells with yet more new 
technology to tap and draw from groundwater resources. Greening the desert was still the achievement 
more important than any. It was hard work and the wonders could not be maintained without more and 
more water. Competition for that water was stiff, as well. How much was there? When would it become 
so fully appropriated that no one else could sink a producing well? Because that could not be deter-

The author is an editorial writer for the Arizona Daily Star, Tucson. He has spent. eight of his 10 
years with the Star reporting and commenting on Arizona water politics. 
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mined, farmers looked for a way to keep on pumping what they needed for their crops and keeping new
comers out. The only way to do that was to make the water their private property. 

There was legal precedent for accomplishing that end in eastern states and overseas, and agricul
ture had the political clout to bring it about in Arizona, even though other western states had gener
ally followed the newer doctrine that water, surface and underground, was mutually owned and more or 
less leased from the body politick. Arizona's surface water was allocated under the newer western doc
trine but its groundwater became private property. 

"The Howell Code of 1864 ... which was Arizona's Ter
ritorial Constitution, completely ignored subsurface 
water. The Code declared that 'all streams, lakes 
and ponds of water capable of being used for the 
purpose of navigation or irrigation are hereby de
clared to be public property.' The legal doctrines 
on which ownership and use of groundwater in Ari
zona are based received court sanction in Howard v. 
Perrin, 8 Ariz. 347,16 Pac. 460 (1904). The State 
Supreme Court ruled, and was later upheld by the 
United States Supreme Court, that percolating water 
was not subject to appropriation." (Arizona Legis
lative Council, January 1974) 

Over the_years, the contribution of agriculture to the state's economy diminished in importance 
but its political power held fast. 

In 1952, the Arizona Supreme Court ruled in Bristor v. Cheatham that groundwater was public pro
perty and subject to appropriation. It was an explos1ve dec1s1on: 

" ... the vio 1 ent reaction to the first Bri stor decision 
included threats of personal harm to Supreme Court jus
tices. Farmers, especially in Pinal County, contended 
that the decision had inhibited financing by such inte
rests that normally dealt with agriculture." (Office of 
Arid Lands Studies, 1974) 

In 1953, the Supreme Court reversed itself, reestablishing groundwater as private property. 

The court modified the property right, however, by saying that the water had to be used in a "rea
sonable manner" and only on tr.e land directly above it if exporting it would damage the supplies of 
neighboring land. 

Even as wells began to run dry in central Pinal County and the land above cracked and separated, 
there was little alarm. The state's cities, though growing, were still well supplied--or so it seemed. 
The only changes in groundwater law made by the Legislature were proposed by agriculture for agricul
ture's benefit. 

In 1948 the Legislature established the "critical groundwater area" so that farmers in an area su
ffering. mL:tually from falling well levels could make sure that no other farmers could tap into their 
table. Even that much le~islation required a persistent Gov. Sidney P. Osborn who called three special 
sessions to achieve it. (Office of Arid Lands Studies, 1974) 

Cities and industry were excepted from that ban but that wasn't much of a concession. Few cities 
were ever involved in critical areas. The boundaries of the critical areas were in many cases peculiar. 
They ~id not follow the boundaries of recognizable groundwater basins as much as they did political 
and property boundaries. Some cities eventually used the critical groundwater designation law to keep 
out additional farming that could be a drain on municipal supplies. 

f•griculture interests were careful, however, not to limit their own use of water through the cri
tical groundwater law. Subsequent court decisions weakened it further. Existing wells in critical 
areas can be replaced and deepened and pumping capacities increased and water from-existing wells can 
be used on land that has never before been used for farming. (Arizona Legislative Council, 1974) 

Nor has there been any significant complaint about the breadth and power of the Salt River Project 
save complaints from some residents of Globe in 1969 when the U.S. Forest Service defoliated hillsides 
there to increase SRP 's runoff. The residents c 1 aimed that the herbicide used deformed and killed man 
and beast in the area. (U.S. Dept. of Agriculture, 1969) 

When the Central Arizona Project first was proposed in the mid-1940s, it was promoted as a way to 
rescue farmers whose wells were dropping into briney depths. Farmers would give up the right to pump 
amounts of groundwater in exchange for Colorado River water--but not the right to own the groundwater. 
The CAP was and is a federal reclamation project and reclamation projects are, by law, for the benefit 
of agriculture. (Arizona Daily Star, June 1969; Salt River Project, 1970) 

Never mind that a good portion of the Salt River Project irrigation service area is now the urban 
expanse of Greater Phoenix. So it is now that the government says that CAP is really for the cities; 
that cities will get the Colorado water when they need it, regardless whether farms need it. That 
point is far distant along most of the CAP's route. What does it matter? By the time urban Maricopa 
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County needs to rely on CAP, its farms will either have been urbanized or will no longer be economical" 
ly feasible to operate. 

The first signs of dissidence in the status quo of water politics came from a few mavericks in the 
academic community. Why, they asked, should the government spend over a billion dollars to channel and 
pipe water from the far-overtaxed Colorado River inland to continue farming that was no longer economi
cally justifiable and water-use patterns that threatened future supplies? Let those farmers go out of 
business or switch to crops of greater yield and lesser water consumption. Government should help ev
ents take their course, they said, first by declaring groundwater to be a public resource, then demand
ing that its use be judicious: 

"Unless significantly lower costs for large-scale water 
development materialize in the future, or significantly 
larger values for such water in the Arizona economy a
rises, Arizonans would be better off merely to absorb 
the cost of agricultural adjustment, concentrating on 
development of alternative nonfarm growth and the intra
state water transfers that would make that growth possi
ble." (Kelso, Martin, Mack 1973) 

"Water scarcity, even growing scarcity, is far less cost-
ly to the Arizona economy than is popularly supposed; 
whatever costliness the scarcity does impose, ameliora-
tion is far more a matter of reforming man-made institu
tional inefficiencies in water administration and manage
ment than in reforming its nature-made physical scarcities." 
(Kelso, Martin, Mack 1973) 

Others advocated moving the state's central farms to the riverside rather than bringing the river 
to them. Save the central Arizona water table, they said, while them's something left to save. 

In Tucson, officials talked of basinwide water management, a thing that would also require chang
ing groundwater ownership from private to public. (Metropolitan Utilities Management staff, 1974) 
The state Supreme Court went so far as to allow the city to buy water rights from adjoining Avra Val
ley, but no farther. A nucleus of Tucsonans opposed to the CAP f.or a variety of reasons from environ
mental to economic to political began to prevail at City Hall, some claiming that Tucson could survive 
without the project simply by stopping all farming in the county. 

At best the need for CAP was placed in the far distant future and then only if the financing and 
priorities were severely altered. (Engineering Science Inc., Marum and Marum Inc., 1973; Metropoli
tan Utilities Management staff, 1974) 

There were legal and con~tutional problems with many of those suggestions, political roadblocks 
in the state Legislature to the rest. 

But their projections were correct to a degree. Several things have coml>ined recently to accel
erate the confirmation of those projections. The closely nurtured illusions are beginning to fade. 

For decades Arizona has been without the facts it needed to reach rational conclusions. Science 
has satisfied itself that smatterings of test wells are enough to determine the extent of water re
sources in underground reserve. Agriculture has adamantly fought moves in the Legislature to measure 
and meter the water it usES. Only through decades of perseverance have some farmers allowed scien
tists to set foot on their land. Many never have. (Arizona Daily Star, October 1975) 

Science and law have misled themselves and the public with their use of such vagueries as "con
sumptive use"--the presumption that irrigation water and city sewage that sinks back into the ground 
is as available for current use as the water in underground storage, when in fact it takes decades to 
replenish the water table. Legal and political arguments over water have implied the fantasy that 
underground water is contained in walls extending downward from surface property lines and political 
boundaries, escaping the reality that when water runs out it runs out for everyone--l'arm, city and 
mine. 

A state study last year revealed parts of the state where no water exists at all and other, pop
ulated, areas that are drawing enormous amounts more than nature replenishes. (Arizona Water Commis
sion, 1975) 

Tucsonans were stunned recently when city hydrologists announced their rather dismal findings in 
search of new, productive well sites. (Arizona Daily Star, 1975 October) Still more recently, an 
engineering study has made it sound even worse. (Arizona Daily Star, February 1976) Tucson has no 
choice between CAP and buying up farms. Farms or no farms, its future populations will likely require 
the water resources of both. If water-use habits don't change or if either source fails to produce as 
expected, there are no other alternatives now apparent. The city and Metropolitan Utilities Manage
ment agency have launched a sizeable water conservation campaign. 

Around the state, other things have been happening. In recent years, fresh faces in the state 
Legislature have breeched the issue of groundwater law reform--with minimal success but drawing in
creasing public attention to the subject, nonetheless. 
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As the 1976 legislative session grinds on there is a glimmer of change in attitude toward ground
water refonn law. A bill calling for the voluntary metering of groundwater pumps is advancing through 
House committees--with the support of Central Arizona fanning interests. It isn't much, but it could 
be a beginning. 

The soaring cost of electrical energy is driving up the cost of irrigated fanning, forcing econo
mies and, in some cases, sellouts. Electrical costs have given Maricopa County urban dwellers cause to 
question the purposes, management and control of the Salt River Project. And in Mesa, the seat of ag
riculture's power, subsidence cracks have been discovered. 

City and fann and industry will either join forces to manage and conserve what is left or they 
will dry up separately. It will not matter which holds the power in the end. Coexistence is possible 
if agriculture does not insist on a battle to the death. 

Next year, substantive groundwater refonn may make it past committee discussion in the Legisla
ture; the cost of power may go higher; the subsidence cracks grow larger. The miracle of the early 
days has tarnished. The issue now is survival. 

Arizona Legislative Council. 
Council, Phoenix, Ariz. 
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WATER FOR FOOD, ENERGY AND MUNICIPAL USE IN THE 
COLORADO BASIN: A CONSUMER-ENVIRONMENTAL PERSPECTIVE 

.by 

Barbara Tellman - Citizens to Revise Arizona Water L•w 

Competition for Colorado River water has been evident since the 1920's. It is clear, however, 
that the coming decades will see an entirely new phase fn that competition as the remaining unused 
water is sought by many diverse interests. These competing interests will base their claims on 
the Colorado River Compact and other agreements and court decisions. However, since most of those 
agreements and decisions involved inflated estimates of the amount of water available in the river 
or were made in earlier times when factors of impoi'tance today were of much less import, economic 
competition and litigation will undoubtedly be increasingly common. The outcome of such litigation 
and competition may not prove to be the best solution to establishing priorities for water use 
or to the advantage of the consumer. Citizefts groups and specialists both have important roles 
to play in helping to resolve those conflicts before problems have arisen. 

The Colorado River 

The Colorado River Compact of 1922 specified: 

and further 

"There is hereby apportioned from the Colorado River System in 
perpetuity to the Upper Basin and to the Lower Basin respectively 
the exclusive beneficial consumptive use of 7,500,000 acre-feet 
of water per annum ... " 

"The states of the Upper Division will not cause the flow of the 
river at Lee Ferry to be depleted below an aggregate of 75,000,000 
acre-feet of water for any period of ten successive years ... "1 

This division was made at the end of an extremely wet cycle in which annual flows had exceeded 
20,000,000 a.f. repeatedly. The average annual virgin flow from 1896-1921 was 16.8 m.a.f. More 
recent experience, however, has indicated that the average figure should be much lower sinc2 the 
average from 1922-1973 was 13.9 m.a.f. and the average from 1953-1964 was a low 11.6 m.a.f. 

MILLION ACRE-FEET 
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1953-1964····················· .. 
Figure 1. 

Lee Ferry Annual Virgin Flow For Selected Periods2 

Support for the be 1 i ef that the more recent averages are i ~deed the more accurate ones comes from 
recent dendrochronological studies at the University of Arizona which indicate that the 400-year 
average is closer to 13.5 m.a.f. These studies show that the high flow period prior to 1922 was 
extremely unusual and that a corresponding wet period occurred only once before in those 400 years, 
in the early 17th century. Even more startling is the conclusion that the so-called "drought period" 
of the 1930's was not unusual, but a frequent occurrence. It seems obvious that any concrete plans 
for use of Colorado River water that do not take these factors into account could result in serious 
problems for water users. 
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Present Uses of Colorado River Water 

The Lower Basin allocation of 7.5 m1a.f. is in full use at the present time. When evaporation, 
system losses and the Lower Basin share of the Mexican c011111itment are added to present uses, there 
is no margin for new uses, such as C.A.P., which do not compete with existing uses or depend on surplus 
flows from elsewhere. 4 

The Upper Basin picture is far more complicated. Present Upper Basin uses amount to only 3.644 
m.a.f.5 which would leave plenty of leeway for expansion of Upper Basin uses if the average virgin flow 
were 16.8 m.a.f., as assumed in the Colorado River Compact. However, as is apparent, the average is 
considerably less than that. 

California 
Nevada 
Arizona 
Evaporation & System Losses 
Total Lower Basin 
Arizona (Upper Basin share) 
Colorado 
New Mexico 
Utah 
Wyoming 
Total Upper Basin 
Total Colorado River U.S. Use 
Mexico 
Total Use 

Figure 2. 
Colorado River Water Use - 1974 

5.100 
.175 

1.186 
1.760 

""""lf.22T 
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.336 
.8ll 
.387 

3.644 
ll .865 
1.500 

13.365 

Even when a portion of California's share is transferred to Arizona for use via the C.A.P., the total 
picture will not change. The River is already co0111itted almost to the long term flow. L~wer Ba~in 
use is committed beyond its required allotment and must surely be cut back when Upper Bas1n use In
creases. 

Projected New Uses of Colorado River Water 

Recent changes in perceptions of U.S. energy requirements have radically changed projections of 
Upper Basin water use. The Department Qf Interior recently predicted that by 1995 Upper Basin use of 
water will exceed the available supply.5 And this "available supply" is based on an average flow of 
more than 14 m.a.f. See figure 3. 

It can be seen that much of the projected new water use is for energy. The Upper Colorado Basin 
is rich in energy sources and is expected to play a major role in bringing the nation towards "energy 
self-sufficiency". Yet the region is chronically water-short. The Federal Energy Administration Task 
Force on water reports that in the Colorado Basin "there is no meaningful way of reconciling individual 
appropriations or group appropriations with current water use figures. Where the supply is already 
overappropriated, additional water users must obtain water rights out of these established rights in 
most cases."6 It is clear that in the broad overview competition in some form is inevitable. This 
fact is clear to certain large energy firms who are actively purchasing land in the Upper Basin in 
order to obtain the water rights. 

Since most of the water in the Upper Basin is now used for agriculture, some food production may 
be sacrificed if energy uses take priority. However, increases in irrigated agriculture in the 17 
western states plus 3 other ea~tern states are projected to provide food for an expanded population. 
The Department of Agriculture predicts an increase in irrigated agriculture from 36 million acres in 
1969 to 43 million by 2000. Not all of this increase is, of course, in the Colorado Basin. However, 
such federally financed projects as the Navajo Indian Irrigation Project in New Mexico are projected 
to call for increased depletions of 760,000 a.f. by 2000.4 

The only major new use of water in the Lower Basin is the Central Arizona Project. Since the 
Lower Basin share is fully allocated, water for C.A.P. will have to come either from Upper Basin sur
pluses, new interbasin transfers, use of other in-state water or transfer of uses from present perfect
ed rights. Senate Bill 3298, introduced by Senator Edward Kennedy, is an example of attempts to 
transfer water rights. Guaranteed water for Indian users of C.A.P. is, according to this bill, to come 
from purchase of all farms in the Wellton-Mohawk Irrigation District. Some farmers along the Colorado 
have feared for years that their rights would be abrogated in favor of C.A.P., in spite of conditions 
in the 1968 C.A.P. Act protecting prior rights. One other proposed Lower Basin use would be another 
dam on the Colorado River between Lake Powell and Lake Mead. Evaporation of some 200,000 a.f. would 
have to come from Arizona's share. 
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Another important factor which must be considered in any water planning is that of Indian claims. 
In recent years we have just begun to see the beginning of assertions of these rights. The San Xavier 
Papagos have sued all water users in the Upper Santa Cruz Basin, claiming that their reservation has 
been seriously damaged by drying-up of the once perennial Santa Cruz River and by lowering of the 
water table. Some analysts believe that the Papagos have sound legal grounds for their claims and that 
winning of this suit could set a precedent for similar claims in other parts of Arizona, especially 
Maricopa County. The five Central Arizona tribes are actively asserting their rights as are the Nava
jos who claim most of the Colorado and its tributaries the Little Colorado and the San Juan in New 
Mexico. The Utes claim portions of the Dolores River, etc.8 Unless some other means of settling these 
claims is found, the possibility of endless litigation looms large. 

Colorado River Salinity 

One final source of depletion of Basin water must be mentioned. Increased use of Colorado River 
water has resulted in increases of the natural salinity level which the Colorado River Water Quality 
Improvement Program is intended to reduce. Planned projects may use as much as 112,770 a.f. of water 
upon completion. 
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Potential Areas gf_ Conflict 

The general outlines of competition can already be seen. On the assumption that each state in the 
Upper Basin will get its full "share" according to the Upper Colorado River Compact of 1948, users in 
each of those states are beginning to make concrete plans for water-using projects. Examples of pro
jects in the planning stage include the Fremont Intermountain Power Plant in Utah (45,000 a.f.), the 
Standard-Gulf Oil Shale Project in Colorado (52,000 a.f.), the Jim Bridger Power Plant in Wyoming 
(30,000 a.f.) and the Bonneville Unit of the Central Utah Project (166,000 a.f.). Total water require-
ments for planned new energy sources in the Upper Basin are estimated at 874,000 a. f. by the year 2000. 
In addition, 620,000- 915,000 a.f. are planned for municipal exports (to Salt Lake City, Albuquerque 
and the Denver area). Another 760,000 a.f. are projected for new irrigation projects in the Upper 
Basin.5 If the flow of the river is indeed as low as ft now appears, these uses cannot all be satisfied 
in addition to all planned Lower Basin uses. Since the Upper Basin states "do not accept the 5.8 m.a.f. 
as accurate from either an engineering or 1 ega 1 point of view"5, there is a rea 1 possibility of compl i
cated litigation in which the final legal decision may not necessarily be in the best interests of the 
consumers. 

Some immediate conflicts can be predicted with some confidence. The Arizona Water Commission has 
assured Arizonans that there will be enough water for C.A.P. because of the water of in-state tributaries 
which can be added to the Lower Basin allocation. The Virgin River is cited as one such source. The 
Virgin River, however, originates in Utah, winds briefly through Arizona then joins the Colorado in 
Nevada. According to the Boulder City office of the Bureau of Reclamation, the Virgin River is already 
overcommitted in Utah and is no longer a perennial stream. Because of this water shortage, the Dixie 
Project has been dropped in favor of local smaller-scale projects. Both regions cannot have the same 
water - some resolution will be needed. 

Another claimed source of water for the Lower Basin is the water stored in reservoirs. Yet the 
level of the reservoirs cannot be dropped below a certain level before production of power used in the 
Lower Basin is affected. A study9 on the temporarily defunct Kaiparowitz Power Plant (Whlch uses Upper 
Basin water to produce Lower Basin power) concluded that the level of Lake Powell would drop below the 
water intake for that plant long before the end of the design lifetime of the plant. A related effect 
would be a shortage of water for the Navajo Power Plant. Since C.A.P. depends on power from the Navajo 
Plant for pumping, we could be faced with the absurd situation wherein in order to have water for C.A.P. 
we could lose the power source and in order to keep the power, we wouldn't have any water to pump. 
Various projects are obviously being justified in isolation, based on inconsistent sets of assumptions, 
while the cumulative effect of water demands is ignored. 

Alternate ~of Solutions 

Gilbert Stamm, Commissioner of the Bureau of Reclamation said recently, 

"If we do not stop taking our future water supplies for granted, we may, 
in the not too distant future, be faced with a water crisis which could 
make the threat to our welfare imposed by the energy crisis seem mild by 
comparison ... 

The question is - shall we wait until that crisis appears before we begin to seek solutions, or shall 
we face the basic issues now? What are the alternatives? 

We might rely on the traditional approach to solving water problems. When we run out of water 
in one area, bring some in from elsewhere. But where else in the West can we go for fresh water? 
Figure 4 illustrates the intense competition that can be expected for water for energy in the 17 
western states. However, even if the water is available from the Columbia or elsewhere, is this necess
arily the best alternative from the consumer and environmental points of view? The cost of interbasin 
transfers of that magnitude is vast and must be paid either by the taxpayer or consumer. An inter
basin transfer would consume energy as does the California State Water Project,which consumes as much 
energy to move water around the state as the entire State of Arizona uses for all purposes. The effects 
on the cost of water and energy could be great and should be made part of the cost analyses of indivi
dual projects. From the environmental point of view, the interbasin alternative seems unattractive 
as it would have effects both in the area of origin and along the route. 

We might rely on the economics of the market place. Agricultural users are liable to be the first 
hit by higher costs and lessened water supplies. Energy producers would surely be the last hurt. Among 
agricultural producers, the large corporate farms will surely survive longer than smaller ones, other 
things being equal. From the consumer's point of view, this type of competition is liable to result in 
higher prices for agricultural commodities, possible shortages of some types of food and higher prices 
for lesser amounts of municipal water, but possibly lower energy prices at least in the short run. 

However, if litigation is the answer, the consumer is even more certain to lose. Any litigation 
based on the Colorado River Compact could result in energy producers being the losers as that Compact 
explicitly states that use of Compact water for electricity generation must have a lower priority than 
water for all other agricultural and domestic uses. It in fact states that the Upper Basin is not even 
required to deliver water to the Lower Basin for power generation. New energy-related uses could be 
delayed in the courts for years. While this might be desirable from an environmental point of view, 
from the consumer viewpoint such litigation could mean higher prices for all water-related products 
as court cases drag on. 

Another alternative would be improved water and farm management practices, along with priority 
setting. Surely this alternative will be forced on us at some point. Perhaps it makes more sense to 
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Arizona ............ 75 73 0 10 11 0 0 2 171 

California ........ 81 276 0 0 0 0 22 13 392 

Colorado .......... 90 14 260 10 11 0 0 2 387 

Idaho ................ 30 9 0 0 0 0 4 0 43 

Montana ......... ,124 0 0 70 44 40 0 279 

Nevada ············ 41 0 0 0 0 0 2 0 43 

New Mexico .... 20 0 0 3 72 0 2 98 

Oregon .............. 18 122 0 0 0 0 4 0 144 

Utah ................ 120 0 40 42 11 0 0 3 216 

Washington ...... 0 126 0 0 0 0 0 0 126 

Wyoming .......... 118 0 20 60 44 160 0 3 405 

Total 2,304 
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begin looking at this choice now and to begin developing incentives for such practices as improved irri
gation me~bods, urban wastewater reuse and urban water conservation. It may prove to be more in Arizona's 
interest to improve water management through legislative measures than to insist on surplus deliveries 
from the Upper Basin. It may be in the interests of California to relinquish some water claims in re
turn for power generated in the Upper Basin. 

The purpose in raising these alternatives is not to assess each one completely as a basis for 
making choices, but rather to raise the issues as a starting point for discussion, with the consumer 
at the heart of the evaluation process. 

The Role of the Citizen Organization and the Specialists 

None of the data in this paper is original. It is all available in various forms in the publishTg 
documents cited here as references, Some of these documents clearly describe the basin-wide picture. 
Others, while stating the general picture contain basic errors, such as Pro~ect Independence6which 
effect4vely credits Arizona with an annual water surplus of some 8 m.a.f. thers, such as the Westwide 
Study, contain detaijed analyses that clearly reveal the shortage problem, yet ignore a major consumptive 
use. Still othersl are written with an obvious state bias, ignoring the larger picture. Yet they all 
have one thing in common. They are all, for practical purposes, inaccessible to the average elected 
official who is the one in many cases faced with the hard choices, but too occupied with day-to-day 
decisions to evaluate detailed studies. They are also inaccessible to the average consumer who must 
live with the choices, yet in many cases is not even aware that choices exist. 

Surely the situation is getting serious enough that we can no longer afford to tolerate such prac
tices as assurances to Tucsonans that an adequate supply of water will be available for C.A.P. through 
mining of r{1servoirs while also assuring Lake Havasu residents that the levels of the reservoirs will 
not be affected by C.A.P. Surely we must face the issue of basin-wide water shortages and not be lulled 
into a false security by being told that there is p\enty of water for at least the next 15-20 years, 
even thoug~ the footnote admits that 1.76 m.a.f. of water lost to evaporation was not ·part of the cal· 
culations. We can no longer afford to assure the Lower Basin that the Upper Basin will deliver sur-
pluses indefinitely and at the same time plan uses in the Upper Basin which will more than use the 
available water. It's about time we had some meaningful cost/benefit studies. For years, the Bureau 
of Reclamation has been calculating cost/benefits of reservoirs attributing little or no benefit to 
free-flowing white-water stream recreation. Now we see the Bureau building an artificial concrete
lined white-water stream so,jpeople can shoot-the-rapids in the heart of Denver. 

Citizen groups and independent specialists may be the only ones to be a catalyst in bringing about 
a change of attitude. There are few others available. Elected officials seldom have time for studies 
involving long-range planning issues. Many also have strong incentives to make decisions based on re
sults to be expected within their particular elected term. Government agencies often have a stake in 
the outcome of the decision and discourage individuals who may wish to raise questions publicly about 
agency decisions. This type of prohibition may even extend to related agencies as when U.S.G.S. per
sonnel are discouraged from differing with established Bureau of Reclamation policy, both being within 
the Department of Interior. Many academic specialists feel constrained to avoid public opinions which 
may jeopardize sources of grants or university income. Some engineers feel pressure from their peers 
not to "rock the boat" when certain types of engineering contracts may depend on approval of certain 
government agencies. 

The issues need to be discussed and a rational basis for choosing alternatives established. The 
citizen groups are probably the most viable means of interpreting specialized data to the public and 
the elected officials. They can also help to place individual specialized research studies in an over
all perspective and point out the relevance of these studies to water and community planning. But they 
do need the support of specialists and the increased credibility gained from support from the experts. 
Too many experts , aware of the problems, refuse to become involved for various reasons. We need you 
and we think you need us if these issues are to be addressed in any meaningful way before the mistakes 
have been made, not after. Citizens to Revise Arizona Water Law is dedicated to that k1nd of effort 
and will be appreciative of whatever assistance we can obtain from experts in the field, in order to 
keep consumer and environmental viewpoints at the forefront of water planning. 
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THE PREJUDICES, POLEMICS, AND POLITICS OF WATER 
MANAGEMENT VERSUS THE REASONABLE MAN TEST 

by 

Barbara A. Stribling 

ABSTRACT 

American legislative bodies and juries of laymen are founded on the concept that 
what a reasonable man would do is what will be done. In actuality the synergistic 
effects of prejudice, politics, and polarized language rarely allow this to occur. 
The result has been conflict of interest statutorily mandated on natural resource 
governing boards and a lack of expertise in the courtroom. Further contempt has 
developed between citizen and expert and between legislator and bureaucrat. 

I propose to explore the operative mechanism in the situation and discuss pos
sible future roles for both citizen and expert as well as tools which could be 
utilized by them. · 

INTRODUCTION 

What this long title means is that what we expect humans to be and what they 
most frequently are, are two different things. When I refer to "prejudice," I refer 
to human nature as it actually is. When I speak of "polemics," I refer to our ten
dency to polarize and aggressively argue issues, i.e., the faults of our language. 
And when I refer to "politics" in water management, I refer to the process as it 
actually operates. Finally, the "reasonable man test" is that standard by which our 
laws judge what is good and what is bad. 

In the construction of American law, we have assumed that all men are reasonable. 
We assume reasonableness to be that standard of scientific objectivity promulgated 
by the physical sciences and perhaps tempered with compassion as Shakespeare said in 
the "Merchant of Venice." But perhaps a more complete definition of a reasonable man 
is that given by psychologist Abraham Maslow in his analysis of the "self-actualized" 
or "fully human" person. Henceforth, we will refer to a "fully human person" rather 
than to a "reasonable man." 

Maslow, as you know, is considered the third father of modern psychology because 
he studied the healthy person as opposed to one who was mentally ill. His philosophy 
was that we cannot know how to help the mentally ill until we know what a "truly full 
human being" is supposed to be like. From his research, he feels: 

" ... Truth, goodness and beauty are in the average person in our 
culture, only fairly well correlated with each other, and in the neurotic 
person even less so. It is only in the evolved and mature human being, 
in the self-actualizing, fully functioning person that they are so highly 
correlated that for all practical purposes they may be said to fuse into 
a unity. I would now add that this is also true for other people in their 
peak experiences. 

"This finding, if it turns out to be correct, is in direct and flat 
contradiction to one of the basic axioms that guides all scientific thought, 
namely that the more objective and impersonal perception becomes, the more 
detached it becomes from value. Fact and value have almost always (by 1 intellectuals) been considered to be antonyms and mutually exclusive." 

(See Table No. 1 for Maslow's description of the characteristics of a fully human 
person.) 

HOW PERSONS ARE SELECTED FOR BOARDS AND COMMISSIONS 

When I was a child, I assumed that a governor would scour the state to find 
qualified persons without conflicts of interest to sit on the boards and commissions 
of that state. Oh, how naive I was! 

In actuality, there are several criteria used to select persons to sit on boards 
or commissions. These criteria operate very similarly to the criteria that you used 
as a third-grader when it was your turn to be captain of the ball team. 

A. The first criteria for persons chosen for boards and commissions is that they 
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must wish to be there. This is the only one which differs from your third-grade 
experience, since you had the whole class to choose from, whom, we assume, all wanted 
to play ball. 

B. The first person selected for the team was usually your best friend, i.e., 
unless you wanted a punch in the nose. 

C. The next person to be selected was usually the most skilled player. Unfor
tunately, when it comes to boards and commissions, the skill most often represented 
is that of being able to sit on boards and commissions, due to having earned a great 
deal of money in some prior endeavor. With the exception of governmental boards and 
commission, this might be just fine, since hospitals and like organizations choose 
their board members primarily to attract funds to their institution. But a govern
mental board or commission is usually established to protect the public from unethical 
business practices or other potential harm. 

D. After the most skilled player, you would usually choose a person to whom you 
owed a favor. In the political realm, this usually means a large campaign contributor 
or worker. 

E. The next persons to be chosen are those who represent the vested interested 
being regulated by the board. Ostensibly, this means that there will be sufficient 
expertise on the board to counter-balance lay opinion from the bureaucracy and the 
general public. However, a close look at most of the boards and commissions in the 
natural resources field show that all of the commissioners, but one, are usually 
representatives of the vested interests. (See Tables No. 2 and 3.) 

F. At least one of the persons chosen, and if possible more, should be well
known names. This has the effect of giving the board status and the governor. the 
status of having appointed someone well-known in the community. This effect, I call 
"blue ribboning." 

G. Frequently, a board or commission will include the director of a state agency 
whose department is affected by its actions in some manner. Since the governor has 
the power to select most of the agency heads, he also is placing his own people on the 
board or commission from this direction. It is noteworthy that most agency heads are 
chosen from the industries regulated rather than from the bureaucracies. 

H. Obviously, a governor cannot ignore the partisanship of the board members. 
The bulk must be from his own party. 

I. There is a tendency in all of us, a very strong tendency, to resist change. 
Therefore, if a person has served on a board or commission without rocking the boat 
and is willing to serve a second or third term, it is natural, if possible, to 
reappoint that person. (The present governor has reappointed many members of boards 
and commissions originally appointed by his predecessor.) 

J. What to do with the dissenter. If there is a strong public outcry against 
the actions of a board or commission, and particularly if that outcry is not from the 
"establishment,• one of two things can be done to attempt to satisfy these persons. 

(1) You can place a token representative on the board. The token is 
chosen from the fringe of that dissenting group closest to the 
establishment, e.g., the token environmentalist on the Water 
Resources Committee is from the Arizona Public Service Company 
Environmental Section and is a member of the Arizona Wildlife 
Federation -- the least radical environmental group. 

(2) You can attempt to co-opt the leadership of the dissenters by 
placing the radical leader on the board. This is the more 
dangerous of the two methods, because at the same time that you 
educate and alienate the radical leader from his followers, you 
run the risk of educating the other board members over to his 
position. Consequently, this is the route least often followed. 

LAY LEGISLATURES AND JURIES 

Why do we have laymen in the legislature? Usually it is because we say we don't 
believe in professional politicians, but the history of it goes back to the Magna 
Carta and juries of peers. (What we say and who we elect also are different. Carl 
Hayden, Paul Fannin, Barry Goldwater, Morris Udall, Sam Steiger, John Rhodes and John 
Conlan can hardly be designated less than professional politicians.) Rather than 
have a commoner tried by a jury of aristocrats with whom he had nothing in common, 
it was considered more just that his peers try him. They would have greater under
standing of the situation in which he found himself and the spirit, if not the letter, 
of the law would dictate justice. The same of course was first true for the aristo
cracy. The House of Lords served as a brake on the autocratic power of the king, and 

20 



later the House of Commons would replace both King and lords as the governing body of 
the empire, since they represented the majority of the people. The commoners were not 
lawyers. They came instead from many trades and professions. If the people did not 
want professional politicians, it was because they believed the public interest was 
best served in a government BY THE PEOPLE. Theoretically, so do we. 

One of the ways, really the major way, in which the people participate in govern
ment, is by serving on the 120-odd boards and commissions of the state. We have said 
before that these commissions were set up to protect the public interest. How can 
they protect the public interest in the same manner as the lay legislature, when they 
are composed of the very people that they are to regulate? There are four parties 
attempting to divide Arizona's water supply justly among them. They are agricultural 
users, municipal-industrial users, gas and electric companies, and Indians. 

The fourth interest, the Indian, is outside the state process partly by choice 
but partly because our fathers forced him there. 

Last year the legislature. passed a bill which they hoped would give to the state 
the effluent permit system now controlled by EPA. The legislature gave that authority 
to the Water Quality Control Council. Agricultural and power interests are most repre
sented here. Agriculture permits are the most numerous applications. The Council also 
must approve any investigation for a violation before it can take place. 

Can one fox guard the hen house against other foxes? 

LANGUAGE AND POLEMICS 

. The English language really has no word to describe a position between good and 
bad, other than by less good or less bad. It is reflected fn our public discussions 
of every issue. The discussions become polarized into two camps, each aggressively 
attacking and refuting the arguments of the other in polemical discourses. Obviously, 
they use emotionally-charged words. Frequently they use the fallacies of logic 
without the detection of the general public. Just as frequently they distort statis
tics. 

It burns me when a certain person talks about the total dissolved solids of 
wells in Maricopa County by using the arithmetic average. South of Phoenix are a few 
wells with TDS in the thousands. These few skew the average heavily. It would be 
better to refer to the mean T.D.S. of Maricopa Wells. 

Western civilization has yet to progress to that plateau of Eastern philosophy 
wherein we recognize the paradoxes of all existence, and wherein we begin to under
stand that very few issues are divided only into two parts. A Chinese symbol expresses 
the omnipresent paradox beautifully. It stands for male-female, good-evil, light-dark, 
etc. 

We need to learn that issues are like the pieces of that childhood toy, the 
kaleidoscope -- multi-faceted and ever-changing. We need to learn to learn. We need 
to begin teaching our youngsters not to memorize facts and pte-digested interpreta
tions, but to question, to interview, to attempt to look at the broad picture. 

In Future Shock, we read that the average person changes jobs-professions or 
types of-worr-seven times in his life span. Toffler predicts that the number of 
changes will increase in the future.Z 

I am reminded of an old story futurologist Robert Theobald cites in his new book, 
Beyond Deshai;.3 He tells of a tribe which is still teaching its children to fight 
saber-toot t1gers long after the beasts have become extinct. When the children point 
to strange new beasts gathering on the hill overlooking their village and suggests that 
they should be learning to combat these strange beasts, the village elders call a meet
ing. After due deliberation, the elders decide that what was good enough for them is 
good enough for their children. You know the conclusion: Two days later the tribe is 
wiped out by the strange beasts. 

we should not be training all people as specialists, but some as generalists. It 
is significant to note that the great breakthroughs in science have come by people on 
the periphery of the science in which the breakthrough was made. Also, if one looks at 
the greatest scientists, persons such as Aristotle, Einstein, Leonardo da Vinci, Thomas 
Jefferson, Thomas Edison, one notices immediately their broad range of interests. 

These were people who approached the problem and sought a means to solve it, 
rather than fitting their means to a problem. They were not what Maslow calls "means
centered scientists.•4 To take an example from the field of water: What might 
occur if our great engineers by bringing additional water to this desert environment, 
allow it to become over-populated in relationship to its natural carrying capacity, 
and then that great engineering project is damaged beyond repair for a significant 
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length of time? Might not we be better off to seek a non-engineering solution, to 
our water problems? Perhaps even to redefine them? 

THE EXPERT-LAY RELATIONSHIP 

In the beginning of our country, bureaucrats were administrators. Today, bureau
crats are technicians. We have a "technocracy" available to boards and commissions 
to provide the expertise that the vested interests currently provide. I am not saying 
that we do not need experts on a board or commission. A certain amount of expertise 
is needed in order to ask the right questions of the technocracy which we all know 
has its own growth aims. However, if a lay legislature is in the best interests of 
the people, then laymen on the boards and commissions should logically be better able 
to represent the public's interests. 

There is a certain contempt between laymen and experts. I feel this comes from 
at least two fears. The expert fears questions of the effects of his technology or 
science on the social or political realm. Since he was not trained to assess these 
factors, they cause in him a certain insecurity which results in fear to answer, and 
a certain contempt or hostility toward the layman who asks the questions. On the 
layman's side, he fears the secret language or jargon of the experts. When he does 
not fully understand a proposal presented with a liberal spicing of this jargon, he 
becomes insecure and hostile and this results in a similar contempt for "the-expert
who-cannot-translate-an-idea-into-plain-English." 

What is ignored here is that each person has the potential to learn to communi
cate with the other. If the members of the boards and commissions were fully human 
in Maslow's context, they would not feel threatened by their lack of knowledge; they 
would, instead, be able to ask questions without attempting to polarize the situation. 

"Counter-Valuing" 

Abraham Maslow has discussed the hostility we feel towards persons whom we 
consider great or famous or more expert than we. Their presence makes us aware of 
our own inferiority. Instead of realizing that this is an awareness "of ourselves, 
about ourselves," we tend to project onto the expert the idea that he is trying to 
make us feel inferior. Actually, what we feel is awe and our "counter-valuing" of 
thTS awe as hostility can be eliminated by our awareness of what we are doings Awe, 
according to Maslow, is a path to the best in ourselves -- a part of ecstasy. 

"The Jonah Complex" 

Who among you aspires to become Secretary of Interior? Or who here will serve 
on the Arts and Humanities Council? 

If you feel frustrated and embarrassed at being asked such questions, it is 
probably because of a feeling that if you, humble you, were to aspire to such an 
office, you would be considered to have the utmost conceit. You, yourself, would 
feel a "sinful pride" or "hubris." This is the equivalent of saying that you aspire 
to be God and you would come to the same end as Faust. Maslow calls this "the Jonah 
complex.•6 It is one of the means that we use to escape from our own greatest poten
tialities. Another means of escape is our own tendency towards inertia, or laziness. 7 

A little bit of fear at the awesomeness of the responsibilities that we might 
undertake, and a little bit of fear about what might be the truth of our abilities, 
both are present and inhibiting. We tend to be fearful of peak experiences, of being 
overwhelmed by emotion. A perfect example of this is the French expression for sexual 
climax, "La Petite Morte," the little death. 

"Social Synergy" 

Maslow has found that there is, in the fully human person, an individual synergy. 
This synergy is what makes self-discipline and the tendency to do right, easy for the 
fully human. "Their appetites agree with their judgments," he says. What they do 
selfishly, ends up to be what is beneficial for all. What we need to do is to develop 
a social synergy, or a synergy within our society, where the good selfish act of one 
is seen as a good act for all. In order to do this, I think, we must recognize the 
inter-dependence of our society. 

It is difficult to recognize inter-dependence because to do so threatens our 
image of ourselves as adults. We as children always imagined that adults were self
sufficient. It hurts our egos to admit this is not true in our modern urbanized 
society -- nor in our highly technical world is a country self-sufficient. 

The rural and the urban interests are inevitably entwined, but not necessarily 
within a specific geographic area, or within a specific short timeframe, and this is 
the crux of the problem when we talk about water allocation. To elucidate, most of 
the food consumed in the city of Phoenix or Tucson is grown elsewhere in the United 
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States, processed far from where it was grown, packaged somewhere else, and shipped 
to the city. The crops grown in and around these communities are likewise consumed 
far from where they are grown. Therefore what is good for the farmer of the 
immediate community, is not necessarily good in the short run for the community, 
or vice-versa. And the vested-interest person who sits on the board or commission 
is looking for immediate short-term profit and loss statements. It takes a general
ist, a fully human person, often someone on the periphery of the industry to be able 
to transcend the short-term and look at long-term implications. This person must be 
aware of the paradoxes and of the interdependence and have a far broader perspective 
than the vested-interest person who usually sits on the board or commission. 

WE NEED BRITISH AMATEURS 

I do not propose that ~ layman be placed on a board or a commission simply 
because that person is a layman or is not a member of the vested-interest. The layman 
who sits on a board or commission, needs to be willing to educate himself and hope
fully has already gained some background in the particular field governed by that 
board. It was not unheard of in Britain among the aristocracy for a man to become 
an expert in some field entirely unrelated to that in which his living was made. We 
have a perfect example today in the person of the Japanese emperor, who is an expert 
in oceanography. Avocations need to be recognized as well as vocations. 

The layman or amateur on the board or commission must be willing to assume the 
responsibilities of attending meetings faithfully and of attempting to explore the 
programs of the agency he regulates and evaluate them in terms of the public interest. 
He should be willing to contact and talk with the clientele of the agency, to seek 
out, not to sit and have brought to him, the information with which to do his job. 

This can only be done, of course, if laymen and technicians attempt to bridge 
their tendencies to counter-value each other and build a foundation of trust and a 
workable language in which to communicate. 

Compromise 

Politics is often called "the art of compromise," but oftentimes the compromise 
is much like using an arithmetic average, when what is really needed is the mean. 
The program derived is neither pragmatic nor conducive to human dignity. A perfect 
example of this type of compromise can be seen in the vehicle emissions program today. 
But the development of trust and workable language, a language not charged with 
polarized words and emotional connotations, will result in compromises that are prag
matic and in which neither side loses dignity. 

Financial Disclosure 

One of the suggestions for making board and commission members more acceptable 
or accountable to the public has been to require them to file financial disclosure 
statements, the same type as filed by elected officials. I do not believe that a 
fully human person would be afraid of this process. Some who oppose the filing of 
financial disclosure statements say that it would result in only retirees and house
wives serving on boards and commissions. I don't think either category should be 
excluded from boards and commissions (and the latter most frequently are), but Maslow 
has found that self-actualized persons are more prevalent among those 60 years of age 
and older. 

MATRICES FOR BOARDS 

I talked earlier about the need for a kaleidoscopic viewpoint. Obviously, it 
is impossible for the human mind to keep before it the many facets of a problem and 
the data related to them. We tend to submerge any data which do not contribute to 
the solution oru prejudices dictate. The polarization of issues and of our language 
usually adds to our problem. One way in which we might mediate against the limita
tions of our minds is to provide our decision makers with computers and the data in 
those computers to help them solve their problems. I am not thinking here that a 
computer will solve the problem for the decision-maker, but that on a computer 
printout, he or she would be able to see at once the major facets of a problem listed, 
together with supporting data, and in that way have before him as much of the infor~
tion as possible from which to make a decision. 

Those of you who have attended public hearings know that not all viewpoints a 
represented there, and this might be a way in which the non-vocal could also have 
input. 

Similarly, we might provide for each board and commission a three-dimensional 
matrix which would list as follows: 
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Dimension 1: The geographical make-up of the board, including urban-rural, 
desert-mountain, etc. 

Dimension 2: Political party, sex, age, expert-layman. 

Dimension 3: The areas of expertise or life affected by decisions of that 
board or commission. And here the list would be as long as 
good minds could logically make it. 

Each time a new member of the board·is chosen, the category in which that person 
has expertise or qualifications, would be shadowed. Over a period of time, it would 
be obvious which interests of the community were being neglected in the board's 
decisions and policies, and a suitable member chosen for the next opening. 

CONCLUSION 

In conclusion, I hope you will agree that we can lessen apparent conflicts of 
interest on our natural resource boards and commissions by placing capable laypersons 
on those boards and commissions. And that Maslow has given us some good advice about 
getting along together. 

I also hope that you have a better understanding of the dichotomy between what 
we ask of persons in the law and of how the average person is capable of reacting. 
And that this understanding will lead you to seek to become 'fully human' yourself 
and to work toward developing a society whose social synergy is such that virtue pays. 

Until we have such a society, one of the ways in which we can cope with the 
average human nature is to develop matrices for our boards and commissions and to 
require financial disclosure of those who serve on them. 

We can also examine our educational system and attempt to teach more people how 
to learn to learn and to become generalists, as well as specialists. 

We can educate ourselves and our offspring to kaleidoscopic thinking and make use 
of our computer technology to overcome our prejudices and polemics in decision-making. 

And, finally, we can begin analyzing our language and attempting to eliminate 
polarization. 

l. 

# # # 
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TABLE 1 -------

CHARACTERISTICS OF A FULL-HUMAN 

More Reality Discerning - Better predictors -- better character judges 

Open and Humble -- Able to listen well -- always willing to learn 

B-Cognition -- Desireless-awareness -- able to understand without 
influence of prejudices, desires, etc. 

D-Cognition -- Follows B-Cognition --is action-oriented, judging, planning 

Dedication to a Job -- Cause to the point that work/play distinction blurs 

Disciplined, Trained, Hard-Working 

Highly Creative -- Flexible, broad interests, willing to err, unafraid of 
ridicule 

Spontaneous -- Less inhibited, natural, expressive of emotions, trans
cultural 

--- Self Confidence and Self Respect-- Arrogant of perceived values and new 
ideas -- not dependent on praise of others humble before possible 
teachers 

Adaptable -- Knows his abilities -- not threatened by failures -- not 
threatened by change 

Low Degree of Self-Conflict or High Synergy -- Not at war with self over 
goals, values -- appetites agree with perceived duty 

Physically Sound -- Few illnesses -- usually in better shape than average 

Gets Great Satisfaction from Helping Others -- Usually engaged in a job 
which has great societal benefit 

Taoistic Objectivity -- Perceives unity and beauty and goodness in the 
world -- unity of all ways 

Highly Independent -- Needs privacy -- less hostile, praise-dependent on 
or toward others 

--- Has Psychological Freedom from Cultural Mores -- Transcends society in 
search of universal" values -- spiritual but not conventionally 
religious 

Respectful of Others -- Not exploitive, patient, kind toward children, 
disciples -- not necessarily good parents as standards are very high 

Universal Type Humor -- Does not appreciate ridicule 

Tends to Form a Few Deep Personal Human Relationships -- Good marriages 

Curious -- Attracted to unknown 

Unusual Ability to Concentrate -- Sometimes absentmindedness 

Problems -- Easily bored, often angered, also suffers moments of doubt, 
guilt, etc. 



TABLE 2 

ARIZONA WATER QUALITY CONTROL COUNCIL 

1. The director or a member of his staff, designated by him. 

2. A member of the state game and fish commission or a member of its 
administrative staff, designated by the game and fish commission. 

3. A member of the oil and gas conservation commission or a member of its 
administrative staff, designated by the commission. 

4. The state land commissioner or a member of his administrative staff if 
designated by him. 

5. A member of the Arizona water commission or a member of its adminis
trative staff designated by the commission. 

6. The dean of the agricultural college of the University of Arizona or a 
member of his staff if designated by him. 

7. Seven citizens of the state who shall be appointed by the governor. 
Each congressional district shall have at least one representative. Of 
the seven members, one shall be appointed from the utility industry, one 
from the livestock industry, one from the forest products industry, one 
from the mining industry, one shall be appointed to represent the league 
of cities and towns and two shall be appointed from irrigation districts 
or water user associations. At least one of the foregoins shall be a 
civil engineer registered in Arizona. 

A.R.S. Title 36 - 1853 

* * * * * * * * * * * * 
TABLE 3 

LOOK FOR THESE VESTED INTERESTS IN ALMOST All AREAS OF WATER MANAGEMENT 

SALT RIVER PROJECT - Controlled by agriculture to provide cheap water 
and power for same 

ARIZONA PUBLIC SERVICE COMPANY - Provides power to urban areas - closely 
tied to SRP through plant construction 

CENTRAL ARIZONA PROJECT ASSOCIATION 

IRRIGATION DISTRICTS - Particularly from Pinal County, Wellton-Mohawk 
of Yuma, and Harquagila Valley District 

HUNTERS - Game and Fish Commission, Arizona Wildlife Federation 

LIVESTOCK INDUSTRY - Cattlemen's Association, etc. 

TIMBER-FORESTRY - esp. Southwest Forest Products 

FINANCIAL COMMUNITY - esp. Valley National Bank, First National Bank, 
Arizona Bank, and the Federal land Bank Association. 

LOOK FOR TOKEN REPRESENTATION OF THESE INTERESTS 

MUNICIPALITIES - No "industrial representation" 

MINING 
EDUCATION 
RECREATION 

- Usually represented by name -- person chosen is official 
with government or close to viewpoints on list One. 

WILDLIFE - Non-game habitat protection 

ENVIRONMENT - Conservation, anti-pollution 

HEALTH -Qualified M.D. 
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TABLE 3 (continued) 

"UNCONNECTED" CITIZENS - For example, not employed by a firm on the 
previous list -- knowledgeable, allowed to represent a token 
position and speak freely. 

DO NOT LOOK FOR 

WOMEN 

TECHNICIANS 

V'l .... 
V'l ..... 
"" ..... ;: 

V'l .... 
V'l ..... 
"' ..... .... 
z: 

DRAFT MATRIX FOR WATER· COMMISSIONS* 

Dimension I Geography: 
Ru~al -·Urban; Desert~ Plains -Mountains; 

Five different counties 

Dimension III 

Hunters & Fishermen 
Non-Game Wildlife 
Cattlemen 
Sheepmen 
Other Livestock Growers 
Dairymen 
Tropical Fish Enthusiast 

Cotton Farming 
Citrus & Nut Farming 
Forage Crop Farming 
Vegetable Farming 
Other Farming 
Landscaper or Nurserymen 
Hydroponics 
Home Botanists 
Forest Products 
Forest Service 

Government: 

Health: 

Financial: 

Industry: 

Energy: 

Indian tribe, city, Irrig. Dist., Water 
Users Assn. 
Dental, Medical, Housewife, Health Food 
Nutritionist, Dietician. 
Banker, Theoretical Economist, Mortgage 
Co. 
Construction; Real Estate Sa·les; Food 
Processing; Cosmetic, Electronics, or 
other city-oriented industries. 
Gas & Electric Co., Solar Power Co., 
Natural Gas Co., Transmission Line or 
other related utility interest. 
Copper, Sand, & Gravel. 
Law er Consumer Advocate Or anization 

*I would appreciate your suggestions for further additions: 
3014 North 15th Drive, Phoenix, AZ 85015 
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SYSTEMATIC ASSESSMENT OF' UNCERTAINTIES IN AN ENVIRONMENT IMPACT STATEMENT 

by 

Soronadi Nnaji, Donald R. Davis and Lucien Duckstein1 

An environmental impact statement (EIS) is meant to be a predictor of the consequences of actions 
on the environment. However, uncertainties in the statements make it difficult to determine the relia
bility of the predictions and thus the consequences of the actions. Hence, use of an EIS could be 
counter-productive if the inherent uncertainties are not recognized and considered in its evaluation. 

Examination of several EIS's from a systems viewpoint is used to expose the following sources of 
uncertainty: (1) the identification of the components of the system, (2) the natural uncertainty of 
the inputs to the system and of the transformation functions producing the output, (3) uncertainties in 
the modeling of the system due to limitations of sample, economic and technological data. The above 
viewpoint is used to analyze the Colorado River Salinity Control Project EIS. Uncertainties are 
identified and classified and means for assessing and incorporating their effect on the environmental 
impact assessment are discussed. 

INTRODUCTION 

Environmental Impact Statements (EIS) are assessments of future consequences of man's actions on the 
environment. Current literature on such statements have emphasized the identification, prediction and 
evaluation of environmental impacts. Such analyses are, of course, necessary to provide society the 
information it needs to resolve the conflicts between desirable ends, such as jobs and essential goods 
and the undesirable ones, such as environmental pollution which may result from man's existing or pro
posed actions. Equally important, however, are the inherent uncertainties that exist in the information, 
such as data and predictive models, on the basis of which the statements are prepared. It is our obser
vation that this critical aspect of environmental impact analysis has been pursued with much less vigor 
than the impact identification, prediction and evaluation aspects. The purpose of this paper is to 
propose a framework for explicitly considering uncertainties in the assessment of environmental impacts. 

To this end, we first examine the typical environmental impact statement from a system's viewpoint 
by decomposing the total environment (system) into subsystems. The various elements (inputs, outputs, 
etc.) of each subsystem are then correspondingly identified. Following this, the proposed framework for 
uncertainty analysis and the subsequent impact assessment are discussed. 

BRIEF REVIEW OF LITERATURE 

The literature reviewed below represents a selection from the few available in which attempts were 
made, in one form or the other, to consider uncertainty analysis in impact assessment. 

Wills (1975) discussed data collection activities as they related to the three major data needs 
concerned with the environment. These needs were identified as academic and scienti fie research, 
resource planning and environmental impact assessment. He noted that collection of data is, by and 
large, rare; however, when they exist such programs have been designed for either of the first two 
needs and hardly for impact assessment. The result is that, data available for all three aspects of 
impact assessment are more often than not inadequate. This type of uncertainty, i.e., that due to 
inadequate data we term sample (parameter) uncertainty. 

Bishop (1974) discussed a case study of the impact of a proposed open-pit mining and processing 
activity on the population of the California Condor, an endangered species of bird that inhabits the 
Pine mountain region of southern California. Sources of uncertainty were identified and two methods 
"of allowing for uncertainty in private decision making" were discussed. The methods, 1) discounting 
and 2) pooling and spreading are similar to the factor of safety method used in engineering design in 
that they do not consider the uncertainties explicitly. Royston and Perkowski (1975) recognized the 
existence of uncertainties in the industrial (and also governmental) investment, planning and develop
ment processes. They however addressed themselves to the uncertainties that result in industrial 
planning due to the conflicting uses of environmental components by the proponents of an action and the 
various persons who share the proponents environment. In this paper we are concerned with the uncer
tainties due to natural fluctuations in elements of the system, those that may be caused by 1 imi ted 
data, and the uncertainties in modelling the system. 

Research Associate, Dept. of Hydrology & Water Resources, Assistant Professor, Depts. of Hydrology & 
Water Resources and Systems and Industrial Engineering, and Professor, Depts. of Hydrology & Water 
Resources and Systems and Industrial Engineering, University of Arizona, Tucson, AZ 85721, 
respectively. 

29 



In proposing an approach for evaluating environmental impacts, Fischer and Davies (1973) ack
nowledged that due to uncertainties in the information used for determining environmental impacts, un
certainties exist in the impacts predicted. For quantifying these uncertainties they recommended a 
three way classification viz certain, probable and opinion. They recommended a team (Delphi type) 
approach for reducing the uncertainties in possible predictions. The next section describes the EIS used 
to illustrate our approach to handling uncertainties. 

BACKGROUND 

The United States and Mexico, in 1944, adopted a treaty for the utilization of the waters of the 
Colorado River. Although the treaty permitted the United States to include drainage waters from irri
gation projects below the Imperial Dam as part of Mexico's allotment, it did not settle the question of 
the quality of water to be delivered. During this period water quality did not pose a problem because 
flow excesses had diluted the more saline drainage waters that were then being discharged to the river 
below the Imperial Dam; principally from the Wellton-Mohawk Irrigation and Drainage District. With 
time, however, increased developments both upstream and downstream of the Dam caused these flow excesses 
to, in effect, cease. The quality of the water delivered thus became an issue which has been resolved 
only partially by the addition of subsequent minutes to the original treaty. 

The most recent of these minutes, Minute 242, is an attempt at a permanent and definitive solution 
to the international problem of the salinity of Colorado River waters delivered to Mexico under terms 
of the 1944 water treaty. To meet its treaty obligations the United States through the Office of Saline 
Water of the Department of the Interior has proposed the Colorado River Salinity Control Project (1975). 

THE PROJECT 

The overall goals of the project are to reduce the salinity of the Colorado River water delivered 
to Mexico and to more efficiently utilize the water resources in the area. The project as discussed in 
the final Environmental Statement is however concerned primarily with measures required to implement 
c:ommitments made to the United Mexican States in Minute 242. The minute essentially states that the 
United States of America de 1 i ver water to Me xi co of sa 1 i nity no more than 135 ppm over the qua 1 i ty of 
the water at the Imperial Dam. Thus, the project will control only the relationship between the 
salinity at the Imperial Dam and that at Morelos Dam subject to the waste discharges at points in be
tween. See Figure 1 below. 

Figure 1. Project plan area. 
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The proposed methods of control comprise both structural and non-structural measures designed to 
reduce the amount of waste load entering the river between the two dams. These measures constitute 
what we have termed man's actions on the environment. The major environments affected by these actions 
as identified in the impact statement are shown in Figure 1. They are the Coachella Canal, the Wellton
Mohawk Irrigation District lands, the desalting plant site and the Santa Clara slough. These environ
ments make up the total environment which we examine below from a systems viewpoint. 

SYSTEM IDE'MTIFICATION 

The environments identified above are considered as components (subsystems) of the total environ
ment (system). A diagramatic representation of the system is given in Figure 2. The arrowed lines 
joining the subsystems are the linkages which are primarily canals carrying water to or from a given 
subsystem. A linkage is said to be active and hence a subsystem if an action is contemplated on it; it 
is passive otherwise. For example, the Coachella Canal transports water from the Imperial Dam to the 
Coachella Valley Irrigation District. It is considered a subsystem because some action (lining the last 
36 mi 1 es with concrete) is proposed on it. 

STATE OF A SUBSYSTEM 

Imperial Dist. 

Coachella Dis t. 

BYPASS 
DRAIN f-. 

SANTA CLARA 
SLOUGH 

I 
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Figure 2. The system. 
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Each subsystem is in general characterized by four classes of environmental factors. Thus, as 
shown in Figure 3, the class of physical environmental factors comprise the climate, geology, hydrology 
and topography. We note in passing that some of the classes may not be relevant to a given subsystem. 
Each factor in turn constitutes a state vector the elements of which are the state variables charac
terizing the state of the subsystem. The entire array of these variables characterizes the total en
vironment. 

Now, the states of interest vary depending on the action being considered. Indeed, selection of 
the state vector in any given problem of natural resources management is 1either unique or necessarily 
simple. Since no general rules exist for this selection, it often calls for a heuristic approach based 
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on the analyst's insight and understanding of the physical process under study. In Figure 3 sample 
state variables are given for the purposes of illustration. 

The structural and non-structural measures constitute the action space over the total environment. 
A member of this space comprises the vector of inputs into the corresponding subsystem. For example, 
if the subsystem is the unlined reach of the Coachella Canal, the input set includes the labor and con
struction material put into lining the canal. The consequence of the action comprise the costs asso
ciated with the lining process, the increased irrigation water available to the Coachella Valley water 
users and the decrease in the deep seepage losses which recharge the groundwater along the P'lth of the 
canal. The impact of the action, which is the essence of the ESI as it relates to the canal, is 
measured in terms of how the action has affected the economic and social welfare of the valley farmers 
and the individual(s} owning the ground-water rights along the path of the canal. In the next section 
we describe the proposed framework for uncertainty analysis. 

CLASSES OF UNCERTAINTY 

For this analysis uncertainties are classified as being one of the following types: 1} natural 
uncertainty, 2} uncertainty in system identification and 3) uncertainty of predictive models. These 
uncertainties are associated with the elements of each subsystem. 

Identification Uncertainty 

The question is what constitutes the subsystem in tenns of its elements, i.e., what are the members 
of the input vector, the state vector, etc. Some of these are known and observable. Others may not be 
observable even though they produce an affect. It is not far fetched to suppose that, when dealing with 
natural systems, the analyst may be completely oblivious to some of the variables affecting the system. 
Consequently the subsystem element can be under-determined and the extent this is happening will be un
known to the analyst. Examples may be cited. 
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Rainfall is affected by many factors, some of which are quantifiable, others are known but not 
quantifiable while others still are completely unknown. Uncertainties in the choice of actions and/or 
subsystems that may be included in the analysis 1s a type of identification uncertainty and exists pri
marily because, in relatively large systems, it 1s important to seek a balance between complete repre
sentation and manageability. On the same token, there is uncertainty in input and state variables to be 
eliminated in order to reduce the size of the problem. 

Natural Uncertainty 

Once identified, the variables of a system element may be observed or assumed, based on heuristic 
or theoretical arguments, to be deterministic or stocha~tic. Natural uncertainty exists therefore in 
all those system variables exhibiting natural fluctuations. The rainfall process is an obvious example. 

Predictive Model Uncertainty 

Given the system as perceived, we often require models in one form or the other to predict the 
next input, next state, next output and most importantly in the context of this paper the impact of 
mans action on the social and economic welfare of the people and on the environment. Models that have 
been used range from complex simulation computer programs to the judgment of a decision maker who may 
not necessarily be very knowledgeable about the system structure. Two types of uncertainty which jointly 
make up the predictive model uncertainty may be identified. They are the uncertainties in the form and 
in the parameters of the model. Both of these may be sample dependent since some models are data based 
and the parameters of all models are estimated from data. Examples include uncertainties in system 
design changes due to unforseen technological innovations and uncertainty in state transformation 
functions. Inadequacy of sample and economic data with which to make estimates of model parameters 
leads to parameter uncertainty. This type of uncertainty naturally leads to the question of how much 
data is enough to obtain "satisfactory" estimates. Finally, there is the uncertainty about the mani
festation of a predicted impact and the time frame of such manifestation. 

ASSESSMENT OF UNCERTAINTIES 

In general, it is difficult to quantify predictive model and system identification uncertainties, 
i.e., those uncertainties that are due to man's inability to observe and understand his environment 
completely. A reachable goal for the analyst is to use a group of knowledgeable personnel in order to 
enhance the system identification and the choice of predictive models. In contrast, those uncertainties 
which are outside the possible control of the analyst, i.e., the "natural" uncertainties are more 
readily quantifiable. In what follows we seek to quantify natural uncertainties and assume that the 
subsystems, actions, predictive models and outputs are given. In the process the following assumptions 
are reasonable: 

a) Some information, objective or otherwise, can be obtained on the subsystem variable of interest. 
It is not required that the information be available in a quantity that enables complete charac
terization of the uncertainty in the variable. 

b) Identified uncertainties are quantifiable as probability distributions, confidence intervals and/or 
as sample statistics. 

c) There are personnel who have expertise in the assessment of the probabilities and also in the 
workings of the system. Winkler and Murphy (1968) term these attributes Normative and Substantive 

goodness respectively. 

Now, the uncertainties discussed above may be quantified objectively or subjectively depending on 
whether the- information can be obtained in an objective or subjective manner. Also, the information 
may be obtainable directly from the environment or indirectly as proxY or secondary data. For example, 
information available from other projects or environments, though it may not be altogether germane to a 
current project because of new characteristics in the latter, it may be used as base information for 
purposes of uncertainty quantification. 

Assessment of Objective and Subjective Probabilities 

The difference between objective and subjective data is not so much in the method of data acquisi
tion as it is in the source of such data. A quantification is said to be objective if it involves or 
uses data that are observable and thus may be confirmed with a minimum amount of human bias. Such data 
are usually obtained from instrument readings. Use of instruments induce minor uncertainties through 
noise in the measurements and instrument imperfections. 

On the other hand, individuals form the source of subjective data and as such the probability 
measure constructed from such data reflects the belief of the individual concerning the uncertain 
quantity. We note that an inherent characteristic of subjective data is the inconsistencies they tend 
to exhibit in the sense that an individual faced with the same set of alternatives at two different 
occassions is liable to make two different choices. The several methods (Winkler, 1967; Pratt et al., 
1965) that have been proposed for assessing subjective probabilities also include ways of minimizing the 
inconsistencies referred to above. The basic approach is to use a questionnaire to elicit the sub
jective information from an assessor. Two of the techniques suggested by Winkler (1969 determine a set 
of fractiles of the assessor's probability estimates of the quantity, X, of interest. The first 
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technique uses direct questions regarding the fractile, as for example, given what odds will the assessor 
choose a value X= x of the quantity. The second technique uses a normalized payoff interval 0 < y(x) ~ 1 
to assess the fractiles by successive subdivisions. Thus, for a given fractile, e.g., y(x) = 0.5, the 
assessor is asked to choose X= x such that he is indifferent. The process is repeated for y(n) = 0.75, 
.25, etc., till there are enough fractiles to indicate the distribution function. Note that !loth tech- ' 
niques rely on qualitative questions so that results obtained depend on the manner in which the questions 
are phrased. A major advantage of the second technique is that it only requires the assessor to make 
judgments about whether or not two events are equally likely. Both techniques are distribution free 
since they do not assume anything about the analytical form of the subjective distribution. 

Further, the probability distribution of X may also be elicited from more than one assessor and a 
representative distribution obtain from a weighted linear combination of the individual assessments. 
The weights assigned to an assessor, by the analyst, may be based on the assessors experience. 

Incorporating Uncertainties in Impact Assessment 

The techniques discussed above by which subjective or objective relative densities may be con
structed for individual inputs (actions) provides a basis for incorporating uncertainties explicitly 
in the impact assessment. 

An output (consequence) may be gaged in monetary tenns or in terms of other units of measurement 
such as an index. To each member of the output vector there corresponds a probability distribution 
which depends on the distribution of the input and may be obtained by standard transformation tech
niques or simulation. Hence, one may compute the assessment criterion such as the expected cost or the 
cost with the maximum or any specified likelihood of being incurred. 

For each subsystem an array of actions and corresponding impacts may then be obtained. Repeating 
for each identified subsystem a decision matrix on which a decision maker may judge the merits and de
merits of the project can be obtained. We note that the decision maker may be an individual (e.g., 
the analyst) or the citizens of the envfronment. 

Reducing the Uncertainties in Impact Assessment 

In the preceding section we have viewed impact assessment as a decision making tool. However, since 
the decisions made usually concern future actions, we are of the opinion that impact assessment should 
be used also as a learning tool. Thus, given new infonnation, the analyst updates his current knowledge 
about the state of nature by revising the probabilities of the quantities of interest on account of 
which the action is taken and thus his assessment of the impact. The Bayesian approach (Davis, et al., 
1971, 1972) to decision making may be used to this end since this adaptive mechanism incorporates new 
information (subjective or objective) about the uncertain quantities in the form of probability distri
butions thus allowing for a formal analysis of the assessment problem even in the cases when only sub
jective infonnation is availi!ble. 

CONCLUDING REMARKS 

In the foregoing brief exposition, we have identified types of uncertainties that may be encoun
tered in assessing environmental impacts. System identification and predictive model uncertainties are 
reducible through the adaptation of a Delpi type approach in which the individual judgements of par
ticipating experts are pooled to obtain a consensus. Natural uncertainties may be assessed in tenns of 
probabilities by the use of sample infonnation when the data source is objective. When the source of 
data is an individual or a group of individuals the information may be elicited either explicitly or 
otherwise in terms of probabilities by the use of questionnaires. The sample/parameter uncertainty 
that exists because of limitations in the size of the sample and for estimating model parameters and in 
model building may be reduced by an iterative application of Bayes fonnula if the uncertainties are 
expressed in tenns of probabilities. Such a framework as presented above provides a basis for incor
porating uncertainties explicitly in assessing environmental impacts and the use of such assessments 
as a learning in addition to a decision making tool. 

These calculations allow the output from the system to be described in a probabilistic manner. 
Such a description enables the assessment of alternative actions with the uncertainties in the output 
taken into consideration. Comparison of results obtained with and without consideration of uncertainty 
enables the decision maker to determine the value of additional infonnation or research to reduce the 
uncertainties affecting the assessment process. 

The systems approach developed here provides a methodological framework for analyzing the un
certainties resulting from actions affecting the total environment. This approach is especially valuable 
in examining the impacts of large scale projects in which uncertain factors make assessment of the 
impact difficult and subject to controversy. 
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NAIWMC - POTENTIAL IN THE SOUTHWEST 

by 

Conrad G. Keyes, Jr. 

ABSTRACT 

The North American Interstate Weather Modification Council was formed to coordi
nate intrastate, interstate and possible international weather modification activities. 
The main purpose of this organization is to achieve and maintain state and local con
trol of such activities while endeavoring to attain a high degree of legislative uni
formity and an effective information exhange mechanism. 

The need, goals and objectives of the newly created Council are summarized. A 
summary of the Council's progress at performing the purposes of the Council are pre
sented in this paper. The potential use of this Council in the Southwest is described 
in relation to existing programs in weather modification in the area. 

INTRODUCTION 

Governor Richard F. Kneip of South Dakota invited the Governors in the United 
States to attend or be represented at a June 10-12, 1974, conference in Sioux Falls, 
South Dakota on "Weather Modification in the United States -- Potential and Problems 
for Interstate Action." Governor Kneip recognized the need for the prudent design and 
critical analysis of all weather modification efforts. He pointed out that interstate 
cooperation is particularly needed in view of the growing importance of agricultural 
production to the economy and well-being of the people of all states, and the tendency 
to develop individual state weather modification programs (Kneip, 1974) 

All fifty states were invited to attend the Sioux Falls conference, in which some 
twenty-three states were represented, as well as the Province of Alberta, Canada. At 
the end of the successful working conference, those present selected representatives 
from six states--California, New Mexico, North Dakota, South Dakota, Texas, and Wash
ington and the Canadian Province of Alberta to serve on an Ad Hoc Committee to: 

(1) 

(2) 

( 3) 

Investigate possible organizational needs, i.e., participation, 
goals, funding, affiliation, etc. 
Plan a second conference on interstate weather modification 
cooperation and coordination within one year. 
Study the Sioux Falls working committee reports and develop these 
suggestions into recommendations to be presented at the next 
interstate conference on weather modification. 

The remainder of this paper defines the Ad Hoc Committees recommendations for the for
mation of the North American Interstate Weather Modification Council, the formation and 
accomplishments of the Council, and the potential use of the Council in the Southwest. 

NEED, GOALS AND OBJECTIVES 

The Ad Hoc Committee met in Seattle, Washington on October 2, 1974. Since the 
June Conference showed an expanding awareness of state's role in weather modification 
activities, the main mission of the Ad Hoc Committee was to establish a proper forum 
for interchanging and coordinating specific information of interest primarily to state 
officials in the operations phase or in the regulatory phase of weather modification 
(Carr, 1975). 

Sub-committees of the Ad Hoc Committee prepared statements on membership quali
fications; affiliation; needs, goals and objectives of the Council; organizational 
structure; and resolutions to be adopted at the next interstate conference on January 
16-17, 1975. 

The author is the Executive Secretary, North American Interstate Weather Modification 
Council, Box 3-CE, N.M.S.U., Las Cruces, New Mexico 88003. 



BASES FOR CONCERN 

After pointing out the need for an organization to coordinate intrastate, inter
state and possible international weather modification activities, the important bases 
(needs) for concern were: 

(1) 

( 2) 

( 3) 

(4) 

( 5) 

( 6) 

(7) 

( 8) 

(9) 

Substantial but fragmental local, state, and federal activity in 
deliberate and inadvertent weather modification has taken place 
in the past twenty years. 
Weather modification effects do not respect internal or national 
boundaries and no compacts or agreements exist regarding the effects. 
States require a measure of control over weather modification 
activities and effects within their boundaries. 
No effective mechanism presently exists for interstate cooperation 
in weather modification and the states do not have a coordinated 
approach for atmospheric resources decision making. 
Minimal public involvement in weather modification decision making 
has been solicited in the past. 
Lack of uniformity exists in most state statutes concerning weather 
modification operations, qualifications, and regulating weather 
modification activities, including environmental effects. 
Little exchange of information among states has taken place 
concerning environmental relations and reports. 
Weather modification decision making must be responsive to local, 
state and interstate concerns. 
Weather modification activities in response to emergency drought 
conditions would be most effective through an interstate organi
zation of state representatives knowledgeable in local needs and 
conditions. 

SPECIFIC OBJECTIVES 

The Ad Hoc Committee suggested that the overall objective of the Council must 
be to serve as the focal point and clearing house for interstate weather modification 
activities. Specific objectives outlined by the Ad Hoc Committee included: 

(1) Serve as the official spokesman for states' needs and views of 
weather modification. 

(2) Provide the organization through which funding of multistate 
assistance programs can be accomplished. 

(3) Provide a forum for developing interstate agreements and under
standing. 

{4) Develop and promote the adoption of compatible state regulatory 
activities. 

{5) Develop and provide information for public use. 
{6) Exchange information and provide assistance in environmental 

and societal relations. 

PURPOSE AND GOALS 

The purpose of the NAIWMC, as stated in the adopted By-Laws, has been divided 
into six categories. 

~rations. The Council shall assist governmental and private organizations in 
planning, design, implementation, coordination, and assessment of on-going, temporary, 
and emergency weather modification operations which are planned with the intent or 
conducted with the effect of causing international, national, interstate, or intrastate 
consequences. The Council shall promote effective partnerships among various agencies 
conducting weather modification operations, and shall assist in integrating weather mod
fication operations with water resources development and other activities affected by 
weather modification activities. It shall make appropriate recommendations in order to 
promote these purposes. 

Research and Develo~ment. The Council shall assist governmental and private 
organizations in plann1ng, design, implementation, coordination, and assessment of 
weather modification research and development. It shall promote common research con
cerning weather modification activities and their environmental and societal conse
quences. The Council shall provide a forum for the exhange of experience, data, and 
information about weather modification. 

Public Involvement. The Council shall seek to provide information for and engage 
in the discussion with a) public officials, b) persons involved in weather modification 
activities or who demonstrate an interest in the effects of weather modification, and 
c) the general public. It shall serve as spokesman for the needs and views of the 
member jurisdictions, and it shall develop public education programs. 



Legislation. The Council shall assist national governments, state or provincial 
governments, and groups of state or provincial governments in preparation, review, and 
alteration of treaties, statutes, compacts, and administrative rules and regulations. 
It shall seek to obtain legislation which is responsive to local, state, interstate, 
national, and international concerns. 

Regulations. The Council shall assist regulatory agencies in maintaining a high 
level of integrity and professional competency among weather modifiers. It shall 
assist regulatory agencies in coordination of their professional licensing and opera
tional permit issuing functions. It shall serve as a clearinghouse for environmental 
impact statements relating to weather modification and for such other data as will 
assist regulatory agencies. 

Miscellaneous. The Council shall serve such other purposes relating to the devel
ment, operat1on, and control of weather modification as are consistent with those pur
poses expressly named in this article. Such purposes shall be stated by resolution 
adopted at annual, regular, or special meetings of the Council. 

Admendments to the By-Laws purpose may be proposed by the Committee on By-Laws, 
the Executive Committee, the Board of Directors, or delegates or alternates repre
senting one-third of the regular members registered as attending the annual meeting 
prior to the time of presentation of the proposals. 

FORMATION OF THE COUNCIL 

John A. Donnan, the second Chairman of the Ad Hoc Committee, organized the second 
conference to be held in Denver, Colorado on January 16-17, 1975. The meeting enti
tled, "Conference on Weather Modification - A Useable Technology, Its Potential Impact 
on the World Food Crisis," was supported by the Ad Hoc Committee and was to formulate 
the North American Interstate Weather Modification Council. 

ADOPTION OF BY-LAWS 

During the Denver conference, discussion of the Ad Hoc Committee's recommendations 
to the participants of 25 states of the United States, 3 provinces of Canada, and 
Mexico were formulated into by-laws which organized the Council on January 17, 1g75. 
A short summary of the by-laws, which were drafted by Ray Jay Davis of the University 
of Arizona, have been summarized by Keyes (1976). 

MEMBERSHIP AND DUES 

Regular membership in the Council is available to all states of the United States 
of America, to Mexico, and to all provinces of Canada. Each jurisdiction electing to 
become a member of the Council shall affirm its decision by informing the Council of 
its support, by appointment of a delegate to the Council and an alternate, and by pay
ment of dues to the Council. The Board of Directors shall establish classes of regu
lar members for dues purposes and set the annual dues for each class of members. 
Permanent regular members are presently paying annual dues in the amount of $1,500 
(U.S.). Temporary regular membership status has been extended by the Board to some 
states for a single two-year period at $500 per year. 

Affiliate membership in the Council is available to national agencies and to pol
~ical sub-divisions withing states or provinces. Professional organizations and sci
entific societies may also become affiliate members. Affiliate members shall pay 
annual dues in such amounts as are established by the Board of Directors. For this 
purpose, the board may create different classes of affiliate members and establish 
different rates for each class. 

BOARD OF DIRECTORS 

The officers of the Council consist of the Executive Committee (Chairman, Vice
Chairman, Secretary-Treasurer) and ten other members of the Board of Directors. Con
sistent with the by-laws and resolutions of the Council, the Board of Directors shall 
establish the policies of the Council and act on its behalf. The Board may propose 
by-laws and resolutions for adoptions by delegates to the Council. It may also employ 
an Executive Secretary for the Council, and may delegate to him such functions as it 
deems appropriate, including the authority to select and supervise employees of the 
Council. 



ACCOMPLISHMENTS TO DATE 

RESOLUTIONS IN JANUARY 1975 

Resolutions that were adopted on January 17, 1975, in Denver, Colorado, pertained 
to items that had or would affect the weather modification projects which are supported 
by many state governments. 

The unanimous decision of the NAIWMC was to inform all federal legislators of the 
existence of the Council and of the interest and willingness of the organization to 
assist in the preparation and review of existing and proposed Federal legislation. 
Further, since several of the states do have successful legislation in effect and some 
of these states have had considerable experience in implementing their laws, the Coun
cil felt it was appropriate for this organization to offer the expertise of its members 
to assist other states in preparing and developing weather modfication legislation. 

Recently some regional supervisors of the United States Forest Service have re
quired land and water use permits if any proposed weather modification activities 
are expected to have any effect or impact on any National Forest or National 
Grassland areas. These requirements have been based upon the Organic Administration 
Act of 1897 (Act of June 4, 1897, 30 Stat. 34, 35, 36, 16 U.S.C. 475). It was the 
unanimous decision of the NAIWMC to oppose this action by personnel of the United 
States Forest Service because: 

(1) Federal legislation has specifically established another Federal 
agency to monitor and exercise certain regulatory (reporting) 
functions over non-federal weather modification activities. 

(2) The applicability of the Organic Administration Act of 1897 is 
in question in light of more recent legislation specifically 
directed toward weather modification. 

(3) It is apparent that the Forest Service regulatory interpretation 
is being applied to existing laws in order to control weather 
modification activities. 

The NAIWMC strongly recommeded that both Federal and State officials and agencies ad
dress this problem--one which could have far-reaching ramifications beyond the question 
of autonomous weather modification regulation and control. 

Because of existing and continuing drought conditions which persist over much of 
the Great Plains and Corn Belt areas of the North American Continent, it is anticipated 
that the Federal governments may well implement weather modification activities as a 
drought relief tool. It is of considerable interest, however, that during recent sum
mer activities the feasibility of drought relief was limited to decision making totally 
within the Federal agencies. No consultation with officials of potentially affected 
states was apparently considered. Therefore, it was the decision of the NAIWMC to 
recommend that appropriate state agencies be consulted and included in the planning, 
developing and implementing emergency weather modification programs during drought sit
uations. 

Another resolution requested the Weather Modification Association to consider sup
porting the concept of the NAIWMC and to agree to provide a ready and willing reservoir 
of talent and expertise to the Council and/or the various states, individually or 
collectively. There were requested to assist in developing weather modification pro
grams in years to come. 

The last resolution at the January 1975 meeting strongly supported the concept of 
utilizing weather modification technology as proposed in S.4028, but further suggested 
that these concepts be expanded to specifically include a strong organizational struc
ture at the state level, advanced technical planning, the mechanisms for quick react
ing financial response, and a strong local input to subsequent field operations. Fur
thermore, the Council recommended that the bill specify a mechanism for recognizing and 
anticipating the conditions under which the provisions of the bill would come into play 
so that relief can be given before a drought becomes advanced and critical. 

POSITION STATEMENTS IN JANUARY 1976 

On January 15-16, 1976, the NAIWMC met in Kansas City, Missouri at the second con
ference of the Council. The adoption of position statements on bills in the 94th Con
gress of the United States was included among the many items of business that were 
accomplished. 

The purpose of S.2705 is to establish a National Weather Modification Commission 
to investigate and study the need for regulation of weather modification activities, 
the status of current technologies, the extent of coordination and the appropriate 
responsibility for operations in the field of weather modification. The NAIWMC adopted 
the position to strongly support the purpose of this bill and pledged to work with such 



a commission if established. 

Two other "Bellmen Bills" have been introduced into the 94th Congress. Both dealt 
with drought prevention programs, one in research and one of operations. The Council 
elected to adopt no position on these two bills, S.2706 and S.2707, pending action on 
the National Weather Modification Commission bill. However, the NAIWMC reserved the 
right to adopt a position on either or both bills at some later date. 

The Weather Modification Research, Development, and Control Act of 1975 was intro
duced to provide for research and development in weather modification and to institute 
a comprehensive data-gathering system which will assist in the development, administra
tion, and supervision of weather modification in a safe and scientific manner. The 
Council adopted a position that this bill was premature until such time that a National 
Weather Modification Commission can indicated the direction which a long range national 
program of weather modification should take. Furthermore, the NAIWMC strongly sug
gested that any future regulatory function on the part of the Federal Government should 
be closely coordinated with the regulatory functions of the various states. 

COORDINATION AND COOPERATION TO DATE 

Close coordination and cooperation was established with The Council of State Gov
ernments and the National Conference of State legislatures at their weather modifica
tion planning session in Denver, Colorado on December 17-18, 1975. The representatives 
of these two groups suggested greater activity input could be made at their regional 
and national governor's conferences. Some of the issues that might be faced at these 
meetings include interstate arrangements for research, operation, and evaluation; 
providing adequate funding for research and demonstration as well as evaluation; pro
viding the institutional framework to handle funding and trade-offs between various 
segments of society; and providing better information to the state decision makers, 
both in executive and legislative branches. 

The NAIWMC Directors are the logical chairmen for interstate coordination and 
cooperation in the areas of their directorship. Also, they should become involved in 
regional and national legislation and governor's conferences which support the concept 
of a thorough public education program. 

A tentative model law was developed by Professor Ray Jay Davis, College of law, 
Univeristy of Arizona. This proposed weather modification control act has been sup
plied to the model law committee of the Council of State Governments. The NAIWMC 
adopted a resolution in January 1976 to support the Davis draft of the proposed model 
law on weather modificaion. 

The American Bar Foundation and the American Association for the Advancement of 
Science sponsored the first symposium of the National Conference of lawyers and Scien
tists at Duke University on March 12-13, 1976. The conference theme was, "Legal and 
Scientific Uncertainities of Weather Modification." The NAIWMC supported the concept 
of the conference and two individuals connected with the Council participated in the 
sessions that were designed to increase the availability of scientifically valid and 
legally acceptable advise on weather modification. 

States with membership in the Council have provided testimony at the Minnesota 
Task Force meetings on weather modification, as well as special subcommittee hearings 
of the Minnesota Senate. 

A draft interstate agreement between states involved with weather modification 
activities is being prepared for future interstate operations, monitoring, evaluation 
and research underway in the northern Great Plains. 

Recent questionnaires have been provided to each state contact in each area under 
a Board of Director. The comments from the state contacts should provide input to the 
Council for determining the position, activity and degree of interest in future weather 
modification activities, coordination and cooperation in each of the areas of the 
Council. 

GROWTH OF THE COUNCIL 

Regular membership by the states has grown from a total of five in 1975 to a total 
of eight today. Involvement in the Council activities are also provided by some states 
that presently have no or little weather modification programs. A few Board of Dir
ectors are from states that may join the Council at a later date. 

Figure 1 shows the areas of the NAIWMC in relation to the membership at the present 
time. The states which joined the Council since December 1975 have been Mexico, Utah, 
and Pennsylvania (temporary). The new members of the Board of Directors come from 
Oregon instead of Montana, Kansas instead of Missouri, and Michigan instead of Illinois. 
The new affiliate members, dues were established in January 1976, are the Southwest 



Figure 1. Location of Member· States and Board of Directors. 

~ater Conservation District and the Water Resources Division of Manitoba. 

INVOLVEMENT IN FEDERAL AND STATE LEGISLATION 

Since the adoption of the Council's 1976 positions statements, a lot of activity 
has been carried out by the Board of Directors and the Executive Secretary on many of 
the bills in the 94th Congress. The Senate Commerce Committee, the House Science 
and Technology Committee and the House Agriculture Committee have all indicated some 
awareness of the Council's position on federal weather modification legislation. How
ever, only H.R. 12083 - the "English Bill," has recieved oral testimony from the NAIWMC 
at this time. Other bills that may be orally addressed by the Council include H.R. 
10013 "Hayes Bill" on the National Climate Program Act of 1975 and H. R. 10039 "Evans 
Bill" on the Weather Modification Research, Development, and Control Act of 1975. 

With the adoption of the "Davis Model Law,• many states have indicated updating 
their present weather modification laws. States or political subdivisions thereof 
that have recently requested assistance in revising their states' weather modification 
law or development of regulations include: Michigan, Minnesota, Oregon, Pennsylvania, 
Texas, and Washington. 

POTENTIAL USE OF THE COUNCIL IN THE SOUTHWEST 

The definition of the Southwest region of the Council's activities is confined to 
Area #3 in Figure l. This area of the Council covers the States of Arizona, California, 
Colorado, Hawaii, Nevada, New Mexico and Utah. The present Board of Director of Area 
#3 is Professor Joseph A. Warburton of the Desert Research Institute of the University 
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of Nevada at Reno. Regular membership from this geographic region of the Council pre
sently includes California and Utah and the only affiliate member is the Colorado South
west Water Conservation District. 

The NAIWMC Board of Director Area #3 Questionnaire 76-1 was mailed in February 
1976. The questions which were answered by all States in Area #3 were: 

(1) Which organizations in your state have the mission of licensing, 
monitoring, controlling or operating weather modification activities? 

(2) Does your state presently support weather modification programs? 
(3) What weather modification regulation does your state have? 
(4) What positions on weather modification does your state have? 
(5) What about a regional meeting of the NAIWMC in the future? Where? 

Why? How? 

Table 1 briefly expresses my subjective opinion of each state that answered the 
Area #3 questionnaire. Some objective observations are: 

(1) 

( 2) 

( 3) 

( 4) 

Only two states have weather modificaiton control outside some Department of 
Water or Natural Resources. 
Only two states have direct involvement in ongoing weather modification pro
grams. 
Five of the seven states support the concept of funding further research in 
weather modification. 
All states have a law that deals directly or indirectly with weather modifica
tion. Unfortunately, none of the seven laws are very similiar in concept or 
regulation. 

( 5) 

(6) 

Only three of the states have positions concerning weather modification pro
grams. 
Only the three states that are involved with the Council expressed a desire to 
hold a regional meeting of the NAIWMC. 

Question 
Organization 
of control 

Involvement 
in Weather 
Modification 
Programs 

~upport or 
\veather Mod-
ification 
programs 

Regulations 
in the State 

Posit1on on 
Weather Mod-
ification 

Regional 
Meeting of 
NAIWMC 

TABLE 1. RESPONSES TO NAIWMC BOARD OF DIRECTORS 
AREA #3 QUESTIONNAIRE 76-1 

Arizona California Colorado Hawa1i New Mexico 
Water ~ept. of Dept. of Dept. of Weather 
Commi s- ater Natural Regula- Control & 
sion Resources Resources tory Cloud Mod. 

Aqencies Comm. 
licesing ~bserver Very No 1nvol- Not 
non-fed- limited vement directly 
eral act- since 
ivities 1970 

Research lflot as a Degree Not until Funding 
efforts IPartici- in the the art for 
of U.S. !Pant HIPLEX improves Research 
Bur. of Ex peri- greatly 
Reclam. ment 
Chapter ec ti ons Colo. Rev. State Sections 
45-2401 00-415 Stat. law, 75-37-1 
through !and 235 Sections Section to 
45-2405 ~f the 36-20-101 174-5(8) 75-37-15 

ater }0 -126 
ode lg73} 

Agree ~0 None None Applicants 
with flnswer have bur-
conclu- den of 
sions of proof 
Westside 
Studv 
Meet1ng es No, un- No Not 
was ( Ca 1 if.) 1 ess a interested 
effect- firm 
ively agenda 
held on 
11/20/75 
in Denver 

·• 
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Nevada Utah 
Dept. of Division 
Conser- of 
vat ion & Water 
Nat. Res. 
Mainly Yes -
Research, Opera-
Desert tions 
Research 
Institute 
Research Yes -
funding Funding 

Sections Sections 
544.010 73-15-3 
to .240 to -8 

Use No 
Desert 
Research 
Institute 

Yes Yes 
(Sa 1t 
Lake 
City -
arrange-
ments 
avail-
able 



SUMMARY AND RECOMMENDATIONS 

Expanding awareness of the state's role in weather modification activities has 
been realized during the past two years. The need for a proper forum for interchanging 
and coordinating specific weather modification information of interest was determined 
in June 1974. Serious consideration has been given to the establishment of a viable, 
dynamic interaction of thoughts and actions taken by State and Province officials in
volved with weather modification activities across the North American continent Some 
states or provinces are aware of the requirement to develop the necessary communication 
between states to solve problems of interstate weather modification activities, whether 
deliberate or inadvertent. Other states are well aware of the relationships with fed
eral programs dealing with research and funding of weather modification activities. 

Recently the Southwestern states of the Council have responded to a communication 
effort of the NAIWMC. The objective conclusions have indicated that involvement in the 
Council is related to the involvement in weather modification activities, whether re
gulatory or operational. Apparent subjective conclusions may be constructive to form 
opinions concerning the potential of the NAIWMC in the Southwest. Therefore, the 
author takes this opportunity to express some food for thought. The NAIWMC will become 
a viable organization in the Southwest if the states in the area can: 

(l) 

( 2) 

(3) 

(4) 

Express further their concern that weather modification~ be a 
tool for water resources development. 
Support involvement in weather modification research programs, 
particularly intrastate and interstate winter orographic activities, 
i.e., the Bureau of Reclamation Program on the Colorado River. 
Work toward uniform state weather modification laws and regulation 
thereof. 
Determine federal legislation that would benefit their needs and 
carry out the programs of interest for water resources development. 

In conclusion, communication with local water districts and the actual potential 
users is the most neglected process in defining the responsive means of transferring a 
new technology such as weather modification to increase our supply of food and water 
in the Colorado River Basin. 
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THE ROLE OF THE STATES IN CONTROL OF WEATHER MODIFICATION 

by 

Ray Jay Davis 

ABSTRACT 

It now appears that, at least for the near future, the only federal controls of 
weather modification will be the record keeping and reporting requirements of the 
National Oceanic and Atmospheric Administration. About two-thirds of the states have 
enacted cloud seeding laws to fill the regulatory void. These statutes, however, are 
quite varied and many of them are inadequate. ACcordingly, there is a need for "sug
gested" or "model" state weather control legislation. In a project funded by the 
Office of Water Research and Technology and administered through the Arizona Water 
Resources Research Center, such a proposed law has been prepared. It delegates means 
of control over seeding to an administrative agency, authorizes governmental funding 
of operations, establishes procedures and criteria for professional licensing of cloud 
seeders, creates a system for regulation of projects through operational permits, 
requires record keeping and reporting, and sets standards for resolution of water 
rights and legal liability issues. 

INTRODUCTION 

Fulton J. Sheen once observed: 

History? 
The British never remember it. 
The Irish never forget it. 
The Russians never make it. 
And the Americans never learn from it. 

The archbishop overstated the case with respect to all four nations. Although 
we Americans often have not heeded history's lessons, our legal system does attempt 
to learn from the past. Through the doctrine of precedent, decisions of courts in 
prior cases are usually regarded as the law governing present similar lawsuits 
(Cardozo, 1921). Our federal and state legislatures and administrative agencies have 
been laboratories in which varying ideas, concepts, and principles of law have been 
tried and tested. Government efforts to control weather modification are one illus
tration how various participants in our legal system attempt, sometimes successfully 
and other times with less positive results, to learn from legal history how to guide 
and control the development and management of a new technology. 

THE FEDERAL ROLE 

Ours is a federated nation in which, even though the central government may have 
power to regulate activities, it often fails to do so or else defers to the states. 
Federal courts have in the past and are now considering a few lawsuits involving wea
ther modification, but these cases (one dealing with a patent infringement claim, 
another an action for losses being litigated under the Federal Tort Claims Act, and a 
third case in which the litigants failed to demonstrate any harm was caused them by 
the cloud seeding) have not as yet played any significant role in shaping our system 
of legal control over weather modification activities (Davis, 1974). The Federal Tort 
Claims Act case, which involves the June 1972 Rapid City, South Dakota flash flood and 
the alleged role played in it by a federally-sponsored seeding project (St.-Amand, 
Davis & Elliott, 1973), is still in its preliminary phase, but may become the source 
of important weather control legal norms. 

Apart from appropriations laws, federal legislation is limited to an act authori
zing the Department of Commerce to make rules regarding keeping records of cloud seed
ing activities and making reports to the Department based upon information from those 
records. Commerce has subdelegated its power to the National Oceanic and Atmospheric 
Administration which has made and several times amended rules respecting keeping 
records and reporting to its Office of Environmental Modification (Charak, 1975). 

At almost every session of Congress since the advent of scientific cloud seeding 
nearly thirty years ago, proposals have been advanced advocating a greater federal 
involvement in weather modification operations and regulation. Other than control 
through exercise of the power of the purse by spending research and development funds 

The author is a Professor, College of Law, the University of Arizona, Tucson. 

45 



in accordance with federal procurement procedures (Davis, 1970), and whatever control 
is incidental to the reporting requirement, these bills have failed to become law 
(Johnson, 1970). Thus far during the sessions of the 94th Congress, six bills have 
been introduced. Only one of them, H.R. 10039, which Congressman Evans of Colorado 
has been working on for several years, is intended to effect regulation of weather 
modification. It has a provision for issuance of federal operational permits. Two 
bills call for weather control studies and for monitoring climate (S. 2705 and H.R. 
10013); and three deal with drought relief research and federal matching funding for 
state programs (S. 2706, S. 2707, and H.R. 12083). Given the past history of congres
sional inaction on similar proposals, opposition from governmental agencies and other 
groups to all or part of each of the bills, and lack of any ground swell of public 
pressure for their enactment, it is likely that none of these proposals will become 
law this year. 

THE ROLE OF THE STATES 

Absent federal legislation, there is state power to regulate weather modifica
tion. In the 1851 case of Cooley v. Board of Port Wardens, the Supreme Court was 
faced with the issue whether Pennsylvania could regulate harbor pilots at Philadel
phia. Pilotage obviously affected interstate commerce, a matter which Congress could 
have controlled, but had not in this particular done so. The Court announced: 

Now the power to regulate commerce, embraces a vast field, 
containing not only many, but exceedingly various subjects, 
quite unlike in their nature; some imperatively demanding a 
single uniform rule, operating equally on the commerce of the 
United States in every port; and some, like the subject now 
in question, as imperatively demanding that diversity, which 
alone can meet the local necessities of navigation. 

Later judges have slightly rephrased the formula to speak of subjects which "admit of" 
diversity (Powell, 1956). Although the principles of cloud physics do not vary from 
state to state, control of their practical application by weather modifiers is a 
matter which "admits of" diversity. Until the Congress acts to regulate weather modi
fication, there can be a state role in controlling its practice. 

About two-thirds of the states have enacted cloud seeding laws to fill the regu
latory void left by inaction in Washington. These statutes, however, are quite 
varied. They range from the mere mention of atmospheric water resources in the 
Hawaiian state water plan legislation to the very detailed regulatory system estab
lished by North Dakota. Some provide no method for state or local governmental fund
ing of cloud seeding; Utah, at the other extreme, makes weather modification a state 
monopoly (Stauffer, 1974). The present laws of Pennsylvania and West Virginia and the 
law which Maryland had during the late 1960's and early 1970's demonstrate a negative 
attitude toward weather alteration efforts; others, like the South Dakota weather con
trol statutes and administrative rules, are supportive of the technology (Davis, 1974). 

Lack of national uniformity, absence of legislation in some states, and paucity 
of legal controls in others has probably not yet been of great hinderance to the 
development and management of weather alteration technology. It is important, though, 
to recognize that several aspects of state weather modification regulation could func
tion more effectively if they were uniform throughout the nation, and that experience 
has proven that sound legislation is a condition precedent to extensive, well-operated 
cloud seeding projects in any jurisdiction. According to the managers of the South 
Dakota program, the original state-wide seeding operation undertaken in this country: 

The first step must be to obtain a law. Generally, without a 
law there is no state agency with the authority or time to 
organize any activity. But not just any law. Insist upon a 
comprehensive regulatory piece of legislation which, the first 
time, addresses every conceivable problem area. 

It is ironic that the authors of that declaration will be unemployed as of the end of 
June because of the failure of the 1976 South Dakota state senate to pass the appro
priations bill which law is necessary to the continuation of their program. (Donnan, 
Pellett, Leblang & Ritter, 1976). 

States which do desire to have a comprehensive, responsible law for protection of 
the public interest through careful control over application of the technology, can 
turn either to some of the more progressive state laws as precedents and learn from 
their history, or to a "model" or "suggested" state law prepared in a project funded 
by the Office of Water Research and Technology and administered through the Arizona 
Water Resources Research Center. The bill's text and a commentary relating to it 
will appear in the final report on the project. It is also likely that a version of 
the text, accompanied with an explanation, will be published this fall by the Council 
of State Governments in its annual volume of "Suggested State Legislation," and sent 
to all legislators in the country. 
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This suggested law was prepared by starting with the current provisions on wea
ther modification in the Arizona Water Code, and determining what changes should be 
made to reflect the state of the technology, protect the public health, safety and 
environment, and encourage utilization of atmospheric water resources in a manner con
sistent with use of ground and surface water resources. Provisions designed to give 
effect to the desired changes were drafted through use of sources such as other provi
sions of the Arizona Water Code and of bills which seek to amend it, weather modifica
tion legislation and regulations from states with well-prepared laws and rules, and 
other legislative proposals for weather alteration laws. This tentative draft was 
circulated for comments by persons with expertise in weather modification, water re
sources management, water law, the Arizona political processes, and other relevant 
disciplines. Pertinent comments received were incorporated in the final draft. 

The resultant proposal contains seven major elements. (For a list of these com
ponents in existing state laws, see the Appendix.) These areas covered by the draft 
legislation are: 
(1) Delegation of authority to a state agency to administer the legislation; 
(2) Special authorization to spend public funds or create public entities which may 

raise and spend funds for projects; 
(3) Requirement of obtaining special state certification prior to practicing weather 

modification; 
(4) Requirement of getting prior approval before operations or registering them with 

state officials; 
(5) Requirement of keeping seeding records and making periodic reports to public 

officials of information based upon them; 
(6) Adoption of a position about acquisition by individuals in atmospheric water 

rights or in rights to use supplemental water derived through precipitation en
hancement; and 

(7) Adoption of a position with respect to whether weather modifiers will be liable 
on~y for harm caused by negligence, or whether they will be liable for all harm 
they cause, whether or not they are careless. 

Administrative a~ency. Although weather modification includes such matters as 
hail and fog suppress1on and treatment of lightning-producing storms and hurricanes, 
it is usually thought of in terms of precipitation enhancement--either rainmaking or 
increasing winter snowpack. Accordingly it should not be surprising that most states 
with administrative agencies which have been delegated the power to regulate weather 
control have lodged such authority in natural resources or agricultural departments 
(Davis, 1975). Arizona's present law places administrative power in the Water Commis
sion. The proposed bill would continue that delegation of power. There are, however, 
other possibilities which in other states may be more viable. Illinois grants regula
tory authority to the state licensing department (Ackermann, Changnon & Davis, 1974). 

Whatever state administrative body is designated to accomplish the regulatory 
purposes established by legislation, usually there has been provision for assistance 
to it from a weather modification board which may either act only in an advisory 
capacity as is the case in Colorado, or may have the actual decision-making power, 
with the umbrella agency merely handling ministerial details. The suggested law would 
give the board the authority to make decisions, rather than mere recommendations. 

Public funding. Rain falls, as the Bible notes, on the just as well as the 
unjust. In l1ke manner artificially induced rain falls upon both those who pay for it 
and those who do not. Public funding is one method of eliminating the freeloader who 
would, without putting up any money, reap the advantages of voluntary contributions to 
a precipitation enhancement project from neighbors. Special provisions in many wea
ther control laws establish such a mechanism. There are two types: the model from the 
High Plains states which provides for creation of public entities which may raise 
taxes through mill levies and then contract for their expenditure upon operational 
projects; and the California model which authorizes all agencies within the jurisdic
tion with power to develop and manage water resources to use weather modification in 
doing so. The Arizona projected legislation has followed the California model. 

Professional licensing. Public regulation through a licensing system is designed 
to insure competency of doctors, lawyers, embalmers, cosmetologists, and a host of 
other businesses, trades, and professions. As far back as the times of Aesop there 
was warning about the incompetent farmer whose hen laid one egg a day. The farmer 
reasoned: "Now if I were to double my hen's allowance of barley, she would lay me two 
eggs a day instead of one." Unfortunately doubling the grain made the hen fat, sleek 
and lazy, and before long she stopped laying altogether. As the Sage noted: "Figures 
don't lie, but they won't make a hen lay." Neither will doubling the amount of seed
ing materials used double rainfall increases. Standards of competency may, under the 
suggested law, be set out in administrative rules. 

The very name "rainmaker" conjures up ghosts of frauds and tricksters whose un
scientific antics have bilked drought-stricken ranchers and farmers--and some cities 
as well. State control over personnel involved in weather modification can seek to 
weed out the dishonest as well as the incompetent practitioner. Weather modifiers, 
as well as all other sorts of professionals, are anxious to have some official means 

47 



of elimination from their midst of charlatans. Individual licensing of professionals, 
has not always been successful in cleansing the ranks (since Watergate we lawyers have 
embarked upon an orgy of soul-searching) , but some control over who seeds clouds would 
seem to be preferable to a system in which anyone with a glib tongue, seeding mater
ials, drought conditions, and lots of gall can con the public. 

Operational Eermit. The heart of any effective regulatory scheme is the opera
tional permit. T rough its use the agency controlling weather modification can deter
mine all of the parameters of permitted projects, modify them when necessary, and (in 
extreme cases) suspend or revoke them. The permit is viewed in the Arizona draft law 
as the major method whereby the public interest in proposed projects is protected. 
The operator (whose project manager on the scene must have a professional license) 
must conform to project requirements as set forth in the permit as originally issued 
or modified. 

Weather modification tends to be a seasonal activity. Hence most states issue 
permits only for one year. In a few jurisdictions now there is recognition of the 
need of project sponsors and bidders to have some longer-range assurance of continuity 
of operations; they allow for conditional approval of permits for longer periods. The 
suggested law would extend such conditional approval, subject to annual scrutiny, up 
to four years. 

Record kee Weather modification is and will continue to be 
controvers~al. rain dancer wonders whether the onslaught of rain 
is "his" or "ours, n so does the cloud seeder. The public is quick to grant nature 
credit for wanted weather events, and assess blame upon the seeders for unwanted ones. 
Natural weather variability complicates the evaluation process. Even experimental 
projects with careful randomized seeding of target areas and comparison with control 
areas of similar nature and with past historical records, have been rife with contro
versy as to results. Keeping adequate records of cloud seeding activities will not 
make the acrimony disappear; but it does afford a base from which some sort of evalua
tion might be made. The contractor needs such information to sell his services, the 
sponsor needs it as some sort of assurance that the money was well spent, and the 
public needs it as a basis on which it might determine whether to support, shut down, 
or ignore cloud seeding. 

Administrators can, and under the Arizona projected law have the power to, visit 
projects and determine for themselves what is happening. That is a useful check, but 
one which demands considerable manpower in the event of multiple projects in a juris
diction. The requirement of reporting information from records is the simplest way 
for administrative agencies to keep abreast of what is happening. Information repor
ted can be used in modification, suspension, revocation, and refusal to renew permits. 
It also can be used to allow permittees to continue present projects and to renew 
them. 

Raw reports may not supply adequate information for either the general public or 
the agency. Keep in mind the case in which: 

There was a young lady from Rye 
With a shape like a capital I. 

When they said, "It's too bad," 
She learned how to pad. 

Which shows you that figures can lie. 

But, whatever the shortcomings of record keeping and reporting requirements, their 
inclusion in weather control legislation makes evaluation and regulation less subject 
to padding. 

Water rights acquisition. To someone whose family moved to Arizona in the 1880's 
(at least ~n part) because of a water rights dispute in another jurisdiction, the 
right to use of atmospheric waters and to use of supplemental water derived through 
precipitation enhancement efforts is of considerable interest. Only three state 
legislatures--Colorado, Utah, and North Dakota--have addressed the topic; and in only 
three states have the courts done so. A Texas court asserted that the landowner be
neath clouds had atmospheric water rights in them which could not legally be rustled 
by seeders. A New York court summarily denied that landowners had any claim to clouds. 
And the Pennsylvania judge allowed as how landowners did have some claims, but that 
they would have to give them up to publically authorized seeders (Davis, 1968). 

Enhancement of rainfall directly applied to crops during the growing season 
creates no water rights problem. But augmentation of streamflow through winter oro
graphic cloud seeding to deepen snowpack and increase runoff can create a conflict of 
claims between a downstream sponsor of the seeding and the owner of lands in the tar
get area. Legislation, rather than sporadic "yes," "no," and "maybe" litigation is 
perhaps the most appropriate manner to resolve such conflict. 

Legal liability theory. Some few states now assert that only negligent cloud 
seeders can be held liable for the harm they cause. Pennsylvania and West Virginia 
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provide that harm from weather modification, whether it has been conducted with pro
fessional care or not, will be compensated for. Most states have not-addressed the 
issue and thereby leave it to the uncertainty of future litigation. The model law 
adopts the position of liability only for fault. 

CONCLUSION 

Because weather blithely ignores state boundaries, when the day comes for more 
widespread application of weather control engineering, interstate problems will become 
increasingly vexatious. Federalization of weather modification law may then result. 
But in the meanwhile the problems of varied and inadequate state laws can be ameli
orated by enactment of laws such as the type advocated by the Arizona project's draft 
text and commentary. In this case Americans can learn from history. 
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APPENDIX 

The state laws in force as of the end of 1975 are herein classified as to whether 
they possess the particular elements checked. 

The following states which did not have any laws in force at that time and are 
not classified are: Alabama, Alaska, Arkansas, Delaware, Georgia, Indiana, Kentucky, 
Maine, Maryland, Michigan, Mississippi, Missouri, New Jersey, North Carolina, Ohio, 
Rhode Island, South Carolina, Tennessee, Vermont, and Virginia. Hawaii, whose law 
merely mentions atmospheric waters, is also not classified. 

STATE WEATHER MODIFICATION LAW ELEMENTS 

(1) (2) (3) (4) (5) (6) (7) 

State Admv. Funding Licensin9: Permit Record & Re12ort Water Rts. Liab. 

AZ X X X 
CA X X X X 
co X X X X X X 
CT X X 
FL X X X X 
ID X X X X 
IL X X X X X 
IA X 
KS X X X X X 
LA X X X X 
MA X X 
MN X 
MT X X X X X 
NE X X X 
NV X X X X X 
NH X 
NM X X X 
NY X X 
ND X X X X X X X 
OK X X X X X 
OR X X X X 
PA X X X X X 
SD X X X X X 
TX X X X X X X X 
UT X X X X X X X 
WA X X X X X 
wv X X X X 
WI X X X 
WY X X X X 
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WATER-RELATED INFORMATION SOURCES: HIGHLIGHTS 

by 

Linda M. White 

GENERAL MACHINE SEARCH SERVICES 

Since the mid-1960's numerous technological developments in the machine-readable data base fielGI 
have had a decided impact on the types of search services provided to users. Far more data bases exist 
today than at any time in the past, and far more users are receiving search services from machine
readable data bases than at any time in the past (Williams 1975). Although there is not an accurate 
listing of all existing bibliographic machine-readable bases, the number would probably run close to 
300. . Computer information systems are derived from a variety of sources, i ncl udi ng governmental 
agenc1es, abstracting and indexing companies, national or regional libraries, professional societies, 
~niver~ities, public libraries, and private business firms. Although these base generators may differ 
1n the1r data base formats and purposes, they all are interested in improving the dissemination of 
information. 

Historically, When co~ut:rs first started being used in connection with bibliographic information 
systems~ t~ey were used pr1ma:11~ for SOl (selective dissemination of information) services (Mauerhoff 
1974, W1ll1ams 1975). The pr1nc1ple behind SOl is to develop an interest profile for a user--for 
exam~le, ev?potranspiration measur:ment studies for Southwest u.s. areas--and periodically run this 
prof1l~ aga1nst ~he.current data f1le. The end product is a series of current references to articles 
or proJect descr1~t1ons ?n that topic. When bases are first being developed, it is reasonable to use 
them for SOl serv1ces, s1nce the base frequently does not have enough references to run a retrospective 
search. 

The second type of service, being used much more extensively today with computer bases, is the on
line or off-line retrospectiv-e search. The longer a base exists, the easier it is to use it for 
retrospective searching. A retrospective search is somewhat similar to the SOl search in that a user 
interest profile is developed. The profile can, in fact, be identical in appearance to the SOl profile. 
The difference is that a search is run only one time, against the entire holdings in the data file, and 
one printout is obtained. As bases which first evolved in the- earlY 1970's have increased in their 
number of references, retrospective searching has increased in popularity. It was estimated that 700,000 
retrospective searches were conducted in 1974, and the figure was projected to be 1,000,000 for 1975 
(Wi 11 iams 1974). 

BASES FOR DISCUSSION 

Keeping in mind that systems can provide either SO! searches or retrospective searches, or both, 
I would like to now focus on five information bases: the Water Resources Scientific Information System 
(WRSIC), the Watershed Management Information System (WAMIS), the Smithsonian Science Information 
Exchange (SSIE), the Current Research Information System (CRIS), and the National Technical Information 
Service (NTIS). Each of these was selected because of their accessibility to most persons in the 
Southwest or because their subject coverage includes water and water-related research. 

DEVELOPING ORGANIZATIONS 

The importance of support from the U.S. tax dollar is shown by examining the developing organiza
tions for each of these five bases. 

WRSIC now functions as part of the Office of Water Research and Technology in the U.S. Department 
of Interior. It facilitates the dissemination of scientific and technical information on water 
through a variety of services, including state-of-the-art reviews and computer-aided retrieval of 
references. A network of regional centers permits access to the WRSIC computer base through remote 
terminals. 

WAMIS was developed by the School of Renewable Natural Resources, University of Arizona. The 
system serves land managers and researchers in the Southwest and western United State>, faculty and 
students, and other individuals working with the University of Arizona's natural resources program. 

SS IE is a centra 1 c 1 eari nghouse for on-going research sponsored by both federa 1 and non-federa 1 
organizations. Its early predecessor was established in 1949, but SSIE has expanded in scope con
siderably since then. Operating as part of the Smithsonian Institution, SSIE is intended to facilitate 
planning and management of scientific research activities, especially those supported by federal 
agencies and institutions. 

Th'; author is Information Systems Specialist, Center for Quantitative Studies, The University of 
Anzona, Tucson. Approved for publication as Journal Paper No. 190, Arizona Agricultural Experiment 
Station. 
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CRIS performs a similar function for the U.S. Department of Agriculture, providing access to the 
research activities of the USDA, the state agricultural experiment stations, and other cooperative 
institutions (among these being the Forestry School at Northern Arizona University). 

Prior to 1970, NTIS was known as the Clearinghouse for Federal Scientific and Technical Informa
tion. NTIS operates within the U.S. Department of Commerce. It was established to, consolidate and 
improve information services of the U.S. Department of Commerce and numerous other governmental organi
zations, while increasing and simplifying public access to some types of government publications and 
data. 

SCOPE BREAKDOWNS 

A discussion of scopes, dates covered, and sizes of the bases will give a further orientation to 
each of these bases (Table 1). 

WRSIC covers primarily published literature in an interdisciplinary mix of natural, physical, and 
social sciences related to water resources and water management. The specific category codes used in 
WRSIC are: (1) nature of water, (2) water cycle, (3) water supply augmentation and conservation, (4) 
water quantity management and control, (5) water qualit¥ management and protection, (6) water resources 
planning, (7) resources data, (8) engineering works, (9) manpower, grants and facilities, and (10) 
scientific and technical information. Although WRSIC does cover some foreign studies and research, 
most of the research reported has been conducted within the United States. WRSIC began development 
of its abstracts and associated citations in machine-readable form in 1968, and therefore most of the 
references are to documents published since that date. At the present time, there are some 96,000 
references in the WRSIC file, with 15,000 added each year. 

WAMIS covers primarily published literature on watershed management with emphasis on the western 
United States. WAMIS was developed in conjunction with another project, a literature review on the 
water yield improvement potentials in Arizona through vegetation management. This analysis involved a 
review of Arizona and Southwest watershed research since 1956. More specifically, it focused on land 
management practices (such as clearcutting, thinning, burning, or herbicide use) and the effects on 
water yield, timing of the runoff, and water quality, in addition to other effects on other resources 
of the same area, such as timber production, grazing use, wildlife habitat, or recreation. Since the 
initial core of WAMIS references comes from this review, WAMIS covers these same topics. Because of 
its specialized nature, there is no date restriction on input to WAMIS. However, most of the references 
cover research completed in the last ten years. Currently, the base has some 2,400 citations and 
abstracts. 

SSIE is particularly designed to meet the prepublication information gap, by maintaining a data 
base of information on on-going and recently completed projects in basic and applied research in the 
life, physical, and engineering sciences. The current file, which covers the past two U.S. government 
fiscal years, contains records on more that 200,000 on-going or recently completed projects; annually 
it processes information on some 100,000 research projects. Major categories in SSIE are agricultural 
sciences, behavioral sciences, biological sciences, chemistry and chemical engineering, earth sciences, 
electronics and electrical engineering, materials, mathematics, medical sciences, physics, and social 
sciences and economics. A few examples of the more specific subjects covered are pest control 
measures, fish and wildlife biology, wastewater treatment, air pollution, market structure, forestry, 
and soil mechanics. Project information is voluntarily submitted by some 1,300 organizations, including 
U.S. government agencies, private investigators, associations, foundations, universities and colleges, 
state and local governments, and, to a more limited extent, from private industry and foreign organiza
tions. 

CRIS reports on current research conducted or sponsored by the six USDA research agencies (Agri
cultural Research Service, Forest Service, Economic Research Service, Cooperative State Research 

Table 1. Scopes for selected bases. 

BASE SUBJECT DATE BASE SIZE 

WRSIC U.S. water research 1968 to date 96,000 

WAMIS land management practices 1960's to date 2,400 
and effects on resources 

SSIE current research most recent 2 200,000 
projects in U.S. government fi sea 1 

years 

CRIS current research projects research projects of 24,000 
in USDA past 5 years 

NTIS U.S. research and 1964 to date 460,000 
development reports 
(government sponsored) 
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Service, Farmer Cooperative Service, and Statistical Reporting Service), by 56 state agricultural ex
periment stations, by 30 forestry schools, and by other cooperating institutions. All types of research 
sponsored by these agencies are reported. Since CRIS is designed to access current work, research is 
only reported in CRIS from the time the project is initiated until two years beyond the termination 
date. Currently there are about 24,000 project descriptions in CRIS. Each year some 4,000 new projects 
are Initiated and the same number retired. Reference to a particular project is maintained in the bank 
on the average of five years. All CRIS material is sent to SSIE, which changes the format some and has 
different user groups. 

NTIS gathers and processes into its base U.S. government sponsored research- and development reports 
and analyses prepared by federal agencies, contractors, or grantees. These are unclassified, unlimited 
distribution reports (often 'Project completion reports) from such agencies as NASA, DOC, HEW, HUD, DOT, 
and ERDA. Subject coverage is broad and interdisciplinary, with some to the topics being agriculture 
and food, behavior and society, building technology, chemistry, earth sciences, economics, energy, 
engineering, environmental pollution, medicine and biology, natural resources, and oceanography. NTIS 
deals only with reports submitted to it for processing, storage, and distribution on demand. Many 
federal agencies use NTIS as a secondary distributor for reports. Reports identified in NTIS may 
also be issued by the Government Printing Office (GPO), but all GPO materials are not in NTIS. The 
machine readable base for NTIS now numbers more that 460,000 citations (since 1964) with an input of 
about 60,000 entries each year. 

OUTPUT Dl FFERENCES 

The outputs or projects disseminated by each of these bases again show differences in scope and 
purposes. 

WRSIC is a bibliographic information system, and therefore the product is bibliographic refer
ences, referring to research project reports or published literature. Each reference gives information 
on the author, author affiliation, date, title, source, keywords, identifiers, and an abstract, which 
can be informative or indicative, depending on the document. A sample printed reference is as follows: 

19/0/0000l-00176/ 1 126 
70R04916 WRA-WJ-12 03. BC 

W70-04916/ 
MANIPULATING VEGETATION FOR WATER CONSERVATION/ 
WARSKOW, WILLIAM L./MOORE, ROBERT E./WILSON, DAVIDS., JR./ 
SALT RIVER VALLEY WATER USERS' ASSOCIATION, PHOENIX, ARIZ./ 
AGRICULTURAL ENGINEERING, VOL 50, NO 1, P 24-25, JANUARY 1969. 2 TAB./ 
VEGETATION MANIPULATION/SALT RIVER VALLEY WATER USERS' ASSOCIATION/ 
03B/ 
VEGETATION MANIPULATION IS AN IMMEDIATE AND DIRECT METHOD OF AUGMENTING WATER 

SUPPLIES THROUGH INCREASING RUNOFF. IN ARIZONA EXPERIMENTS ARE IN PROGRESS WHICH 
STUDY THE WATER GAIN FROM JUNIPER ERADICATION, CHAPARRAL CONVERSION, AND TIMBER 
HARVEST TECHNIQUES. THE SALT RIVER VALLEY WATER USERS' ASSOCIATION IS FUNDING 
THESE STUDIES IN CONJUNCTION WITH THE U. S. FOREST SERVICE. (CARR-ARIZONA)/ 

W3 12/ 
RANGE MANANGMBNT/RUNOFF/WATER CONSERVATION/WATER YIELD IMPROVEMENT/BRUSH 

CONTROL/JUNIPER TREES/CHAPARRAL/FOREST MANAGEMENT/LUMBERING/CLEAR-CUTTING/ARIZONA/ 
ARID LANDS/GRASSES/ 

WAMIS is also a bibliographic information system and its product is a computer printed biblio
graphy of citations and abstracts. Each citation gives the author, date, title, and source. No author 
affiliation is given. Abstracts can be either indicative or informative, again depending on the 
original document length and content. A sample printed reference is as follows: 

WARD, R. C. 

1971 SMALL WATERSHED EXPERIMENTS; AN APPRAISAL OF CONCEPTS AND RESEARCH DEVELOPMENTS. 

UNIVERSITY OF HULL(ENGLAND), OCCASIONAL PAPERS IN GEOGRAPHY 18. 254 P. 

IN THIS REVIEW OF OVER ONE THOUSAND PUBLICATIONS, VARIOUS CATEGORIES OF SMALL EXPERIMENTAL 
WATERSHEDS ARE DESCRIBED AND DISCUSSED, TOGETHER WITH THE STRENGTHS AND WEAKNESSES OF THE 
METHOD, AND ALTERNATIVES TO THE TECHNIQUE, INCLUDING PLOT STUDIES AND MODELS. THE AUTHOR 
CONCLUDES THAT A SMALL WATERSHED PROGRAM IS ESSENTIAL AND WILL PROBABLY INCREASE IN IMPORTANCE 
AS THE GENERAL RESEARCH EFFORT IN HYDROLOGY CONTINUES TO INCREASE. THE BIBLIOGRAPHY IS PRESENTED 
BOTH ALPHABETICALLY BY AUTHOR AND BY TOPIC. THE LISTED BIBLIOGRAPHIES AND TEXTUAL CONTENT SHOW 
A STRONG LEANING TOWARDS NORTH AMERICAN STUDIES. 

WAT-C/WATERSHED MANANGEMENT/WATERSHEDS (BASINS)/HYDROLOGY/BIBLIOGRAPHIES/MODELS/WATER MEASUREMENT/ 
NORTH AMERICA 

The basic record of information used in SSIE is the single page Notice of Research Projects, 
(NRP) illustrated in Figure 1. The NRP contains information on the supporting agency for the project, 
grant or contract number, title, principal investigator and speciality, performing organization, 
funding (if included), and in most cases a 200-word summary of the project. 
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SUPPOIHoNG AGTNCY 

U,s, U~PT, OF COMMERCE 
NATL, OCEANIC t ATM. ADHINo 

NATL 1 MARIN~ FISHERiES SERVICE 
CONTRACT 
04-3-042•43 

DiT~RftlNATION OF FRESH WATER QUANTITY STANDARDS FOR THE GUADALUPE 
S !_!Ul!.I._Jll__Lll!!_A_lt'!' Q~-~ 0_ !l ~ LS.I Sf E H, _TEXAS 

PFioNCIPAL INVESTIGATDR Af,"oU':!ATES AND Df.f'AHT'VII t/TI'il c·l"-<_r, 

JoO BRADLEY 

STATE PAaKS t WILDLIFE DEPT, 
JOHN Ho R~AGAN STATE OFFICE 

AUSZIN, TEXAS 78701 
f-----~,U=>,~~MAR1' OF PROJECT--~-----~--

7174 TO b/75 
FJ75 FUNDS $89,500 

__ _j 

Objectives: To determine the parameters to be monitored within the 
estuarine systemj to establish a data stora;e and retrieval systemj •nd 
to determine salinity, temperature ;radiants and determine changes in 
nutrient levels associated with variations in river flow, 

Procedure: Aerial photography missions will be flown over the 
'studY area on a regular basis. Data obtained from aerial remote sensin; 
equiPment will be analyzed, Stations will be established within the 
study area tor sampling on a re9ular basis to obtain data on the 
physical, chemical and biolo;ical conditions as related to river flow. 
Biological samPles will be taken on a re;ular basis to determine chan;es 
in the abundance and species composition of the estuarine fauna, 

I Progress: HydroQraphic studies have indicated that 1) salinity in 
,san Antonio Bay increases with dePthj 2) turbidity is mostly inflUPnced 
'lby windj and 3) evaporation rate is essentiallY the same as for fresh 
water lakes, 

Aerial ~hctography data obtained from NASA is essentiallY complete 
and has been mapped, Man-made alterations include: 38,3 miles of dikes 
have been constructed, 1,366 acres of salt water lakes have been 
isolated or drained, 3,000 of eMergent spoil has resulted from channel 
dred9ing, 1~ miles of draina9e ditches have been dredged, and 10,5 
square •ilea ot bay botto• baa been dredged, 

F1gure 1, SPIPle outDut page frnrn SSIE. 

The CRIS printout contains much the same sort of information, although its appearance is a little 
different. The Standard Technical Retrieval (Figure 2), provides the following: the status of the 
research, title, responsible agency, investigator(s), contract or grant number, objectives of the re
search, and a brief description of the approach and progress to date (depending on the status of the 
research). Citations to publications reporting research results may also be included as part of the 
retrieval. If a request is too broad, an abbreviated printout of titles and objectives only is sent; 
after the user identifies the research projects of particular interest, a Standard Technical Retrieval 
can be received. 

Since the NTIS base is a bibliographic base with citations and abstracts to research and develop
ment reports, it is similar in appearance to the WAMIS or WRSIC printout (Figure 3). Since copies of 
all NTIS references are available from NTIS, in paper copy or microfiche, ordering information 
(including pricing) is given with the citation. The abstracts tend to be indicative in nature. 
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AD·ll7 
14·711 

U.S. O!'ttAWTM.ENT 0' AGRtCUL lUll CRISto NO, 

COOPIIAT1VI STAll IBEARCH SIIVICI 605820 
RESEARCH WORK UNIT/.PROJECT ABSTRACT f-oo~AT;c;;<=-::..::_ __ _ 

CURRENT RES!ARCH INFORMATION SYSTEM 03 liAR 1976 

I
START DATE TERMINATION DATE 

rOV!R-PLlNTS/THERIIAL-POLLUTION/ENVIRONIIRTL-EFFECTS 01 APR 1971 31 lUG 1976 
ACCESSION NO. 1 WORK UNIT/ PROJECT NO. I CONTRACT/GRANT/ AGREEMENT NO. I AGENCY !DENT. 

0060593 ITEX01869 }STATE JSAES TEl 
LOCATION !PERFORM lNG ORGANIZATION 

TillS l & II UNIV FISHERIES & WILDLIFE 
COLLEGE STATION TEXAS 77843 
INIIESTIG ... TORS 

STRAWN It ALDRICH D V 
TITLE 

EFFECTS ON SELECTED ORGANISMS OF VATER PASSING THROUGH THE CEDAR BAYOU 
GENERATING STATION. 
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Figure 2. Sample output page from CRI5. 

CONTACT SOURCE AND USER RESTRICTIONS 

When considering contact sources and accessibility of these bases, it is important to distinguish 
those bases which maintain control over their own data files from those which rent or sell their files 
to information brokers or intermediaries. Many ofthe national bibliographic or information files which 
have developed in the last few years are accessible through brokers, via an institution or individual 
setting up contract arrangements with that broker. Two such brokers, well known in the field, are 
System Development Corporation (SOC) and Lockheed Information Systems. If a base is available through 
such brokers, an individual can do his own searching on the base through his own terminals. 

There are five regional centers in the U.S. that provide access to the WRSIC base file. The 
University of Arizona has a terminal which serves 11 western states: Arizona, California, Colorado, 
Hawai~, Nevada, Ne~ Mexico, Oklahoma, Oregon, Texas, Utah, and washington, at no charge. The Office 
of Ar1d Lands Stud1es is currently in charge of these searches for the University of Arizona terminal. 
Any person may use the service, from this geographic area. Only retrospective searches are available, 
and WRSIC does not lease it base to Lockheed or SOC. 
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Figure 3, Sa111ple output from NTIS. 

WAMIS has no user restrictions, and is at present offering searches for no cost to the user. 
Primarily retrospective searches are done. All searches are done at the University of Arizona, and 
the tapes are not available through Lockheed or SOC. 

SSIE may be accessed by any individual willing to pay for the search services. Two types of 
retrospective searches are available. One is the custom search, which is a specialized search against 
the current SSIE base, oriented to the needs of an individual request. A fee of $50.00 covers the 
first 50 NRPs; a charge of $10.00 is made for each additional 1 to 50 NRPs. The other type of ret
rospective search is a custom search of the historical files. Searches can be made of the most recent 
five years of historical files. Search results are reproduced in hard copy from the microfilmed records. 
of these older NRPs, and are reviewed by SSIE staff for relevancy to the request. This costs $200.00 
plus $.50 per project notice reproduced in hard copy from microfilm. 

SSIE offers two types of SDI services. In the standard SDI service, a rearch is conducted 
automatically once a month by the computer and the results forwarded directly to the user; this cost 
$180.00 per year. The custom SDI service is available quarterly, for $50.00 per quarter for up to 
50 NRPs and a charge of $10.00 for each additional 1 to 50 NRPs sent on any quarter. With the custom 
SOl service, computer output is reviewed first by staff for relevancy prior to sending to the user. 
Generally, most searching of SSIE is done by the SSIE staff in Washington, D.C.; it is possible, how 
ever, to have on-line access to the SSIE bases on one's own terminal, through contract arrangements 
with SOC. This costs $110 per hour of computer connect time and $.25 per NRP printed. 

CRISis the most restrictive in its user group. Only persons affiliated with the USDA network 
or contributing CRIS reports are allowed to use the CRIS system. Searches are done by the headquarters 
in Washington, O.C. For persons in the network, there is no charge for the searches. For persons 
outside of USDA, the same information can be obtained by a SSIE search, for the fees charges by SSIE. 

NTIS has the most access poin'ts. This base is available through the brokers of System Development 
Corporation ($60 for on-line computer connect time, and $.15 per citation printed off-line) and Lockheed 
Information Systems ($35 for on-line computer connect time and $.10 per citation printed off-line). 
Retrospective searches can also be obtained through NTIS itself (U.S. Department of Commerce, 5285 
Port Royal Road, Springfield, VA 22161), for a charge of $50 for up to 100 abstracts. NTIS provides 
a special SOl service called SRIM (Selected Research in Microfiche). Through SRIM a user is sent 
automatically microfiche copies of reports in a set category as they are input into NTIS. SRIM 
retrievals are done against 500 subject categories and 150,000 descriptive terms, for a cost of $.45 
per fiche received. 

HOW DIFFERENCES AFFECT RETRIEVALS 

These outlined differences in scope, orientations, outputs, and user restrictions illustrate how 
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these five bases differ from each other. It is important, in terms of getting the be·st results from a 
base, to also understand that the differences will affect how requests are phrased. 

To begin with, differences in scope should be kept in mind. A system such as WRSIC, only dealing 
with water research, will have more in-depth indexing and coverage of water topics than a base such as 
SSIE or NTIS, which cover all aspects of science and technology. Similarly the larger the base is in 
size (number of entries) frequently the more specific one would have to be in the search request, in 
order to keep the citations down to a reasonable number. For example, asking for water quality docu
ments from WAMIS would give about 300 references, but from WRSIC there would be over 7,500 references. 

A second factor to consider is how specific the search should be. A search on Arizona and New 
Mexico studies of seepage control with clay sealants would be more restrictive than a broader search 
of all seepage control studies in Arizona or New Mexico, or use of clay sealants in any semi-arid or 
arid region. The more restrictive or specific a search is, the fewer number of citations will probably 
result. Obviously, it is the user who will have to decide whether to be specific or general. 

A third factor to condider is how the indexing is done. All of the bases described here rely on 
indexing based on the document contents, and not, for example, on words used in the title. There are 
some bases, such as the National Agricultural Library's Cataloging and Indexing System, which are 
basically title indexed only. When searching a title indexed system, the user must think of all 
possible synonyms for his topic, since authors can be talking about the same thing but use different 
words in the title. 

Information systems are becoming increasingly popular, because they are a time-saving device. They 
can speed up the conmunication exchange process and help eliminate duplicative research. But informa
tion systems are not magical. The quality of a retrieval is affected both by the quality of the 
input and the correct phrasing of a request. An intellegent user should know what to expect from an 
information base, in order to make the most use of it. 
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PRELIMINARY RESULTS FROM A STUDY OF 
COAL MINING EFFECTS ON WATER QUALITY OF 

THE TONGUE RIVER, WYOJIIINGl 
by 

Richard D. Olsen and Edward H. Dettmann2 

ABSTRACT 
A preliminary assessment survey, preparatory to a comprehensive ERDA sponsored watershed study, 

was conducted in the vicinity of Sheridan, Wyoming on the Tongue River and its major tributaries during 
the summer of 1975 to determine the extent and magnitude of aquatic environmental impacts induced by 
strip mining of coal at one major mine in the western Powder River Basin of Wyoming. Results of detail
ed physical and chemical analysis of mine discharge and ambient water quality of receiving streams were 
not conclusive, but suggest that water quality impacts of present mining activities in the area examinee' 
are small when compared to other apparent land use impacts observed upstream of the mine. 

INTRODUCTION 

The Powder River Basin, located in Wyoming and Montana, is a broad, intermontane basin about 250 
miles from north to south and 100 miles from east to west. It is bounded on the east by the Black 
Hills, on the west by the Bighorn Mountains, and on the south by the Laramie Range. Major coal beds 
are found near the top of the Paleocene Fort Union Formation, just below the Eocene Wasatch Formation. 
Cenozoic erosion has exposed the coal seams in a belt on the eastern side of the basin from north of 
Glenrock, Wyoming through Gillette, Wyoming to Colstrip, Montana. On the west side of the Basin, strip
pable coal deposits are located near Buffalo and Sheridan, Wyoming and Decker, Montana. Approximately 

.11.3 billion tons of coal lie in Wyoming, and most of this is found in the Powder River Basin. The 
relatively thick coalbeds (50-100 ft} are overlain by thin overburden in many places. 

It is now well established that anticipated energy needs will place increased emphasis on strip 
mining of coal in the Powder River Basin. This expected increase in resource development will place 
increased importance on timely identification (and prediction} of environmental impacts resulting from 
extraction activities. The surface runoff, pumped mine discharge, and subsurface flow in mined areas 
have significant potential for environmental degradation of surface and ground-water systems. These 
environmental impacts are predominantly local, but can affect entire watersheds. The magnitude of the 
impacts will be determined by the mining technology employed, and the associated hydrologic, meteoro
logic, and geologic characteristics of the mine locality. The principal water pollution problems that 
have been associated with western coal extraction have included increases in suspended solids, alka
linity and salinity, and heavy metals in water.bodies within the mine watershed (Van Voast, 1974; 
McWhorter !!:_ !]_, 1975}. · 

METHODS, MATERIALS, AND STUDY SITE 

Description of Study Area 

Preliminary aquatic studies were conducted in the vicinity of the Big Horn Mine during the summer 
of 1975. The lirine is located near Sheridan, Wyoming in the foot hills of the Big Horn Mountains (Figs. 
1 and 2}. This region is in the northwestern part of the Powder River Basin. The mine has been oper
ated for 20 years by Peter Kiewit & Sons Mining Company and is one of several major mining operations 
in the Basin. Last year's production .amounted to about 825,000 tons. The anticipated yearly produc
tion is 1,000,000 tons. 

The area is predominantly grassland with some Juniper and Ponderosa Pine present at higher alti
t•Jdes. Land use is primarily grazing but some irrigated agriculture is obvious along permanent 
streams. Precipitation averages ca. 14 inches/year, with much of the total as snowfall. The mine site 
is traversed b.Y two permanent streams, Goose Creek and the Tongue River (a major tributary of the 
Yellowstone River}. Both of these rivers have been diverted through final cuts of past stripping oper
ations, and spoil material as well as highwall areas form banks for the streams where they have been 
diverted. 

Two pits are being actively mined: one is progressing eastward into TV hill (Zowada pit}, and 
another pit has recently been started on the south side of the Tongue River just east of Acme. (Fig. 2} 
This pit will progress southward, also toward TV hill. 

Seepage rate into the new pit is relatively large and primarily derived from groundwater flow from 
the river through alluvium overburden and into the pit. Lesser amounts of water are seeping into the 
new pit from the south highwall. As mining in the new pit progresses southward, seepage from TV hill 

1 Work performed under the auspices of the U.S. Energy Research and Development Administration. 
2 Both authors are staff scientists in the Division of Environmental Impact Studies, Argonne National 

Laboratory, Argonne, Illinois, 60439. 
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Figure 1. Regional map of upper Tongue River watershed showing sampling locations and data values ().llllhos/an) for spatial survey of specific conductance. 



~ 

500 0 ~00 1000 ISOO 

SH£RIOAII,IJ10111UfG 

.... -. -A<£ _, 

A 

MESENr IIIII£ AREA 
(l()WADA I'ITJ 

Figure 2. Map of Big Horn Mine and vicinity showing location of sampling sites and pertinent mine features. 



could be expected, while subsurface flow from the river should diminish. 

Seepage rate into the Zowada pit is less, with nearly all of the flow from the base of the coal in 
the highwall (east side of pit). Groundwater stored in TV hill is being slowly drained from the more 
permeable coal beds. Flow rates should decline through time as storage diminishes. 

Methods and Materials 

The water quality monitoring included measurement of the following parameters at three to six lo
cations upstream and downstream of the mine and at three mine discharge points: turbidity, suspended 
sol ids, temperature, pH, specific conductance, alkalinity, hardness, chloride, fluoride, silica, sul
fate, ni~rogen, phosphorus, and 16 metals. In addition, a spatial survey of specific conductance was 
:onducted on the Tongue River with emphasis on major tributaries upstream of the mine. Location of the 
ampling sites is shown in Figs. 1 and 2. 

Standard gravimetric, colorimetric and titrametric techniques were used for nonmetal analyses, 
1ile metals were measured using a combination of flame and flameless atomic absorption spectroscopy 
I.S.D.I., 1970; U.S.E.P.A., 1971). Samples for nitrogen, phosphorus, and metals were filtered in the 
eld upon collection. Analyses for a111110nium nitrogen, nitrate nitrogen and phosphate were completed 
thin four hours of collection (except June samples which were analyzed within a few days after pre
·rvation with mercurous chloride). Filtered samples for metal analyses were acidified with nitric acid 
'ml per liter). Specific conductance and temperature were measured in situ using a Yellow Springs 
,struments Model 33. Conductivity readings were corrected to equivalentViiTues at 25 C using a short 
mputer program. 

RESULTS AND DISCUSSION 

Surface Hydro 1 ogy 

The annual hydrologic regimes of Goose Creek and the Tongue River are typical of mountain-source 
streams. Discharge rates are generally low during most of the year and increase by a factor of ca. 10 
during the snow melting period, May-June. Both Goose Creek and the Tongue River above the mine have 
yearly average discharges of ca. 200 cfs with a range from less than 50 to greater than 1500 cfs 
(U.S.D.I., 1974a). Stream discharges at upstream sites for the three sampling dates are shown in Tables 
1-3. Since the confluence of the two streams is on mine property, the Tongue River discharge rate be
low the mine is the sum of the two individual discharge rates plus pumped mine discharge which is esti
mated to total less than 5 cfs. 

Ambient Water Quality 

Water quality of both streams (shown in Tables 1-3) was· related to discharge rate. Specific con. 
ductance and concentration of major ions was found to be inversely correlated with discha.rge rate. Ion 
concentrations in Goose Creek were as much as 50% higher than those in the Tongue River upstream of the 
mine, although they were qualitatively similar. The water is quite hard (high Ca and Mg) with bicarbo
nate and sulfate the dominant anions. Chloride concentrations were low, as were concentrations of toxic 
trace metals. The only trace metals exhibiting substantial concentrations in the streams were Pe, Mn, 
and Zn. Zinc concentrations were unexplainably high during the June snow melt period when river dis
charge and sediment load were high. 

Nutrient concentrations in the two streams above the mine were distinctly different (Tables 1-3). 
Concentrations of dissolved nitrogen and phosphorus in Goose Creek exceeded those in the Tongue River 
above the mine by as much as two orders of magnitude. Dissolved nitrogen in samples collected on August 
24 above the mine on the Tongue River contained no detectable ammonium or nitrate nitrogen. It is 
interesting to note that While dissolved phosphate in samples from upstream sites on the Tongue River 
was low, particulate (total) phosphate values were quite high, although still well below concentrations 
observed for Goose Creek samples. The source of the particulate phosphorus is unknown, but could be 
related to agricultural land use along both streams and to sewage discharge into Goose Creek at Sheridan. 

Upstream Survey of Specific Conductance 

A spatial survey of specific conductance was conducted on the Tongue River and Goose Creek water
sheds from the base of the Big Horn mountains to a point just upstream of the Tongue River reservoir. 
The results are summarized in Fig. 1. The conductivity of Tongue River water during the late summer 
survey at the base of the mountains was about 220 11mhos/cm,and gradually increased to a value of 377 
~hos/cm just upstream of the mine. This represents approximately 26 miles of stream. Note that some 
tributaries of the Tongue had conductivities considerably above these values. 

Conductivity rose even more dramatically in Goose Creek and its tributaries. Rapid conductivity 
changes were observed in both Little and Big Goose Creeks immediately upon leaving the mountains. In 
Little Goose Creek, for instance, conductivity rose by a factor of 5.7 from a value of 91 ~hos/cm to 
519 11mhos/cm in a distance of only 5 miles. The conductivity continued to rise downstream to values 
near 900 11mhos/cm in the vicinity of the Big Horn Mine, more than double the value in the Tongue River. 
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Table 1. Sl.lllllllry of Water Quality Data for June 18, 1975 

Upstream Downstream Calculated 

Parameter TSl GS3 T3 Downstream 

stream disch. (cfs) 1831 1280 3111 

spec. cond. (j.llllbos/cm) 133 132 130 133 

temp. (C) 8.2 9.0 8.8 8.5 

turb. (F'IU) 39 45 45 41.5 

susp. solids (mg/1) 65 105 71 81.5 

diss • solids (mg/1) 149 157 148 130.9 

total alk. (mg/1) 100 70 90 87.7 

total hard. (mg/1) 100 90 90 95.9 

chloride (mg/1) 4.3 4.3 4.3 4.3 

flooride (mg/1) .25 ,35 .36 .29 

silica (mg/1) 7.0 6.8 7.0 6.9 

sulfate (mg/1) 18 35 24 25 

ammniun-N (mg/1) .20 .20 .OS .20 

nitrate-N {mg/1) .08 .06 .08 .08 

diss. -ro4 (mg/1) .55 .43 .43 .so 
Ca. (J!I&/1) 23 16 20 20.1 

Mg (mg/1) 9.0 9.5 8.8 9.2 

Na (mg/1) 9 10 8 9.4 

K (mg/1) 1.0 1.2 1.1 1.1 

As (\lg/1) <10 <10 <10 <10 

Cd (llg/1) ,3 .3 .2 ,3 

Co ()lg/1) <.5 <.5 <.5 <.5 

Cr (\lg/1) 1.1 1.0 1.2 1.06 

Cu (llg/1) 4.3 8.0 5.2 5.8 

l'e (~~&/1) 130 300 130 200 

Hg ()lg/1) <1 <1 <1 <1 

Mn ()lg/1) 30.2 40.9 27.4 34.6 

M:l (llg/1) 7.2 6.6 6.0 6.95 

Ph (llg/1) < .s < ,5 < .s < ,5 

Se (llg/1) <1:0 <10 <10 <10 

Zn (~~&/1) 290 370 230 323 
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Table 2. Sunlnary of Water Quality Data for August 24, 1975 

Parameter 

stream disch. (cfs) 

spec. cond. (lJill}los/on) 

temp. (C) 

pH 

tlllb. (FlU) 

susp. solids (mg/1) 

total alk. (mg/1) 

total hard. (mg/1) 

chloride (mg/1) 

fll.Xlride (mg/1) 

silica (mg/1) 

sulfate (mg/1) 

amtarlun-N (mg/1) 

nitrate-N (mg/1) 

total-1'04 (mg/1) 

diss.-1'04 (mg/1) 

Ca (mg/1) 

Mg (mg/1) 

Na (mg/1) 

K (mg/1) 

As (llg/1) 

Cd (llg/1) 

Co (l!g/1) 

Cr (~Jg/1) 

Cu (llg/1) 

Fe (llg/1) 

Hg (!jg!1) 

Mn (~g/1) 

MJ (IJg/1) 

Pb (.,ig/1) 

Se (l!g/1) 

Zn (11&/1) 

~ Mirie Dischar~e 

T2 G1 D1 D2 D3 

176 

352 

18.0 

8.5 

6 

1.7 

184 

138 

1.5 

.31 

4.9 

53 

0 

0 

.42 

.08 

39 

22.5 

20 

1.6 

<10 

.6 

3.6 

.9 

3.5 

70 

·n· 
40.3 

1.3 

.8 

<10 

3.7 

81 

866 2997 549 961 

16.1 18.9 14.9 21.5 

8.1 8.4 8.0 7.9 

30 32 2 27 

32.6 32.5 <1 73.1 

303 468 236 233 

288 573 204 300 

4.6 7.2 2.1 4.4 

.69 1.28 .61 .69 

1,9 5.6 8.6 9.6 

180 1425 140 335 

.38 3.6 .86 .82 

.328 • 770 .322 .263 

1.30 .44 .45 1.18 

.65 .20 .275 .27 

55 87 44 61 

60 135 37.5 57.5 

45 465 35 50 

3.8 27 5.2 6.6 

<10 <10 <10 <10 

.3 .s .7 .9 

2·4 5.9 7.1 4.3 

1·5 2.1 1.1 .9 

9.3 18.4 4.7 5.3 

100 90 50 10 

<1 <1 ~1 <1 

105 66.4 101 330 

<1 8.5 1.5 3.3 

2.1 1.6 1.2 1.5 

<10 <10 <10 <10 

9·0 27.8 9.8 67 

64 

Downstream 

T3 

257 

550 

19.0 

8.7 

8 

1.1 

224 

187 

3.3 

.47 

4.6 

125 

.OS 

.089 

.64 

.19 

44 

35 

30 

2.5 

<10 

.3 

5.4 

1.1 

43 

110 

<1 

43 

1.0 

7 

<10 

26 

Calculated 

Downstream 

514 

17.4 

8.4 

13.6 

H,44. 

222 

185 

2.5 

.43 

3.9 

93 

.12 

.lO 

.70 

.26 

44 

34.3 

27.9 

2.3 

<10 

.5 

3.2 

1 .1 

5.3 

79.5 

<1 

60.7 

.89 

1.2 

<10 

5.4 



Table 3. SUIIIllai')' of Water Quality Data for Sept. 27, 1975 

Parameter 

stream disc. (cfs) 

spec. cond. (wmhos/cm) 

temp. (C) 

Iii 

turb. (FIU) 

SUSp. solids (rng/1) 

total alk. (mg/1) 

total hard. (mg/1) 

chloride (rng/1) 

fluoride (rng/1) 

silica (rng/1) 

sulfate (mg/1) 

ammonium - N (mg/1) 

nitrate-N (mg/1) 

total -1'04 (mg/1) 

diss. -1'04 (rng/1) 

Ca (rng/1) 

Mg (rng/1) 

Na (rng/1) 

K (rng/1) 

As (llg/1) 

Cd (llg/1) 

Co (llg/1) 

Cr (llg/1) 

Cu (llg/1) 

Fe (}lg/1) 

Hg (jlg/1) 

M\ (1!&/1) 

1-b (llg/1) 

Pb ()lg/1) 

Se (l!g/1) 

Zn (~~&/1) 

Upstream !lline Discharge Downstream 

T3 TZ Gl Dl DZ D3 

97 

420 

10.6 

8.47 

1.5 

207.6 

155.8 

0 

.27 

5.3 

67 

.15 

.005 
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These data indicate large changes fn dissolved ions fn the upper reaches of the watershed. u.s. Geo
logical Survey infonnation suggests that sodiiJII sulfate and calcium bicarbonate are largely responsible 
for the increases (U.S.D.I., 1974ib). The next field season will be devoted in part to isolating the 
sources of these impacts. One possible source is irrigation return flow, since irrigation is widely 
practiced in the watershed. 

Mine Discharges 

Location of the three discharge points for pumped mine effluent are shown in Pfgure 2. As J>re
viously mentioned, seepage into the large ZoWidl pit flows mostly through the coal seams on the face of 
the highwall on the east side of the pit, and is primarily ground water stored in the hfll east of the 
pit. The chemical quality of this discharge (discharge Dl) is considerably different from discharges 
D2 and D3 which are pumped from the pit along the Tongue River and are essentially derived from seepage 
of river water through the overburden dike separating the pit from the Tongue Rfver. The concentrations 
of all major ions in the Dl discharge were 2 to 5 times those measured in the other two mine effluents, 
and exceeded ambient river concentrations by even greater amounts (Tables 2 and 3). 

Discharge samples (particularly Dl) exhibited major increases over ambient river values for sodium 
and sulfate, and also substantial though lower increases for calcium, magnesium and bicarbonate. The 
high ammonium and nitrate nitrogen concentrations in the discharge samples could be related to use of 
ammonium nitrate explosives during coal extraction. Volume of the Dl discharge is estimated to average 
less than 300 gpm, while the maximum total of discharges D2 and D3 is estimated at ca. 1500 gpm. 

EFFECTS OF MINING ON STREAM WATER QUALITY 

The most straightforward approach in assessing point source impacts to stream or riverine systems 
is to simply compare upstream and downstream sites in terms of pertinent water quality parameters. Un
fortunately, this simple experimental design could not be used in the present study because of the 
somewhat complex nature of the aquatic systems in the vicinity of the Big Horn Mine. The presence of 
two streams (Goose Creek and the Tongue River) with the confluence at or near the points of pumped mine 
effluent, in addition to the diversion of the streams through old strip mine pits (which essentially 
created small lakes on the streams) necessitated the use of a simple dilution equation for calculation 
of anticipated downstream water quality (after complete mixing of the two streams) based on upstream 
water quality and flow rates. The equation used is shown below: 

_ ctDt + cgDg 
cd - Dt + Og 

Cd = calculated concentration of a given parameter downstream on the Tongue River 

Ct = observed concentration of a given parameter upstream on the Tongue River 

Cg = observed concentration of a given parameter upstream on Goose Creek 

Dt = upstream flow rate of Tongue River 

Dg = upstream flow rate of Goose Creek 

This equation is based on the assumptions that substances act conservatively over the time scale in
volved and that mixing is complete. Determination of a significant mining impact is based on a comp
arison of calculated downstream concentrations and actual observed downstream concentrations for any 
pertinent parameter. A substantially higher observed concentration compared to that calculated (based 
only on mixing of the two streams) would suggest a mining impact. This comparison is presented in 
Tables 1-3 for the three sampling dates considered in the present study. 

June samples were collected during a period when stream discharges were near the annual maximum 
and major ion concentrations were low. A comparison of calculated vs observed concentrations for the 
more conservative (i.e., less reactive) parameters such as specific conductance, dissolved solids, 
alkalinity, hardness, chloride, fluoride, sulfate, calcium, magnesium, sodium, and potassium, indicates 
reasonable agreement (Table 1). In no case was the observed value significantly higher than the ex
pected (calculated) value. Measurable increases of chemical constituents in the Tongue River would not 
be expected during this high flow period since pumped mine effluents would be diluted in excess of 
1:1000 upon re 1 ease to the river. 

The August and September sample collections coincided with periods of low river discharge. A com
parison of downstream observed vs calculated concentration for August 24 (Table 2) shows that observed 
values for conservative parameters were slightly higher than would be expected by mixing of Goose Creek 
and the Tongue River, and suggests that pumped mine effluent may have been affecting the river during 
that period. Specific conductance and sulfate were respectively 7% and 34% higher than calculated; 
while alkalinity, hardness, calcium, magnesium, and sodium were 0-8% higher than anticipated. It 
should be mentioned that specific conductance at the T4 site one mile downstream from T3 was essentially 
the same as the calculated value, however, sulfate remained 34% high. High observed values were also 
recorded for copPer, iron, and zinc, all of which are noaconservatfve parameters that might be 
expected to show high between-site variability. 
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Stream flow on September 27 was even lower than August, however, the comparison of downstream ob
served vs calculated concentrations of soluble constituents reveals no significant differences {Table 3}. 

, Copper, iron, and manganese concentrations for the comparison were similar, however, zinc was less than 
half of the expected value, emphasizing the apparently complex chemistry of the less soluble metals. 

;Since the volume of pumped mine discharge is believed to be more or less constant throughout the year, 
the reason for the apparent differences in mine influences between August and September is not clear, 

'but may involve short term fluctuations in stream discharge (daily averages were used in calculations} 
or the damping influence of the old mine pits through which the streams now flow. These factors will 
be examined during f~ure comprehensive investigations of the Tongue River system. 

Results of the preliminary study were not conclusive, but suggest that water quality impacts in
duced by operation of the Big Horn Mine may be small compared to other land use effects in the watershed; 
While concentratiqlls of some chemical parameters in pumped mine discharge were high, concentration in
creases measured in the Tongue River downstream of the mine were small in comparison to observed increas
es upstl'@am in agricultural areas. 

While detection of impacts based on use of the dilution equation was not conclusive, it is possible 
to add an additional term to the equation representing the volume and concentration of mine effluent and 
to then use the equation as a simple model to predict the effect of increased mine discharge on the 
Tongue River. The modified equation is shown below. 

_ CtDt + CgDg + CeDe 
cd - Dt + D + D 

g e 

Ce = concentration of a given parameter in mine effluent 

De = flow rate of mine effluent 

Using sulfate as an indicator of mine pollution,the effect of various values of concentration and flow 
rate can be tested using the model. For example, using the sulfate concentration observed for the Dl 
dischar!1e (ca. 1400 ppm) it can quickly be determined that increasing the flow rate of this discharge to 
10 cfs (present rate is less than one cfs} during periods of low stream flow could result in a downstream 
sulfate increase of 50% or more. Similar calculations could be carried out for other conservative para
meters under a variety of conditions. These calculations would show that while the present water 
quality impacts of the Big Horn Mine are probably small and inconsistent, substantial expansion of coal 
extraction activities along the river {assuming similar mine effluents} could result in significant im
pacts on water quality. 

Since expansion of mining activities along the Tongue River are anticipated, Argonne National Lab
oratory will undertake, beginning in summer 1976, a comprehensive study of the Tongue River (sponsored 
by the U.S. Energy Research and Development Administration}. 

The proposed aquatic study will identify and quantify the water quality and aquatic ecosystem im
pacts related to operation of the Big Horn Mine. The aquatic investigation will include geophysical
geochemical and modeling subprojects to optimize identification and subsequent prediction of pollutant 
production, transport, and ultimate fate within the aquatic ecosystem. The study results will be comp
ared and integrated with previous and ongoing research efforts on the Montana reach of the Tongue River 
to investigate the extent and significance of m1n1ng impacts in the entire Tongue River watershed. 

Results of the multidisciplinary investigation will allow definitive conclusions to be drawn con
cerning the direct short-term impacts and long-term chronic effects of current strip mining practices in 
the Tongue River watershed, as well as prediction of impacts that are likely to result from future ex
pansion of surface mining, including alternative mitigating actions necessary to assure proper environ
mental protection. 
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EVALUATING WATER QUALITY SAMPLING SCHEDULES USING 
FECAL COLIFORM CONCENTRATIONS IN SABINO CREEK 

by 

Robert M. Motschall, Stanley K. Brickler and Robert A. Phillips 

Sabino Canyon Recreation Area, adjacent to Tucson, and a major water-based recreation complex 
within the Santa Catalina Mountains, Coronado National Forest, receives intensive recreational use. 
This natural water resource area with primary water contact activities was monitored for fecal coliform 
in accordance with U.S. Forest Service Regulation (FSM 2542.2). As part of a larger study, this report 
discusses the relationships between time, day, and location of sampling with fecal coliform bacterial 
concentrations in Sabino Creek. Analysis of Variance shows that fecal coliform concentrations were 
higher: 1) on Sunday than Wednesday, 2) at 4:00PM than 8:00AM or 12:00 Noon, and 3) in the lower 
section of the four mi 1 es of the study area. This research provides the U.S. Forest Service with 
baseline water quality data and a benchmark from which to continue an efficient water quality monitoring 
program. 

INTRODUCTION 

Sabino Canyon Recreation Area, which is part of the Coronado National Forest, is located 
immediately adjacent to the metropolitan area of Tucson. Visitor use in excess of 600,000 visitors per 
year made this water based recreation area an ideal site to test differences in fecal coliform con
centrations. 

Twenty-one sites on Sabino Creek were sampled for fecal coliform from July 1974 through June 1975. 
Fecal coliform bacteria were cultured on M-FC broth with all field and laboratory procedures following 
those described in Standard Methods for the Analysis of Water and Waste Water (AWWA, 1971). 

Research was designed to determine optimum, productive periods to monitor fecal coliform in 
Sabino Canyon Recreation area. The objectives of the study were to determine: 

1) seasonal variations in fecal coliform concentrations 
2) time of day variations in fecal coliform concentrations 
3) day of the week variations in fecal coliform concentrations 
4) location variations in fecal coliform concentrations. 

BACKGROUND INFORMATION 

Fecal coliform bacteria, a subgroup of the total coliform population, have a direct correlation 
with fecal contamination of water bodies from warmblooded animals (Geldreich, 1966; AWWA, 1971; 
Mahloch, 1974). Research by Smith and Twedt (1971) supports the use of fecal coliform due to the 
isolation of Salmonella when fecal coliform levels were between 100 and 200 organisms per 100 ML of 
sample. Fecal coliform should be used as a baseline indicator for evaluating the suitability of 
recreation waters (Geldreich, 1970). Reconfirmation of earlier work, Smith, Twedt and Flanigan (1973) 
found fecal coliform beneficial as an indicator of recreational water quality. 

Federal regulation (Forest Service Manual 2542-2) requires the United States Forest Service to 
sample water bodies for fecal coliform when in-water recreation activity occurs. The Federal Water 
Pollution Control Administration (Now E.P.A.) suggests that a minimum of five samples per 30-day 
period should be required when applying recreational water quality standards (Millipore, 1973). 
Therefore, five sampling periods per month are critical in order to ascertain the suitability of a 
water body for recreation. 

Primary contact standard for water based recreation areas states "fecal coliform content - shall 
not exceed a geometric mean of 200/100 ml, nor shall more than 10 percent of total samples during any 
30-day period exceed 400jl00 ml" (FWPCA, 1968). Sample dates should be chosen carefully so that periods 
of expected high fecal coliform concentration are selected. Often sample dates are chosen without 
regard to critical periods. 

EXPERIMENT MODEL 

The statical model was developed as follows: 

Research funds provided by the U.S. Forest Service, Coronado National Forest. The authors are Research 
Assistant, Associate Professor, School of Renewable Natural Resources, and Professor of Civil 
Engineering, respectively, University of Arizona, Tucson. 
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1) The 21 sample locitions were grouped into three sample locations (S-1, S-2, and S-3) on 
the basis of proximity and similarity of the site, and by the natural geographic divisions 
within the canyon. 

2} Samples were collected twice weekly on Sunday and Wednesday which provides each week a 
sample during relative high and low visitor use periods. 

3) Time of sample collection varied each week utilizing three rotating sample hours (BAM, 
12 Noon and 4 PM). 

This model was designed so that each sub-population would be sampled within a three week period 
(Table 1). Analysis of variance was employed to determine significant difference among the sub
populations within each three week period. 

Table 1. Sample schedule of the eighteen sub-populations within the statistical 
model. Seventeen three-week periods were obtained through the course of 
the study. Data was collected from July, 1974 through June, 1975. 

Sub-population Day Location Time 

1 Wednesday S-1 BAM 
2 Wednesday S-2 BAM 

First 3 Wednesday S-3 BAM 
Week 4 Sunday S-1 BAM 

5 Sunday S-2 BAM 
6 Sunday S-3 BAM 

7 Wednesday S-1 12 Noon 
B Wednesday S-2 12 Noon 

Second 9 Wednesday S-3 12 Noon 
Week 10 Sunday S-1 12 Noon 

ll Sunday S-2 12 Noon 
12 Sunday S-3 12 Noon 

13 Wednesday S-1 04 PM 
14 Wednesday S-2 04 PM 

Third 15 Wednesday S-3 04 PM 
Week 16 Sunday S-1 04 PM 

17 Sunday S-2 04 PM 
lB Sunday S-3 04 PM 

ANALYSIS OF VARIANCE 

Steel and Torie (1960) state "The valid application of tests of significance in the analysis 
of variance requires that the scale of measurement should be one for which the linear additive models 
holds." With biological data such as bacteria counts, which exhibit a wide range of positive inter
gers, a logarithmic transformation of the data conforms to the linear additive model. For data with 
values from zero to 10, log (X+ l) must be used (Steel and Terrie, 1960). 

Fecal coliform data for the analysis of variance was transformed as follows: log (fecal 
coliform+ 1). Results of the anlaysis of variance are presented as the transformed data because 
Steel and Terrie (1960) warn that changing analysis of variance results back to the original scale 
of measurement is not proper. 

All data analyses in this study were conducted through the use of computer programs in the 
Statistical Package for the Social Sciences (Nie, Bent and Hull, 1970; Nie et al, 1975), and 
through programs developed by the National Educational Resources, Inc. (1972). 

Results of this study are focused on nine of the three week periods which were determined to be 
biologically important with regard to Primary Recreation Contact Standards. Significant difference 
for the analysis of variance was set at the five percent level. 

TIME OF SAMPLE 

As previously explained, times of sampling were BAM, 12 Noon, and 4 PM. Based on the analysis 
of variance, seven of the nine three week peripds were significant with time as the treatment. Re
sults are presented in Table 2. For the significant F-values, the least significant difference was 
used to determine the important factor among the three values. Analysis of variance indicates that 
mean fecal coliform values from five of the seven three week periods were significantly higher with 
4 PM as the sample time period. Although BAM and 12 noon time periods had significant mean values, 
most were co-significant with the 4 PM time period. Wildlife early morning watering or intensive 
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recreation may account for high mean values at 8 AM and 12 noon. Accumulation of in-water and 
associated land based recreation use through the day would account for the high mean values at the 
4 PM sample period. 

Table 2. Results of the analysis of variance with mean (log(fecal coliform+ 1)) fecal coliform 
concentrations as determined by the treatment time for nine three week sample periods. 
Underlined mean values are significant by the Least Significant Difference Test. 

F-value Ull 
Three Week ----------

Sample Period Si~nificance AM Noon PM 

07/03/74 to 3.38 
07/21/74 - - - - - - - -. IT47 2.12 1.09 1.46 

07/24/74 to 13.96 
08/11/74 - - - - - - - -.oaT 1.03 ~ 1.40 

08/14/74 to 2.29 
09/01/74 - - - - - - - -. Tos 1.11 0.97 1.11 

09/04/74 to 8.51 
09/22/74 - - - - - - - -. IToT 1.85 1.32 1.69 

09/25/74 to 26.65 
10/13/74 --------.!JOT 1.79 1.39 1.30 

10/16/74 to 37.66 
11/03/74 - - - - - - - -. rroT 1.02 0.67 .l.Jl. 
04/23/75 to 24.18 
05/11/75 - - - - - - - -. IToT 0.20 0.56 0.83 

05/14/75 to 7.48 
06/01/75 - - - - - - - -. IToT 0.54 0.87 !.:.Qi 

06/04/75 to 0.03 
06/22/75 ------- -.9"99" 0.94 0.94 1.09 

DAY OF SAMPLE 

Two sample days (Sunday and Wednesday) represent the relative high and low recreation use within 
Sabino Canyon Recreation Area. Based on the analysis of variance, six of the nine three week periods 
were significant with day as the treatment. Results are Presented in Table 3. Analyses show that 
mean fecal coliform data were significantly higher on Sunday than on Wednesday. On weekends and 
holidays, USFS personnel would have to close the recreation area to cars by mid-day to reduce 
recreation pressure but this problem did not occur on weekdays. Analyses of fecal coliform data 
reflect the visitor use pattern for Sunday and Wednesday. 

LOCATION OF SAMPLE 

Based on the analysis of variance, eight of the nine three week periods were significant with 
location as the treatment. Results are presented in Table 4. For the significant F-values, the 
least significant difference was used to determine the important value among the three values. 
Analyses show that mean fecal coliform data were significantly higher at sample location S-3, which 
is Lower Sabino. Higher mean fecal coliform samples from Lower Sabino than Upper Sabino can be 
explained in three ways: 1) Upper Sabino was closed to cars while Lower Sabino was surrounded by 
parking for cars, thus visitors had easy access to Lower Sabino; 2) Lower Sabino is an attractive 
swimming area due to the beach effect created by Sabino Lake Dam; 3) Accumulation of upstream fecal 
contamination would flow into Lower Sabino from Upper Sabino. 
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Table 3. Results of the analysis of variance with mean (log (fecal coli form + 1)) fecal 
coliform concentrations as determined by the treatment day for nine three week 
sample periods. Underline mean values are significant by the analysis of variance. 

Three Week 
F-value Sunday Wednesday ------------Sample Period Significance 

07/03/74 to 0.43 1.41 l. 71 
07/21/74 - - - - - - - - - -:-9"9"9-

07/24/74 to 7.21 !.dZ. 1.17 
08/11/74 - -- -- - - - - -:-oo8-

08/14/74 to 4.56 ~ 0.98 
09/01/74 - - - -- - -- - :b33-

09/04/74 to 15.19 l.J!Q. 1.43 
09/22/74 --------- -.nllT-

09/25/74 to 77.08 l. 76 1.23 
10/13/74 - - - - --- - - -.oaT -

10/16/74 to 119.58 0.69 1.22 
11/03/74 - - -- - - - - -- :-om-

04/23/75 to 10.65 0.64 0.42 
05/11/75 ----------.oaT-

04/14/75 to 3.36 
06/01/75 - - - -- - - - - -:-o66- 0.92 0. 72 

06/04/75 to 0.72 
06/22/75 - - - - - - - - - -:-999- 1.09 0.89 

Table 4. Results of the analysis of variance with mean (log (fecal coliform+ 1)) fecal 
coli form concentrations as determined by the treatment location for nine three week 
sample periods. Underlined mean values are signfficant by the Least Significant 
Difference Test. 

Three Week F-val ue S-J S-2 S-3 -----------
Sample Period Significance 

07/03/74 to 0.64 1.40 no data l. 72 
07/21/74 - - - -- - -:-999-

07/24/74 to 15.15 1.02 1.26 1..:21 
08/11/74 -------.lfoT 

08/14/74 to 26.87 0.89 0. 75 ~ 
09/01/74 ------ -.lfoT 

09/04/74 to 9.38 1.41 l. 50 1.94 
09/22/74 ------ -.lfoT 

09/25/74 to 7.57 1.34 1.48 ~ 
10/13/74 ------ -:-oo1-

10/16/74 to 21.49 0.84 0.83 .!.:..!2. 
11/03/74 ------ -.rroT 

04/23/75 to 83.63 0.21 0.22 l. 17 
05/11/75 - - - - - - -.lfoT 

05/14/75 to 39.58 0.44 0.51 1.52 
06/01/75 -------.oaT 

06/04/75 to 29.11 
06/22/75 --- --- -.lfoT 0.41 0.87 1.69 
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CONCLUSION 

Seasonal data show that Sabino Creek receives varying degrees of fecal contamination, that were 
at times in excess of state and federal primary contact recreation water quality standards. Analysis 
of variance demonstrates that Sunday (weekend) fecal coliform samples were significantly higher than 
Wednesday (weekday); 4 PM fecal coliform concentrations were significantly higher than 8 AM or 12 Noon. 
Consequently, examination of water quality parameters in Sabino Creek for the primary contact standard 
would best be determined on warm weather weekends and holidays during the late afternoon time period. 

Under the present visitor use walk-in policy for Sabino Canyon Recreation Area, Lower Sabino (S-3) 
with motorized public access had significantly higher fecal coli form concentrations than Upper (S-1) 
and Middle (S-2) Sabino where motorized public access was prohibited. Changes in the visitor use 
policy (motor-motorless) with a redistribution of visitors within the recreation area will effect 
water quality. Therefore, the Forest Service must consider the natural constraints of Sabino Creek 
and recognize potential water quality problems when planning recreation user patterns and facility 
development within Sabino Canyon Recreation Area. 

Data suggest an apparent association of intensive in-water recreational activity with significantly 
higher fecal coliform concentrations. Results and study design provide the Forest Service with 
an efficient period to sample for fecal coliform concentrations and to monitor visitor activity to 
assist in the determination of water quality carrying capacity for Sabino Creek. 
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FUTURE EFFECTS OF THE CAP ON LAKE HAVASU'S THERMAL REGIME 

by 

David Kenneth Kreamer 

A temperature-stratification model developed by the U. S. Army Corps of Engineers, Hydrologic 
Engineering Center, was used to predict the changes in the temperature profile of Lake Havasu on the 
Colorado River near Parker, Arizona, that may occur with the withdrawal of Central Arizona Project (CAP) 
water in the 1980's. This quantified change in temperature-dependent density stratification was cal
culated using maximum withdrawal condttions to accentuate and expose any major changes which could be 
potnetial problems. Inputs for this program include monthly evaporation and precipitation, monthly 
average air temperature, solar radiation at the top of the atmosphere, water inflow amount and tempera
ture, water outflow amount and location, water tempel!ature profiles, and physical reservoir data. 

In the calibration of the model, the five coefficients were found to differ slightly from regional 
coefficients established by the Hydrologic Engineering Center, Davis, California, and coefficients 
established in a previous study. 

End of month temperature profiles were then generated for average meteorologic conditions, both 
with and without maximum CAP flow. The computed results indicate that the stratification changes will 
be of low magnitude. 

INTRODUCTION 

Thermal stratification is an important physical phenomenon of a lake. It has implications to 
lake chemistry, macro- and micro-aquatic life, and circulation and flow within the lake. The importance 
of temperature with regard to water quality has been underscored with the passage of PL 92-500, Federal 
Water Pollution Control Act Amendments of 1972, where the term "water quality standards" specifically 
includes thermal water quality standards (Section 303-h). Clearly, the thermal regime of a reservoir 
is one important criterion for an understanding of interactions within a lake system. 

In particular, thermal stratification of Lake Havasu, a man-made reservoir on the Colorado River, 
has ramifications to the water quality of the lake and its outlets. In Lake Havasu, thermal regima 
affects: duration of turnover, the amount of upwelling bottom material, flow lines associated with 
the outlets, the temperature ofwwithdrawals, evaporation rates, algal growth, micronutrient levels, 
bacteriological die-off rates, benthic growth, chemical constitution, dissolved gas levels, turbidity, 
and fish life. The interrelations extend to affect wildlife dependent on the lake and on recreational 
uses. 

The Central Arizona Project (CAP) is expected to begin pumping water from Lake Havasu and transport 
it to Central Arizona in the 1980's, creating additional inflow and outflow for the lake. Added flow 
will mix the lake waters to some unknown degree. It is the purpose of this report to make a quantita
tive evaluation of changes in temperature and thermal stratification resulting from the additional flow. 
A modeling approach is used to simulate temperatures in Lake Havasu, both with and without the outflow 
of CAP water. A comparison of simulated temperatures will show possible future changes in lake thermal 
conditions due to the CAP. 

In this study, it is assumed that the additional inflow and outflow for the lake will be the CAP 
canal (Granite Reef Aqueduct) capacity of 3,000 cubic feet per second. This figure is a maximum be
cause its use ignores the fact that the CAP will not be pumping constantly at full canal capacity, or 
that the Metropolitan Water District of Southern California will have cut back pumping from the present 
level of 662,000 acre-feet per year in accordance with a Supreme Court decision (Steiner, 1974, pp. 34-
35). The extreme case has been purposely used for comparison. If there is little change in stratifi
cation in the most extreme case, the situations with even less flow will have no, or neglibible, thermal 
effect. 

The effect of destratification on Lake Havasu is of central importance. Generally, mixing of a 
lake is a desired phenomenon, to such an extent that artificial mixing is practiced in some places. 
Destratification can reduce evaporative losses and help aerate the water. This essentially means a 
larger quantity and better quality water. 

In the case of Lake Havasu, however, destratification would be a mixed blessing. Because of the CAP 
intake's proximity to recreational facilities and a wildlife refuge, significant changes in lake tem
perature could be harmful. While drastic temperature changes would be needed to alter recreational use 
of the lake, birds that reside among the bullrushes and cattails of Lake Havasu wildlife refuge exist 
on a more delicate balance. Temperature change could alter chemical, physical, and biological environ
ments within the lake. Less than optimal conditions could interact synergistically to force certain 
species from the area. 

The author is a Graduate Teaching and Research Assistant, Department of Hydrology and Water Resources, 
University of Arizona, Tucson, Arizona 85721. 
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THE STUDY AREA 

Lake Havasu was fonned with the completion of Parker Dam in 1938. Lake Havasu is primarily a 
storage reservoir to divert water to the Metropolitan Water District of Southern California, but serves 
the added purposes of flood control, electrical power production, recreation, desilting Colorado River 
water, and control of water released for agricultural use. 

The reservoir is approximately forty-five miles long and the width varies from a few hundred feet 
to five miles. Storage is generally 540,000 acre-feet. The surface of the lake is approximately 20,000 
acres and is at an elevation around 449 feet above sea level. Lake stage is dropped two to three feet 
in winter because agricultural use downstream is decreased at this time, and any sudden addition to the 
lake volume might cause water loss if the reservoir were full. 

The lake is situated in an arid region of the southwest with approximately 3.8 inches of precipi
tation per year, 125.0 inches of evaporation per year, and a mean yearly temperature of 72.4°F. 

In a study funded jointly by the Arizona State Water Commission and the U. S. Bureau of Reclamation, 
the Department of Hydrology and Water Resources, University of Arizona, collected extensive data during 
calendar year 1974 and early 1975 for the lower region of Lake Havasu (Ince, 1976). The area investi
gated in that study encompassed the region from the Metropolitan Water District of Southern California 
intake to the Bill Williams River. In this section of the lake, preliminary work has begun on the CAP's 
intake. 

The University study recorded data at stations along transects of the lake (Figure 1). Because 
the model chosen to simulate temperature profiles only accepts one temperature profile per day, it was 
necessary to select a representative station from the transects. Station 4M was chosen as a represen
tative location on the lake for temperature profile data. 4M is mid-lake, approximately 250 yards 
north of Havasu Springs Resort. The selection of this station is due to its representative temperature 
data and its proximity to the future CAP intake, Parker Dam, and the Metropolitan Water District intake. 
The station is near the three outlets,yyet it is far enough away to have reduced perturbation and mixing 
that occurs in the immediate vicinity of outlets. Additionally, station 4M was used as a representative 
station in the data presentation by The University of Arizona in its study as was, therefore, a logical 
choice. 

r 
N 

Figure 1. The University of Arizona Study Locations. 

MODEL DESCRIPTION 

The HEC thermal stratification model (HEC 723-X6-L2410) was first developed by Beard in 1964. It 
is .basically of the energy budget type. The present model is a modification of program 723-X2-L2810 
wh1ch was prepared for the Sacramento District, Corps of Engineers, by the Hydrologic Engineering Center. 
The program simulates the vertical temperature distribution with the given inputs. Known temperature 
profiles serve to estimate coefficients in the program. 
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The model is one dimensional. Most thermal stratification models have tnls one-dimensional 
property and these-programs seem to describe the physical system accurately. There have been two- and 
three-dimensional models constructed, but their use is limited. It has been reported by Parker, 
Benedict, and Tsai (1975, p. 10) that "a three-dimensional analysis is so complicated that it is usually 
not justified by the increased accuracy of the results." 

The HEC model is relatively straightforward. It assumes th&t the reservoir can be broken up into 
isothermal horizontal layers, with the choice of layer thickness dependent on degree of profile defini
tion desired, and data and computer time constraints. With a previous model of Lake Havasu having used 
three-foot layers and having The University of Arizona temperature profiles recorded at meter intervals 
(occasionally half meters), the three-foot interval was retained, thus giving consistency with the 
previous model. 

The model provides an accounting procedure for the energy budget over time for each horizontal 
element. The computer program iterates until all factors of the balance are summed and the stability 
criteria are satisfied. It then moves to repeat the process for the next time period. The heat fluxes 
will give the heat content for each internal layer and, from this, temperatures are obtained. 

The program calibrates five coefficients in an energy budget calculation. These five coefficients 
are: 1) evaporative heat, 2) air temperature, 3) insolation, 4) inflow mixing, and 5) diffusion. 
They assume a value from 0 to 1, that is, from no correlation to complete correlation. 

Evaporative heat, air temperature, and insolation coefficients show the amount of energy added to 
or taken from the top layers of a lake. The energy transferred is a function of depth and decreases 
linearly from a maximum at the surface. 

The inflow mixing coefficient shows the amount of interaction inflowing water will have while it 
decends to its density level. Vertical diffusion of energy is calibrated by the diffusion coefficient. 

In addition to the two outlets of Lake Havasu, Parker Dam and Metropolitan Water District of 
Southern California, a third compensatory outlet was included in the calibration. Lake Havasu City 
withdrawal and bank seepage change the water balance, and the compensatory outlet corrected this 
situation .. Lake Havasu City data were originally not included in the balance because of different out
let levels (from wells close to the lake and surface withdrawal) and there are no data on bank seepage. 
This additional outlet allowed the total lake storage to be realized and was drawn arbitrarily from a 
depth in the vertical middle of the lake with respect to water mass. 

While accounting for heat fluxes, the model must necessarily take account of quantity of flow. A 
volumetric water balance is computed as part of the program. 

DATA REQUIREMENTS 

The data inputs for the HEC model are: 1) monthly evaporation and precipitation, 2) monthly 
average air temperature, 3) solar radiation at the top of the atmosphere, 4) monthly water inflow 
volumes and temperatures, 5) monthly outflow volumes and locations (elevations), 6) reservoir stage
storage relationship, 7) other reservoir physical data, and 8) temperature profiles for calibration. 

CALIBRATION 

The five model coefficients were calibrated by a least squares regression technique. This was 
accomplished by minimizing the sum of the squares of errors between the 1974 observed profiles and the 
profiles generated by the program's energy budget equation with changing (optimizing) model coeffi
cients. In the computed profiles, the temperature of each level was calculated for the end of each 
month. End-of-month computed temperatures were then used to linearly interPolate computed profiles on 
observed profile dates. 

This calibration was then used to compare observed profiles in January and February of 1975 with 
generated profiles. Kreamer (1976) shows this independent comparison with the calibrated coefficients. 

Table 1. A comparison of Three Calibrations of the HEC Model 
for Lake Havasu, Arizona. 

Coeffi ci en t Regional 1970-1972 1974 

Air Temperature 1.000 .910 .758 

Inflow mixing .100 .210 .221 
Diffusion .020 .060 .036 
Insolation .200 .200 .333 
Evaporative heat .000 .490 .407 
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Lake Havasu has had a previous calibration for the HEC model. Table 1 shows the five model co
efficients and their regional values, the previous 1970-1972 calibration and this study's 1974 cali
bration. Regional coefficients are the average coefficients for lakes in the region as computed by 
the HYdrologic Engineering Center, Davis, California (U. S. Corps of Engineers, 1975, p. 5). It should 
be that the 1970-72 calibration was based on 2 observed temperature profiles (Choate, 1973), 
whereas this study's 1974 calibration was based on approximately 350. 

PREDICTED CHANGES IN THERMAL STRATIFICATION 

With the model calibrated, average values for monthly evaporation, precipitation, and temperature 
were put in the model, which yielded end of the month temperature profiles of an "average" year before 
the Central Arizona Project (CAP) starts drawing Lake Havasu water. Appendix 3 shows these end-of
month profiles for an "average" year. 

These "average" profiles were then compared to the predicted lake profiles under identical con
ditions but with an added inflow of 3,000 cubic feet per second (cfs) and an added 3,000 cfs outflow from 
the lake. This added flow serves to simulate maximum flow condi'tions for the CAP and shows the maximum 
possible effect on the thermal lake regime. 

The predicted temperature differences between with and without the maximum CAP draw are not large. 
These differences are shown graphically by Kreamer (1976). The low magnitude of temperature difference 
should not be taken to indicate that these changes will have small effects on the limnology of Lake 
Havasu, however. 

In the i sotherma 1 conditions of January, the predicted temperature profiles for the end of the 
month show no difference in the range of temperature in Lake Havasu with and without CAP maximum draw. 
In both cases, the range is from 50.0°F on the bottom to Sl.6°F on the surface, although the distri-
bution of temperature is not identical. {Figure 2) 

February shows very slight differences in the ranges, with the pre-CAP "average" profile going from 
Sl.l°F on the bottom to 55.5°F at the surface and the post-CAP maximum draw conditions ranging from 
50.9 to 5S.2°F. All these predictions are, like January's, end of the month predicted profiles. As in 
other comparisons,. the profiles have dissimilar stratification. 

In April, the pre-CAP profile shows a range from bottom to top of 57.5 to 68.0°F. The post-CAP 
end of month temperature are from 57.1 to 67.6°F. In April's data, one can begin to see definite 
differences in temperature distribution. The developing thermocline is more defined in the pre-CAP 
profile at four to five meters depth-- at the same depth the post-CAP prediction shows less stratifi
cation. 

May's pre-CAP distribution range is 62.1 to 74.7°F and the post-CAP maximum draw condition shows 
61.6 to 74.3°F. Again, the stratification of the post-CAP profile is weaker by tenths of a degree. 

In June, the profiles show a range of 66.2 to 79. 7°F without CAP inflow-outflow and 65.5 to 79.l°F 
for post-CAP conditions. The ranges show a definite trend towards being colder with maximum draw from 
the Central Arizona Project. This is probably due to the relatively shallow draw of the CAP. The 
water drawn by the CAP should be at approximately 71.0°F in July compared to 69.9°F for the Metropolitan 
Water District of Southern California and 69.6°F for Parker Dam. Because the CAP will be drawing warm 
water from the top of the lake, the entire lake will become cooler, especially in the summer months 
when there are larger differences in temperature between the bottom and top of the lake. However, this 
cooling is only tenths of degrees in magnitude. 

July's end of the month profiles show maximum stratification for Lake Havasu. The "average" year 
profile for the early 1980's has a spread of 68.9 to 83.9°F. The late 1980's profile with maximum 
draw is 68.l°F at the bottom and 83.2°F at the surface. Surprisingly, the thermocline is slightly more 
definite in the post-CAP profile where added inflow and outflow should cause more mixing. This is pro
bably due to the CAP drawing off water at the approximate temperature of the thermocline (73.l°F), which 
intensifies temperature differences in the clinolimnion. As the ranges show, both profiles have close 
to a fifteen degree change from top to bottom; therefore, because the post-CAP profile has slightly 
greater stratification at the thermocline, it will have less stratification than the pre-CAP profile at 
other depths. (Figure 3) 

August has a pre-CAP range of 69.0 to 8l.8°F bottom to top. With the additional 3,000 cubic feet 
per second, it becomes 68.1 to 8l.l°F. 

At the end of September, the profile for the lake before the CAP inflow-outflow goes from 68.8 to 
78.7°F, while with the added flow it changes from 67.7 to 78.l°F. 

October's conditions are close to homothermic. The bottom to top ranges are from 65.5 to 69.9°F 
and from 64.4 to 69.4°F for pre-CAP and post-CAP conditions, respectively. 

November brings a thermal regime with similar temperatures and densities throughout the profiles. 
Pre-CAP themperatures are 58.6°F at the bottom, 59.l°F at the surface. With additional 3,000 cubic feet 
per second flow, this will change to 58.1 to 58. 7°F. 

Finally, December's homothermic ranges are 51.7 to 53.2°F and 51.6 to 53.3°F for pre-CAP and post
CAP conditions, respectively. 
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Extreme Central Arizona Project Inflow and Outflow, January-March. Each level equals 
3 feet; the top of level 25 corresponds to 450 feet above sea level. 
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Figure 3. Comparative Temperature Profiles in Lake Havasu for an "Average" Year Before and After 
Extreme Central Arizona Project Inflow and Outflow, August. --Each level equals 3 
feet; the top of level 25 corresponds to 450 feet above sea level. 
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CONCLUSIONS . 

The simulated addition of a maximum Central Arizona Project draw (3,000 cfs inflow and outflow) to 
Lake Havasu has a noticeable effect on the thennal structure. It affects the thermal regime in two ways: 
first, by slightly cooling the lake, especially in the summer months; and second, by changing the 
vertical distribution of temperatures. Neither of these effects is dramatic, but there are ramifi
cations to the reservoir. 

Quantitatively, the cooling of the lake is predicted to vary from zero in the winter to about l°F 
in the summer months. The predicted temperature of outflow from Parker Dam and the Metropolitan Water 
District of Southern California is likewise reduced by up to l°F with the added flow. 

The cooling of the surface of Lake Havasu would reduce evaporation rates slightly. Cooler tempera
ture in the reservoir also means that the water will have a capacity to hold more dissolved gases, such 
as oxygen. Because chemical balances are affected by temperature and the partial pressures of the 
dissolved gases, their slight shift would necessitate changes in the aquatic chemistry. Biota, both 
aerobic and anaerobic, may, in turn, be affected. All these changes are less than those imposed by the 
yearly cycle. 

The cooling of the lake will have no effect on the overall stability. The length of winter homo
thermic conditions and turnover will be the same before and after the CAP. 

Although the overall stability of the lake will not alter, internal stratification changes within 
the vertical profile have interesting implications. As already stated, the thermocline becomes slightly 
more definite in the post-CAP end of July profile. With a stronger thermocline in summer, there is an 
increased possibility of drawing the less dense, warm, low quality Bill Williams River water into the 
Central Arizona Project intake. Lake Havasu is not a strongly stratified reservoir, however, and these 
possibilities are minor compared to the changes that might occur with storm runoff or with variation of 
the 1 ake stage. 

When one considers the possible adverse effects of the CAP, changes in temperature are of small 
concern. The thermal changes are small in simulation. Although some changes will occur in Lake Havasu, 
the CAP's other problems are probably more important. 

Due to a larger data base, this study's calibration of the HEC model seems to be more represen
tative for Lake Havasu than previous calibration. One attractive feature of the vertical temperature 
profile comparisons made in this study is the reduced effect of data error in the comparisons. 

Models of thermal stratification are quite useful and have a definite place in water resources 
planning in the future. 
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WATER QUALITY SllJDY OF LAKE HAVASU, ARIZONA NEAR THE CAP INTAKE AREA* 

by 

Simon !nee, David L. Kreamer, Don W. Young, and Charles L. Constant 

ABSTRACT 

Throughout 1974 and 1975 the Department of Hydrology and Water Resources, University of Arizona, 
conducted a water quality study on Lake Havasu, Arizona, near the Central Arizona Project intake. This 
investigation was funded jointly by the Arizona Water Comnission and the U.S. Bureau of Reclamation. 
The University study evaluated the hydrography and hydrology, sediments, turbidity, temperature, chemis
try, dissolved oxygen (and biochemical oxygen demand), benthic invertebrates, phytoplankton, zooplankton, 
biomass analysis, and electrical conductivity to establish baseline data for the CAP intake area. The 
results showed weak stratification and generally good aeration in the lake and high turbidity in the 
Bill Williams River. Biological quality was good with low amounts of benthics and numerous zooplankton 
and phytoplankton species. The extensive data from chemical analysis generally conformed to public 
health standards. 

INTRODUCTION 

It is of importance for the U.S. Bureau of Reclamation and the Arizona Water Commission to know 
the quality of the water delivered to the Central Arizona Project (CAP) aqueduct system through the 
Havasu Pumping Plant. For this reason the Hydrology and Water Resources Department (HWRD) of the 
University of Arizona and the U.S. Bureau of Reclamation Lower Colorado Region (USBR) devised a coopera
tive water quality monitoring system in the CAP Intake area beginning April 1, 1974, and ending January 
15, 1975. Under this contractual agreement HWRD was to monitor the physical, chemical and biological 
characteristics of the waters of Lake Havasu, whereas the USBR was to monitor the bacteriological char
acteristics. The HWRD' s survey was funded jointly by the Arizona Water Commission and the Lower 
Colorado Region of the USBR. 

Due to a number of logistics problems, HWRD was not able to start a complete observation series 
until mid-June, although some sketchy data is available for the period April to June. The USBR 
experiencing similar difficulties, was unable to start the bacteriological monitoring until September 
15, 1974. 

The parameters monitored and/or investigated by the HWRD are: 

A: Hydrography and Hydrology 
B: Sediments 
C: Turbidity 
D: Temperature 
E: Chemistry 
F: Dissolved Oxygen and Biochemical Oxygen Demand 
G: Benthic Invertebrates 
H: Phytoplankton 
I: Zooplankton 

The sampling locations are shown in Figure 1. The highway bridge over the Bill Williams River was 
designated section 0 and six transects were established west into Lake Havasu numbered 1 to 6, while 
transects east of the bridge into the Bill Williams River were numbered -1, -2, etc. Three sampling 
points were established on each transect labeled N (north}, M (middle), and S (south). 

A. HYDROGRAPHY AND HYDROLOGY 

Lake Havasu is formed by Parker Dam, a concrete arch dam completed in 1938. The lake is approxi
mately 45 miles long with depths ranging from a few feet to 75 feet. Lake widths vary from 500 feet 
to approximately 3 miles. The usable capacity based on a 1957 survey, is 619,000 ac-ft between eleva
tions 400.54 feet and 450.54 feet above mean sea level. These elevations represent the lower sill and 
top of the regulating gates at Parker Dam. At full capacity the lake covers an area of 25,000 acres. 
The lake is used for flood control, power generation, regulation of the river for irrigation demand, 
and as a reservoir from which water is pumped by the Metropolitan Water District of Southern California. 

*Research supported jointly by the U.S. Bureau of Reclamation and the Arizona State Water Commission 
through U.S. Dept. of the Interior Contract No. 14-06-30D-2511 to the University of Arizona, Department 
of Hydrology and Water Resources, Tucson. 

Professor, Graduate Research & Teaching Associate, Lecturer & Research Associate, and Research 
Associate II, respectively, with the University of Arizona, Department of Hydrology and Water 
Resources, Tucson. 
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Water for the CAP will be diverted from Lake Havasu by means of the Havasu Pumping Plant which 
will be located on the south shoreline of the Bill Williams ann of Lake Havasu approximately 2.5 miles 
upstream from Parker Dam. The intake channel ts formed between the south shore of the Bill Williams 
arm of Lake Havasu and a 2600 ft. landform embankment extending from the south shore in a northwesterly 
direction as shown in Figure 1. The primary purpose of the Havasu Intake Channel is to minimize wear 
on the pumping units by preventing sediment inflow from the Bill Williams River within Lake Havasu. 
The intake channel, through whtch a maximum flow of 3000 cfs will be drawn, will have an average bottom 
elevation of 424 feet. For a flow of 3000 cfs the flow velocity at sections 2a and 2b will be approxi
mately 0.23 fps, based on a lake level of 449. With lower or higher operating water levels, the intake 
channel flow velocities will slightly increase or decrease. 

N 

t 
............ ~..._ __ _ ..._ __ _ 

LOCATION MAP 

Figure 1. Bill Williams Ann of Lake Havasu and the CAP Intake Area 

Cross-sections -2, -1, 0, 1, 2, 2a, 2b, 3, 4, 5, and 6 were taken for bottom depth. It should be 
noted that the cross-sections vary with the lake elevation, particularly sections 0, -1, and -2. 
Measured water quality parameters indicate that the shallow reaches of the Bill Williams delta are 
distinctly separate from the main body of water in Lake Havasu. Temperature, turbidity and TDS all 
indicate that under normal conditions with lake levels around 448 feet above MSL, section 1 is the 
approximate dividing line between Lake Havasu and the Bill Williams delta. The currents in this and 
other areas of the lake resulting from flow through Parker Dam Powerhouse and MWD Pumping Plant are 
too small to be measured without sophisticated equipment. It is a reasonable estimate to say that the 
effect of pumping 3000 cfs through the CAP Intake structure will draw the water from the main body of 
the lake and essentially maintain the separation of the waters, with some minor mixing along the 
dividing streamline. The currents in Lake Havasu would be negligible. 

The Lake Havasu area has a mean annual temperature of 72°F with temperatures ranging from 2l°F to 
120°F. The mean annual precipitation near Lake Havasu is less than 5 inches and the mean annual 
evaporation amounts to approximately 95 inches. 

There is no mean monthly evaporation data from Lake Havasu near Parker Dam; however, comparing 
monthly evaporation data from Lake Mead and Lake Mohave near Davis Dam, the following monthly values 
can be estimated. 

January 
February 
March 
April 
May 
June 

4.50 inches 
5.00 
8.00 
8.00 

11.50 
ll.50 
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July 
August 
September 
October 
November 
December 

Tota 1 Annua 1 

12.50 
12.00 
9.00. 
5.00 
4.00 

_..i:.QQ. 

95.00 

The lake levels fluctuate as a function of the operation of the system of reservoirs on the Colorado 
River. Some flows reflect the releases from Alamo reservoir, and by the time they reach Planet Ranch 
much of the water has percolated into the sandy bed. The real contribution of the Bill Williams River 
to the hydrology of Lake Havasu is when large releases from Alamo Reservoir coincide with storms over 
the drainage basin of the Bill lllill iams River lie low Alamo Dam. Such an event has not occurred in 1974, 
however, calculations liy the Corps of Engi'neers indicate that in a maximum 24-hr period the inflow into 
Lake Havasu from the 790 sq. mi. tributary area below Alamo Dam could be approximately 36,000 ac-ft with 
a peak flow of 45,000 cfs and that for a 4-day general winter storm the inflow volume and peak discharge 
could be 45,000 ac-ft and 46,000 cfs, respectively. The peak outflow from the Alamo reservoir is esti
mated at 14,000 cfs. These are possible, but conservative estimates the probability of occurrence of 
which is not known. The effect of such inflows into Lake Havasu, besides increasing the lake levels 
between 1.5 to 2 feet, would be to flush sediment and physical, chemical and bacteriological parameters 
associated with the soil and water in the Bill Williams delta into the CAP intake area. 

Strong winds, and resulting wind set-up, and circulation could also bring wat.er and associated 
water quality parameters from the Bill Williams delta into the CAP Intake area. There is visual evidence 
that during strong winds the turbidity extends to section 2, which is due to mixing, wind set-up, and 
return flow and wave action on bottom sediments. Due to the difficulty of measuring and separating 
these parameters in the field without an elaborate and expensive and lengthy survey, it was deemed more 
advantageous to qualitatively study these effects on a small laboratory model. 

B. SEDIMENTS 

No·special sediment sampling program was initiated, mainly because it was felt that first it would 
be extremely difficult to interpret the results and second it would be redundant in view of USSR's 
investigation of the problem. However, fathometer soundings were made in May 1974 and cross-sections 
plotted of all transects. These were compared with the soundings obtained by the USBR in 1970. At 
sections 0 and 2 the comparison was very favorably indicating that there was no discernible change in 
the bottom configuration between 1970 and 1974. All variations are within the accuracy of the survey. 
Section 1, however, which corresponds very closely to section 13S-13N of the USBR survey, indicated 
additional sedimentation. 

C. TURBIDITY 

The turbidity of the Lake Havasu waters from the highway bridge to the MWD Pumping Plant were 
measured with a Secchi Disk. The shallow sections in the Bill Williams delta have a high turbidity 
extending to Section 1, and then gradually decreasing westward. In the absence of measurable flows 
from the Bill Williams River, the level of turbidity is mainly a function of the wind, and to a minor 
degree, of lake levels. This has been confirmed in a qualitative way by visual observation. An effort 
was made to compare wind data from Lake Havasu City with the Secchi Disk data for sampling points 0-M 
to 6-M, and to establish some kind of correlation, but no reliable results were obtained. An analysis 
of the data shows that in general the sampling points 2a and 2b in the CAP Intake Channel exhibit the 
same turbidity characteristics as sampling point 2-S at the mouth of the intake channel and at sampling 
point 2-M. However, wind waves as well as waves generated by speedboats are causing erosion of the 
embankment, resulting in higher local turbidity inside·as well as outside the intake channel. The eroded 
sediment eventually settles on the bottom, as verified by bottom samples. This is, of course, a tempo
rary phenomenon and will disappear when the embankment is protected with rip-rap as planned. 

D. TEMPERATURE 

The thermal structure of Lake Havasu is in a continuous state of flux. The greatest changes are due 
to the yearly cycle, with frequent random disturbances superimposed thereon. 

The temperature data begins on March 30, 1974, when the lake is beginning to warm. The lake stabi
lity is low at this time because of the low thermal gradient, and relatively weak winds can induce 
mixing and destroy the stratification. The water temperature increases from l4°C at the bottom to l8°C 
at the surface. Heating of the upper strata and mixing continues until in early June a weak thermocline 
is developed at about 3 m depth. By early August the thermocline has reached a depth of 8 m. 

Meteorological conditions in spring are of great importance in determining the temperature of the 
deeper strata of the reservoir. If heating is slow with a great deal of wind activity, the entire lake 
will gradually warm up before stratification occurs. If, on the other hand, the heating is rapid and 
there is little wind, a stable stratification would occur in early summer and the bottom waters would 
remain relatively cold. 
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In sullliiE!r, the temperature is consistently higher in the shallow Bill Williams River delta, which 
has no more than a few meters depth up to a mile downstream (west) of the highway brfdge. Because of 
the shallowness and the relatively low volume of nearly stagnant water throughout the sullliiE!r the strati
fication continues and the thermocline depth increases to about 8 meters in August at the sampling 
stations of 10m depth or greater. The hypolimnion and epilfmnion are more consistent at these deeper 
sampling stations. The shallower sections exhibit the characteristics of the epilimnion with minor 
fluctuations due to local effects of currents, winds, etc. For all practical purposes the temperature 
structure of Lake Havasu in the CAP Intake area can be considered to be the same at all points at any 
given time, with only the very shallow sections in the Bill Williams River delta exhibiting temperature 
anomalies. The thermocline at 6 m depth essentially separates the epilimnion and hypolimnion throughout 
the reservoir, except at section 0. The recognition of this fact, which was arrived at by plotting 
vertical temperature profiles for all sampling points for a given date, reduces the sampling program and 
facilitates the graphical presentation of results. 

In the summer months, the temperature structure of Lake Havasu is that of a weakly stratified 
reservoir, except perhaps for a short time in August when a stronger stratification occurs. Summer 
temperature data ranges from 27 to 30°C on the surface. Below 9 meters the temperature is a constant 
22°C, with the thermocline increasing from 3 to 8 meters. 

Beginning in September the heat loss is greater than the heat gain, the surface layers begins to 
cool setting up the fall overturn and breaking down the thermal stratification. The temperature diffe
rence between upper and lower strata is reduced, with a consequent reduction in the stability of the 
reservoir. As a result of the fall turnover assisted by wind-induced mixing, Lake Havasu becomes 
completely isothermal at 18° by mid-November, and continues to cool until in December the isothermal 
temperature reaches 12.5°C. The depth in the CAP Intake channel is approximately 8 meters. Water 
drawn into the Havasu Pumping Plant would be drawn mainly from the epilimnion during a strong summer 
stratification, i.e., the warmer water with the assodated· chemical and biological characteristics. 
However, the period of strong stratification is short. In a weakly stratified system, such as occurs 
in Lake Havasu for most of the time, it is to be expected that some water from the hypolimnion will be 
drawn through entrainment. When the lake is isothermal the source of water is determined by the stream
line configuration. Additional study indicates that the CAP will have little effect on thermal structure 
in Lake Havasu (Kreamer, 1976}. · 

E. CHEMISTRY 

The study of the chemistry samples at all sampling points shows that all chemistry data taken from 
April 30, 1974 through January, 1975 are very similar. In fact, values for individual chemical species 
for all stations are roughly within 10% of one another on any particular date. Only near the Bill 
Williams River delta at section 0 is there a significant change in water chemistry as compared to the 
lake proper. It should also be noted that the chemical Quality of the water at sections 0, -1, and -2 
is very similar on any particular date. 

The average total "soluble salts" at 3-M Surface and 3-M Below Thermocline is approximately BOO ppm, 
while it is slightly higher at 0-M Surface with a mean value of 870 ppm for the eight month period. 
The increased mean concentration and a standard deviation which is nearly twice as large as those at 
the other stations would indicate a consistently high but somewhat random variation. The water samples 
from Planet Ranch have a much lower value of "soluble salts" concentration being at least 100 ppm lower 
than that at 3-M; hence, even if there were a noticeable flow in the Bill Williams River, this would 
tend to decrease the concentration at 0-M. The cause for the increased salt content at sampling point 
Q-M is most likelY due to the fact that the water in the Bill Williams River delta is shallow and 
stagnant and subject to higher evaporation. 

The TDS at all stations exceeds the U.S. Public Health Service Drinking Water Standard of 500 ppm. 

Calcium and magnesium are the main constituents of hardness in water. Taking an average of 90 ppm 
calcium and 35 ppm magnesium and utilizing the formula given by Sawyer and McCarty (1967}, 

++ 50 
Hardness (in ppm} as Caco3 = M (mg/1} X equivalent welght of M++ 

M++ = divalent cation 

equivalent weight of Ca++ = 20 

equivalent weight of Mg++ = 12.2 

one arrives at an average hardness of 340 ppm as CaCO . According to Sayer and McCarty this is hard 
water. The relatively low standard deviations on botA calcium and magnesium tends to indicate that 
these two species remain relatively constant throughout the year. 

Average sodium and chloride concentrations are not extremely high at 112 ppm and 98 ppm, respec
tively, and should cause no problems. The U.S. Public Health Service Drinking Water Standard on chloride 
is 250 ppm. 

The average sulfate concentration for the representative stations is 295 ppm. This exceeds the 
U.S. Public Health suggested limit of 250 ppm. The high standard deviation at station 3-M Surface 
could indicate a proximate source of sulfate. 
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Average fluoride concentration for the representative stations was approximately .55 ppm. Roughly 
1 ppm of fluoride ion is desirable fn public waters for optimal dental health. It is interesting to 
11ote that the Bill Williams appears to be acting es a fluoride source to the lake. Fluoride concentra
tion steadily increases as one goes from the lake proper back into the Bill Williams. A fluoride con
centration at the representative stations tends to indicate that the fluoride source in the Bill Williams 
is fairly constant with ttme. 

Nitrate concentrations are extremely low at an average value of .6 ppm. The U.S. Public Health 
Drinking Water Standard for nitrates is 45 ppm. 

Phosphates, being a nutrient like nitrates, are extremely low at the representative stations with 
an average value of .35 ppm. 

F. DISSOLVED OXYGEN 

Dissolved Oxygen (D.O.) follows the expected trend from the period of May to January. As water 
temperature decreases dissolved oxygen increases. Sample station 4-M (Surface}, which is representative 
of surface water conditions of all deep water stations, shows less fluctuation than either of the other 
two points plotted [4-M(Below Thermocltne) and 0-M(Surface)] for two probable reasons. First, due to 
the formation of a thermoclfne beginning tn May, various aerobic planktonic and benthic organisms 
become isolated below the delineation layer. By their metabolism, the D.O. in the hypolimnion is readily 
reduced and replen:ls!Jnent by the epflfmnion is negligible due to the physical barrier presented by the 
thermocline. The D.O. curve for 4-M (BT) shows that this condition persists into September when lake 
turnover occurs. The D.O. levels for the surface waters pretty much follow the saturation levels 
expected for respective ambient temperatures. Secondly, in the shallower stations represented by 0-M 
(Surface), little or no stratification occurs. The rapid rise in surface water temperature during the 
sul1llll!r months associated with the higher concentration of plankton organisms and their higher metabolic 
and reproductive activities effects a severe and rapid depletion of D.O. during this time. The slight 
rise in D.O. exhibited in July may have been due to species shift and/or various meteorological 
phenomenon. 

Lake turnover in the fall and associated cooler air temperatures effectively equalizes D.O. levels 
throughout the entire profile at all sample stations due to reoxygenation of the hypolimnion and reduced 
metabolic activities by the organisms present. 

Biochemical Oxygen Demand (BOD) analyses, although segmented and sketchy, indicate a trend of 
steady increase from very low levels in the late spring months to high levels during the "bloom" summer 
months. High BOD levels during and after the period of turnover may actually be more representative of 
chemical species oxidation due to the upsurge of reduced inorganic hypolimnic and benthic materials. 
Data to support this is not at present available, however, further analyses of benthic deposits may 
lend itself in support of this idea. Tapering off of the numbers and kinds of planktonic forms during 
the winter months and into early spring would create a condition of low BOD and COD, consisting of 
mostly remaining "seed" organisms and oxidized nutrient materials in preparation for the subsequent 
repetitive growth and reproduction cycle of the summer months. 

G. BENTHIC INVERTEBRATES 

Periodic benthic.t~~mpling was carried out during the period between March 27, 1974 and January 7, 
1975 employing a PONAKlli bottom sampler. Approximately 1000 cubic centimeters of bottom sediments were 
regularly pulled from stations ~-M, 1-M, 2-5, 2-B, 2-M, 3-M, 4-M, 6-5, and 6-M and returned to the 
laboratory in sealed plastic containers for physical, chemical and biological analyses. 

Bottom sediments were generally black to gray-black in color, and silt/clay in texture. The mate
rial was extremely adhesive in nature. A certain amount of organic material was obviously present, 
especially in those samples close to the mouth of, and within the Bill Williams River (Stations 9J-M and 
1-M), however, in general, the samples consisted mainly of inorganic clay materials. 

Exhausive screening and sorting through representative aliquots of each sample indicated very low 
anaerobic or~anism numbers present in the bottom sediments of Lake Havasu. Only occasionally were 
blood worms (Chironomids) and Tubiflex discerned in the bottom sediments. The presence of fresh water 
clams (Family Unionidae) located in mud samples from Stations 4-M and 6-5 indicate the present of 
dissolved oxygen throughout the entire central depth profile of the lake within those regions receiving 
maximum flow and mixing. Due to the weakly stratified (thermal} condition of Lake Havasu, compounded 
by thorough mixing during lake turnover, it is understandable to expect at least marginal aerobic condi
tions to exist as far down as 15 meters throughout most of the year. Relatively high velocity water 
moving through the central portions of the lake undoubtedly inhibits the over development of a permanent 
anaerobic state at the bottommost depths. 

The presence of anerobes was somewhat higher in those samples drawn from Stations 9l-M and 1-M (near 
the Bill Williams), however, again, the flow conditions from the Bill Williams and shallow depth here 
prevent the establ is!Jnent of a surplus anaerobic co11111unity except during those periods when the flow is 
negligible and stagnation occurs. The upper reaches of the Bill Williams river also supports large 
populations of various water-born insect larvae (Leipdoptera, Trichoptera and Odonata). 

The construction of a diversion dike at the point of withdrawal from the lake could conceivably 
aid in the temporary development of an anaerobic state toward the bottom (Station 2-B), however, this 
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is not considered to be a sustaining condition once withdrawal begins since adequate velocities and 
mixing would then occur throughout the impounded area. 

In general, it can be concluded that lake Havasu is basically oligiotrophic in nature and is capable 
of supporting high numbers of diversified aerobic species which feel upon, and maintain a balanced 
control over, the anaerobic community. 

H. PHYTOPLANKTON 

Phytoplankton samples were collected and fixed beginning on May 16, 1974 and continuing until the 
end of the year. Only surface samples were collected from May through September. During the period 
October through December, samples were also collected at depths of two meters and four meters. During 
this period samples were collected below the thermocline if a thermocline existed. 

Procedure for phytoplankton identification consisted of filtering 10 ml of sample through a grided 
HA MilliporeR Filter. The filters were allowed to air dry prior to mounting on microscrope slides and 
clearing with cedar-wood oil. The samples were then enumerated for phytoplankton using a compound 
microscope at 400X. Phytoplankton counts are expressed as cells per liter. 

Thirty genera of algae were enumerated from Lake Havasu phytoplankton samples. Of these, seven 
genera of Chlorophyta (Green Algae), two genera of Euglenophyta, one genus of Chrysophyta (Yellow-Brown 
Algae), eighteen genera of Bacillariophyta (Diatoms), and two genera of Pyrrhophyta (Dinoflagellates) 
were noted. Only six organisms occur in sufficient density during the sampling period to be considered 
dominant forms. A brief description of each of the dominant algae follows. 

Dinobrfn sp. lChrysophyta). Free-swimming arborescent colonies of vase-like lorica, each enclo
sing a sing e pigmented protoplast which is attached by a slender stalk to the base of the envelope. 
Widely distributed lake phytoplankter. 

Anomoeoneis vitrea (Bacillariophyta). Valve lanceolate; transversely and longitudinally symmetrical 
in shape. Adapted to a wide range of ecological conditions, but seems to prefer alkaline waters. 

or 

The successional changes throughout the sampling period are, in general, similar for all the 
sampling stations. In mid May, when sampling began, Dinobryon ~ and Fragillaria crotonensi s are pre
sent at high densities. From May 16 to June 19 a significant snTTt occurs. Both Fragillaria crotonensis 
and Dinobryon ~populations sharply decline. Concurrently there is a sharp increase in Melosira 
granulata and Sj)naerocystis schroeteri which assume a dominant role in the phytoplankton comun1ty for 
the following month. It should be noted that Dinobryon !11_,_ was present in the phytoplankton only in 
the May-June samples. From mid-June to mid-July another-sKift occurs. A marked decline in the popula
tions of Melosira granulata and Sphaeroclstis schroeteri occurs while the density of Fragillaria croto
nensis, Anomoeoneis vitrea, and Cyclotel a meneghiniana are markedly increasing and becoming the domi
nant forms. These three algae constitute the dominant forms for the remainder of the summer. Their 
highest densities occur in early August, and significant declines can be seen in early Seotember. 
Fragillaria crotonensis, Anomoeoneis vitrea, and Cyclotella meneghiniana populations then increase and 
reach lower peaks in early October. From this point until year-ena the populations of these summer 
dominants continues to decline with a corresponding reappearance of Sphaerocystis schroeteri. 

I. ZOOPLANKTON 

MATERIALS AND METHODS 

Surface zooplankton samples were collected at most ' stations from 6-M to -2-M through 
September 5, 1974, when a regular program of deep sampl initiated on October 12, 1974, for both 
phytoplankton and zooplankton. Stations 6-S, 6-M, 4-M 2-M, 2-S, and 2-B were then sampled at 
the surface, 2 meters and below the thermocline. To be, 1ustrate population dynamics in the zoo-
plankton, stations were placed into two groups. The central lake stations will be comprised of all the 
deep sample stations listed above plus station 1-M. A median transect of the lake to the Bill Williams 
River will include stations 6-M through -2-M. 
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All samples were collected with a 6 liter Van Dorn sampler and strained through a standard macro
plankton mesh (20). Samples were killed and fixed in 10% formalin. Organisms were counted in the 
laboratory with a Lietz Labolux microscope under 40x magnification. Counts were made with consecutive 
sweeps over a rectangular counting chamber fitted on a movable stage. The identification of organisms 
was facilitated by having the sample chamber on a standard microscope with instant access to higher power. 

RESULTS AND OBSERVATIONS 

Fresh water zooplankton can be divided into five major groups. Divisions occur between the phyla 
Protozoa, Rotatoria, and Arthropoda with the later broken into the orders Calanoida, Copepoida, and 
~ladocera. 

The phyla Rotatoria was found to be the most numerous and diverse group observed. Eleven different 
rotifers were found with seven identified. Protozoans were the next most numerous with only two iden
tifiable individuals. All three orders of Arthropoda showed very few numbers, but good seasonal varia
tion with exception of the Calanoida which were found only rarely. The major Cyclopoida was ~ 
bicuspidatus thomasi with Mesocyclops edax the next most numerous. The order cladocera was d1Vi()eil 
between BosminaToligirostris and Daphnia~ 

The data suggest that the most c011111on macroplankter was the rotifer Keratella cochlearis. There 
were two maxima observed for this genus, the first occurring between June and August and a second in 
October. Minimums occurred very abruptly during May, September, and November. Distributions throughout 
the stations show no definite trends. Data for the only complete depth sampling, November 10, occurred 
at a minimum for this organism giving no depth profile. 

The second most persistent rotifer was Polyarthra having a maximum between May and June and another 
through October and November. Minimums occur between June and August. It should be noted that the peak 
in May increases from stations 6-M to 1-M while the November maximum increases to the 3-M station 
decreasing to both the 6-M and 1-M stations. Depth profile for November 10, 1974, shows the maximum 
occurring at 2 meters and minimum below the thermocline. 

Bosmina longirostris was found in low concentration during its maxima in May and September practi
callyaropjil"ng out of existence between June and August. Both maxima increase from 6-M to 4-M and 
decrease to 1-M. Bosmina was found to be at its minimum at most of the littoral stations (the Met. 
Water Dtstrict intaKeT-C, >tatton 1-M, and 2-S}. The d!!!pth proftle for November showed little discerni
ble data due to small numbers of organisms). 

The periodicity of ~aqh;Jla showed a similarity to Bosmina in that its maxima occur in May and 
September; however, spat a stributions decrease fromSta"tlOn 6-M to 1-M, decreasing in general to the 
littoral stations. Copepods or the Cyclopoida and their nauplii both showed maxima during May with 
another occurring between September and November. In most cases, the naupl i i outnumbered the adult 
copepods by approximately three to one. The adult copepods reach their largest numbers during both 
maxima at station 4-M, decreasing to both stations 6-M and 1-M. The nauplii increase from stations 1-M 
to 6-M during the May increase, but are found to peak at the 4-M station decreasing to the 6-M and 1-M 
stations in September and November. The November depth profile showed the highest density of naupl i i 
below the thermocline. 

MEDIAN TRANSECT TO BILL WILLIAMS RIVER 

There were two other zooplankters occurring in Lake Havasu that did not show significant numbers in 
the central lake stations. They were two rotifers: Fillinia longiseta and Brachionus bidentata. The 
highest population density recorded to date occurred on May 16, 1974, at station -2-M with F. longiseta 
reaching 516.9 organisms/liter. The results show a highly pronounced decline from the BillWilliams 
River (-2-M) to upper Lake Havasu (6-M). B. Bidentata also showed a similar maximum at station -2-M 
dropping to very small numbers toward the station 6-M. 

This increase was exhibited by Polyarthra during its May maximum reaching almost four times that 
found in the central lake stations. It seems from the data that the Arthropods decreased to the -2-M 
station on this transect, however, no figures were prepared for this report. 

Several spot samples were taken on October 12, 1974; one each at Casa Del Rio, Planet Ranch, and 
one below Parker Dam. These samples were very much like the central lake stations in that the rotifers 
Polyarthra and Keratella dominated numerically with very few Arthropoda. In all cases, there were no 
abnormal numbers of zooplankton. 

Throughout the study period it was noted that there was a differentiation in length of the posterior 
spine of Keratella. Spine length ranged from the reduced tecta form with no spine to a form with the 
posterior spine one- half the length of the lorica. It has been suggested by Ahlstrom (1943) that these 
changes are cyclomorphic. 
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DISCUSSION 

Without extensive depth sampling or migratory studies, only a few general patterns can be discerned 
from the zooplankton of Lake Havasu. Numerically, the rotifers were dominant throughout the study 
period for all stations. The highest concentrations occurred at the Bill Williams River (-2-M) during 
the May maximum. Keratella cochlearis was found to be diacmic over this study period having a very 
broad maximum between June ana August and a late summer maxima reaching to 98 organisms/liter in October. 
Polyarthra ~was also diacmic preceding K. cochlearis with a May maxima with 363 organisms/liter at 
the 8111 Williams River station. The dataShows Polyarthra following Keratella in November with a 
second maximum. 

The arthropods were found in very low numbers throughout the study. Calanoid copepods were a rare 
occurrence leaving the cladocerans and cylcopods to dominate. Daphn~a ~and Bosmina longirostris 
proved to be the dominate cladocerans, both being diacmic for May an September-:--oen5ities of 26.9 
organisms/liter were attained in May for DaphnlJe while Bosmina reached 8.8 organisms/liter in May. 
Cyclopoid anuplii also showed two maxima fort study period. The first early summer with 46.6 
organisms/liter and a September maximum. This would indicate that adult cyclopods were also diacmic 
showing a very low May increase but giving a maximum of 12.2 organisms/liter in September. 

The increase of rotifers toward the Bill Williams River would seem to indicate an increase in 
nutrients as phytoplankton and detritus in this direction. It seemed that the nutrient input was the 
intermittent flow of the river, however, West-East prevailing winds may be pocketing some of these 
nutrients to the east border of the lake. This variability of nutrient input may account for the dif
ferences of zooplankton distribution between maxima as seen in the data. 

The rotarian genera Asplanchna, Brachionus, and Fillinia seemed to be almost entirely eulittoral 
in Lake Havasu encompassing stations -2-M arid -1-M. PolY8rihra was found extensively in the euplankton 
with Keratella, Bosmina, DaRhbia, and Cyclopoida. It should be noted here that diurnal migration of 
zooplankton as observed by o ert D. Staker {1974} in Lake Mead for Keratella, Bosmina, and Polyarthra 
may cause some variability in the surface counts of these and possibly other macroplankters observed. 
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PAST MINING ACTIVITIES AND WATER 
QUALITY IN THE LYNX CREEK WATERSHED 

by 

E. N. Felix,.!/ T. R. Verma'Y 
2 E. E. McCrary,.!/ and J.L. Thames'Y 

ABSTRACT 

Lynx Lake Watershed consists of approximately 13,600 acres of the Agua Fria drainage. About 13 
percent of the area is patented mining claims (mainly copper} with numerous mining shafts, waste dumps, 
and mill tailings. Lynx Creek itself was once mined for gold and the creek bed still shows the scars 
of the dredging operations. Drainage from the numerous old mining sites show a certain extent of toxic 
mineral and sediment pollution of the water resources in the area. Lynx Creek carries runoff which is 
slightly acidic in nature and has a high concentration of copper, manganese, iron, zinc, and sulfates. 
The Sheldon Mine complex is considered one of the major sources of pollution to the lake. Aquatic life 
and recreation potential of the watershed is greatly reduced by the water pollution problem. The pol
lutants from the abandoned mine sites enter into Lynx Lake, a trout fisheries lake, which was created 
by damming the creek in 1962 by the Arizona Game and Fish Department. The Sheldon Tailings pond was 
rehabilitated during the summer of 1975 as part of a reclamation study and demonstration project that 
is currently in progress and being sponsored by SEAM (Surface Environment and Mining}. The study is 
being conducted cooperatively by the School of Renewable Resources, University of Arizona, and the 
Prescott National Forest. An excellent vegetative cover is established on the site and studies are 
being conducted to measure the beneficial effects of the reclamation on water quality. 

SEAM (SURFACE ENVIRONMENT AND MININGt 
SHELDON MINE COMPLEX RECLAMATION PROJET 

The Sheldon Mine Complex is located approximately eight miles southeast of Prescott, Arizona. It 
is in the Lynx Lake Watershed which consists of approximately 13,600 acres of the Agua Fria Drainage. 
The surface geology of the watershed is relatively complex with much intermixing of Bradshaw granite 
and Yavapai schist. Soil depths vary from 10 to greater than 40 inches. The watershed is bordered on 
three sides by steep mountain peaks and ridges with elevation ranges of 7,950 feet at Mount Davis to 
5,500 feet at the spillway of the lake. Vegetation of the watershed varies from mixed conifer at the 
higher elevations to ponderosa pine and chaparral at the lower elevations. Average annual precipita
tion is about 23 inches and ranges from 9 to 29 inches. 

Approximately 13 percent of this area is patented mining claims (mainly copper} with numerous min
ing shafts, waste dumps and mill tailings. Lynx Creek itself was once mined for gold and the creek bed 
still shows the scars of the dredging operations. 

Gold was discovered in Lynx Creek in 1863. Numerous claims were located and recorded. Initially, 
the claims were for placer beds in the creeks and gulches. However, as minerals were discovered in 
lodes and ledges on the hillsides, lode claims were also located. Mining activities died down as the 
placer beds were exhausted and did not start again until improved mining techniques such as dredging 
and hydraulic mining were introduced to the area. 

A number of underground mines were operated on and off until 1952. The Sheldon Mine was the larg
est in the area. It had a 1,300 foot deep inclined shaft with six drift levels, the deepest was at 
1,250 feet and the uppermost at 150 feet from the surface. It is estimated that there are about five 
miles of drifts in the underground workings of this mine. 

These mining activities have caused significant deterioration in water quality within and down
stream from the mining sites. Mine drainage includes water flowing from underground mine shafts, sur
face runoff or seepage from mining dumps. Drainage from the numerous old mining sites shows a certain 
extent of toxic mineral and sediment pollution of the water resources in the area. The pollutants in 
the form of dissolved, suspended, or other solid mineral wastes and debris, enter into the stream or 
ground water. Aquatic life and recreational potential of the watershed is greatly reduced by the water 
pollution problem from the abandoned mines. The pollutants from the abandoned mines enter into the 
Lynx Lake which is located six miles southeast of Prescott. Lynx Lake, a trout fisheries lake, was 
created by a dam built in 1962 by the Arizona Game and Fish Department. The lake is 55 surface acres 
in size with the storage capacity of 1,500 acre feet of water. The lake is stocked with catchable 
trout due to the inability of the fish to reproduce. 

The average yearly flow of sediment into the lake is 3,200 cubic yards. The sediment is slightly 
acidic in nature and has high concentrations of copper, manganese, iron, zinc, and sulfates. The 
Sheldon Mine Complex is considered one of the major sources of pollution. 

1. Prescott National Forest, U.S.D.A., Forest Service 
2. School of Renewable Natural Resources, University of Arizona 
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Many efforts to reclaim the Sheldon Mine Complex were proposed but never accomplished due to finan
cial and land ownership problems. However, it was suggested that an effective vegetative cover on the 
site would not only enhance the esthetics but would also reduce toxic mineral and sediment pollution in
to the creek. 

The Forest Service is a land management agency that manages surface resources on over 187 million 
acres of National Forests and Grasslands, much of which are underlain with coal, phosphate and other 
minerals. Removing these, particularly by surface mining, would have a drastic effect on the resources 
such as soil, water, timber, wildlife, forage, and recreation. 

The increasing need to direct additional attention toward mineral related problems made it neces
sary to coordinate Forest Service efforts with others involved in mining and reclamation. The Forest 
Service formed SEAM (Surface Environment and Mining) in 1972 to coordinate interagency reclamation 
efforts. 

Basically, SEAM is an on-the-ground problem solving program planned to encompass the major mining 
regions of the nation, but initially concentrated in the West where there is a high interest in new 
mining development. The SEAM program has four basic objectives: 

1. Determine the impacts of mining. 

2. Develop criteria and techniques to minimize the impacts. 

3. Evaluate concepts, practices or techniques in the field. 

4. Develop recommendations and disseminate findings. 

Currently, projects are being conducted in ten western states for the purpose of providing tech
nical information and assistance to land managers and mining companies on the latest reclamation tech
niques. These projects are cooperative efforts involving ten universities, seven research work units 
and three research stations, plus individual states, mining companies, and other federal agencies. 

It was under the SEAM program that it was possible to reclaim the Sheldon Mine Tailings Dump. 
This dump was formed by the waste from the mill working the ore that came out of the Sheldon Mine. The 
ore waste was pumped to the tailings dump through large wooden pipes. The project is being conducted 
through the coordinated efforts of the Forest Service and the School of Renewable Natural Resources, 
University of Arizona at Tucson. The project is aimed at reclaiming some of the abandoned mine spoils 
in the Lynx Creek watershed and monitoring of water quality in the creek to evaluate the effectiveness 
of the reclamation measures. Reclamation of the Sheldon Mine Tailings pond consisted of regrading the 
area to stable slope conditions, top dressing it with 15 tons of crushed lime per acre and six to eight 
inches of topsoil. Lime and soil top dressing treatments were necessary to provide a suitable growing 
media and also to help isolate and protect the surface media from upward movement of high acidity water. 
Prior to treatment, the pH values of the surface spoils material ranged from 2.0 to 2.5. Six samples 
taken 2 inches below the spoils material in late March 1976 had pH values ranging from 4.0 to 4.4 with 
an average of 4.26. 

The face of the regraded tailings pond was hydroseeded using a combination of wood fiber and a 
petroleum based emulsion. The emulsion was added as a binder. The rate of hydromulch application was 
1,500 to 2,000 pounds per acre. The seed mixture was applied at a rate of 16 pounds per acre. The 
mixture consisted of Ranger Alfalfa, Black Medic, Pubescent Wheatgrass, Perennial Ryegrass, Common 
Vetch, Weeping Lovegrass, Hard Fescue, Lehman Lovegrass and Orchard Grass. 

A diversion ditch was constructed along the upper edge of the tailings pond to divert runoff water 
from the upslope area. A contour trench was constructed on the face of the regraded slope. 

The results up to date have been encouraging. An excellent vegetation cover was established with
in four to five weeks of seeding. Runoff and sediment control on the regraded tailings pond seemed 
quite effective. Some problems did occur in the diversion ditch. The gabion dropstructures failed 
and some very minor rilling also took place. The proper erosion control and maintenance measures have 
been performed since completion of the project. 

Plans are presently being made to reclaim the overburden dump of the Sheldon Mine site. It is go
ing to be a complex project due to land ownership patterns adjacent to the dump and the lack of infor
mation on the structural soundness of the waste dump. The latter is the most important and has to be 
determined before heavy equipment is allowed on the site. 

In conclusion, we hope that the methodology and technological experience gained from the reclama
tion projects will provide invaluable information for reclaiming abandoned mining sites within the 
Ponderosa Pine Ecosystem. 
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WATER QUALITY OF STREAMFLOW FROM FORESTED WATERSHEDS 
ON SEDIMENTARY SOILS 

by 

Paul W. Gregory and Peter F. Ffolliott 

INTRODUCTION 

In a recently completed "status-of-knowledge" assessment of watershed management in Arizona, it 
was found that little quantitative information exists to characterize water quality over the range of 
conditions on which ponderosa pine forests are located (Ffolliott and Thorud 1975). With many 
hydrologically important watersheds in ponderosa pine forests, this deficiency in water quality informa
tion is restricting with respect to the development of water resource policies and management 
strategies. 

The limited water quality information currently available is based on experimental work that has 
been carried out on the Workman Creek, Castle Creek, and Beaver Creek Watersheds (Brown et al. 1975, 
Rich and Thompson 1974). However, as all of these watersheds are located on soils derived from basalt 
parent materials, specific knowledge of water quality from watersheds on sedimentary soils is non
existent. With sedimentary soils occurring on large proportions of the high water yielding river 
basins in Arizona, it is imperative that efforts be made to alleviate this deficiency in hydrologic 
information. 

DESCRIPTION OF THE STUDY 

To provide quantitative information on water quality of streamflow from ponderosa pine watersheds 
on sedimentary soils, an investigation haJJs been initiated to determine chemical, physical, and 
bacteriological water quality parameters. I Specifically, three areas are being explored: (1) the 
development of baseline information that is required to evaluate the hydrologic properties of these 
watersheds; (2) the empirical association of water quality parameters with land use patterns; and 
(3) the analyses of interactions among the water quality parameters that define the chemical, physical, 
and bacteriological quality of streamflow from these watersheds. 

The purposes of this paper are to describe the baseline information on water quality of streamflow 
from ponderosa pine watersheds on sedimentary soils obtained to date, and to compare this information 
with EPA water quali~V standards. 

Source data for this investigation are being collected on four watersheds, two with soil formed 
from parent material derived from sandstone (60 acres each), and two with soil formed from parent 
material derived from tertiary alluvium (20 and 30 acres). These watersheds are located near Heber in 
central Arizona. Uneven-aged stands of cutover ponderosa pine characterize the overstory, with 
Douglas-fir, white fir, Gambel oak, and alligator juniper as minor species. 

Annual precipitation averages 25 inches on the four watersheds, with streamflow averaging 2 inches 
annually. The sandstone-derived soils are of the McVickers series, with fine sandy loam surface 
textures. Soils developed on tertiary alluvium are of the Overgaard series, with gravelly fine, 
sandy loam surface textures. 

These watersheds have been instrumented and are being evaluated in cooperation with the Rocky 
Mountain Forest and Range Experiment Station (USDA Forest Service) to provide a basis for validation 
and refinement of natural resource response models. 

Samples of water are collected at the mouths of the four watersheds at time of surface runoff. 
Collections are scheduled to coincide with weekly instrumentation maintenance, although samples are 
also collected during extreme or otherwise unusual hydrologic events. To supplement these source 
data, additional samples are being collected from an ungaged watershed in the immediate vicinity 
of the Heber watersheds. 

The dissolved chemical constituents in each sample are being analyzed by the Soil and Water 
Tes_ung Laboratory at+~he University of Arizona, Tucson. Constituents assessed inclyde: calcium 
(Ca J, magnesium (t19 ), sodium (~a+), chloride (Cl-), sulfate (S04), carbonate (COj). bicarbonate 
(HC0

3
), fluoride (F), nitrate (N0

3
), total soluble salts, and hydrogen ion (pH). 

l. This investigation was supported, in part, with funds provided by the U.S. 1t of 
Interior as authorized under the Water Resources Research Act of 1964, Public Law 88-

The authors are graduate assistant and associate professor, respectively, School of Renewable Natural 
Resources, University of Arizona, Tucson. 
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Concentrations of the major cations (ca++, Mg++, and Na+) were determined by using atomic 
absorption spectrophotometry. Alkalinity, described by COj and HCOj, was measured by titrating with 
standard acid. Fluoride, sulfate, and chloride ion concentrations were determined by colorimeteric 
methods using an Autoanalyzer. Hydrogen ion concentration was measured by using a glass electrode. 

Suspended sediment concentrations were measured by the Rocky Mountain Forest and Range Experiment 
Station by filtration. 

RESULTS AND 0 IS CUSS I ON 

During the winters of 1973-74 and 1974-75, 30 water samples were collected to characterize chemical 
quality and 34 samples were obtained to determine physical quality. These water samples were taken 
from streamflows that originated, primarily, as snowmelt runoff. Bacteriological water quality para
meters were not defined in these sampling periods. 

No consistent differences were found in the chemical and physical water quality characteristics 
among the four watersheds sampled. Therefore, the data were grouped for further analysis. 

The baseline water quality characteristics of the streamflow from the sedimentary watersheds 
evaluated are presented in Table 1. .Also, these characteristics are compared with criteria for water 
quality proposed by the EPA in 1973,fl Specifically, levels of acceptability for aquatic life, 
irrigation, and public water supply are considered. 

Table 1. Comparison of water quality characteristics of the sedimentary watersheds with 
proposed EPA water quality levels of. acceptability. 

Levels Sedimentary of Acceptability 
Constituent Watersheds Aquatic Life Irrigation Public Water 

pH 6,60-8.10 
Total Soluble Salts 23.00-99.00 

(mg/1) 

Bicarbonate 14.60-44,00 
(mg/1) 

Calcium 3.00-10.00 
(mg/1) 

Carbonate 0.00-0.00 
(mg/1) 

Chloride 1.40-13,00 
(mg/1) 

Fluoride 0.02-0.16 
(mg/1) 

Magnesium 
(mg/1) 

o. 30-6.70 

Nitrate 0.03-0.75 
(mg/1) 

Sodium 1.00-5.00 
(mg/t) 

Sulfate 1.00-60.00 
(mg/1) 

Suspended Sediment 
(mg/1) 

3.00-181.60 

aNot Prescribed (NP) 

bNot Listed (NL) 

6.0-9.0 4.5-9.0 5.0-9,0 

By Test 500-1000 NPa 
sensitive crops, 
2000-5000 
tolerant crops 

Nlb NL NL 

NL NL NL 

NL NL NL 

NL NP 250 

NL 2.0 0.06-1.9tf 

NL NL NL 

NL No Max 45 

NL Npd NP 

NL Npd 250 

80 NP NP 

cFrom Public Health Service Drinking Water Standards (1962) level dependent upon 
annual average of maximum daily air temperatures. 

dcannot be prescribed without consideration of other soil and water constituents. 

2. These unpublished criteria were issued by the Environmental Protection Agency, Office of 
Water Programs, Washington, D.C., October 1973. 
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The importance of water in Arizona is well-known, and, as a result, a large investment of time, 
talent, and funds has been made over the years to assess the role of watershed management in the 
development of water resources. However, as mentfoned above, little effort has been directed toward 
the evaluation of water quality, both in terms of existing watershed conditions and possible changes 
in conditions following the implementation of water yield improvement practices. 

As demands for water resources increase, the quality standards that are associated with these 
resources will undoubtedly ascertain, in part, the ultimate allocation of water supplies among 
potential users. Therefore, baseline water quality information, as presented herein, is requisite 
to the synthesis of future water policies relating to the allocation of existing and, possibly, 
increased water yields from upland watersheds. 
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EQUILIBRIUM CONDITION AND SEDIMENT TRANSPORT 
IN AN EPHEMERAl MOUNTAIN STREAM 

by 

Burchard H. Heede 

Flow frequency curves supported the hypothesis that channel-forming flows are exceptional events 
in ephemeral mountain streams. This was substantiated by the lack of a relationship between sediment 
production and sediment yield~ Numerous bed nickpoints indicated channel instability, despite gravel 
bars and log steps that are part of the slope adjustment processes. Due to differences in structural 
density between bars and steps, size di stri buti on of the sediment deposits above them differs. 
Although only qualitative guidelines are presented, the watershed or wildlife manager should be in a 
position to utilize the formation of gravel bars and log steps for his management goals. 

PAST RESEARCH 

My research in the high Rocky Mountains of Colorado has shown that perennial mountain streams, 
surrounded by forests, not only establish gravel bars on their beds but also incorporate into their 
channels large forest debris such as logs and branches (Heede 1972). These log steps and gravel bars 
are a means of adjustment to slope by the stream. That both steps and bars become an integral part 
of the hydraulic geometry is illustrated by two facts: (l) more bars and steps are formed on steeper 
channel gradients than on gentler ones, and (2) fewer gravel bars are formed where a greater number 
of log steps exist. Aspects of hydraulic geometry such as lonQitudinal profile, width-depth relations 
between stations, and sediment movement, indicated the Colorado streams were in dynamic equilibrium. 

In contrast, our research on ephemeral North and South Forks of Thomas Creek, in Arizona's White 
Mountains, strongly indicated that these streams were not in dynamic equilibrium. Relationships 
between gravel bars and log steps could not be established, probably because numerous channel 
nickpoints destroyed bars and steps during their upstream advance. Thus, the nickpoints played a 
stronger role in stream adjustment to slope than did the bars. 

The longitudinal profiles of the streams showed a strong tendency toward convexity. Structural 
geologic controls, such as differences in erosion resistance of the bed rock along the thalweg, could 
not be detected to explain the long convex profiles. Nor could sufficiently large changes in 
width-depth ratios be established to suggest drastic differences in required energy expenditures by 
the streams. Yet, numerous fissures in the volcanic bed rock, a by-product from a nearby fault, led 
to streamflow losses at some stations and gains at others. It is postulated that bed nickpoint 
advances, plus a pronounced head cut signifying the start of the channel bed about half way upstream 
on the watershed, are responsible for lack of dynamic equilibrium. 

OBJECTIVES 

Present research is concentrated on an ephemeral stream located two airmiles from Thomas Creek. 
Objectives are to determine the stage of development relative to equilibrium, and to compare conditions 
and hydraulic processes with those of Thomas Creek. Furthermore, the role of gravel bars and log steps 
in the sedimentation processes are being explored. 

STUDY STREAM 

The experimental watershed of Willow Creek's West Fork covers 290 acres. Yearly precipitation 
averaged 28.8 inches during the last 16 years, fluctuating between 20 and 43 inches (Rich and Thompson 
1974). About 50 percent falls during the winter months-October throuQh May-the rest during the 
remainder of the year. Streamflow occurs only during spring snowmelt and at times of intense summer 
storms. During 13 years of record, flow discharge attained an average maximum yearly peak of 1.52 
cubic feet per second (c.f.s. ). Normally, peak flows are somewhat hiQher during snowmelt with a 
yearly average of 1.88 c.f.s. 

The watershed is located at an altitude of about 9000 ft in virgin, over-~ature southwestern mixed 
conifer forest. Land management activities on the watershed are restricted to fire protection. Large 
amounts of forest debris cover the forest floor as well as banks and bed of the stream. Nearby South 
Fork of Thomas Creek, surrounded by a comparable forest at similar altitude, averaged about 10 tons per 
acre of forest debris larger than 3 inches in diameterl/. The sampling area included 10- to 15-ft-wide 

The author is Principal Hydraulic Engineer, Rocky Mountain Forest and Range Experiment Station located 
at Tempe, Arizona in coooeration with Arizona State University; central headquarters are maintained at 
Fort Collins, in cooperation with Colorado State University. 

l/ Survey by S. Sackett and J. Dieterich. Office File Report Rocky Mt. For. and Range Exp. Stn., 
Tempe-;- Arizona, 1974. 
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strips adjacent to the channel banks. Thus many logs and large branches are available to the stream 
for the formation of steps. However, the stream also runs through some open meadows. The meadows 
represent flood plains, formed by shifting flows. Typically, narrow V-shaped valley sections are found 
immediately downstream from the meadows. 

The geologic formations are of volcanic origin, and consist of basalts, breccia, and cinders in 
alternating bands to a total depth of several thousand feet. Soils along the channel bed generally are 
high in organic material. Gravel {material not passing through a 2 mm-sieve) makes up 55.7 percent by 
weight of the surface soils. The av~rage size distribution of the soils by percent is: sand 23.2, 
silt 32.9, and clay 43.9. 

FLOW FREQUENCIES 

During the last 10 years of record, West Willow Creek had a dry channel 3 percent of the time. 
The dryness was confined to only 2 years. {"Dryness" was defined as a period of more than 6 
consecutive dry days.) 

In contrast, the Thomas Creeks were dry 14 percent of the time during the same period--nearly 5 
times longer than Willow Creek. From these statistics, one could conclude that Willow Creek is almost 
a perennial stream, and Thomas Creeks were correctly classified as ephemeral streams {Heede 1975). 

0 0.5 1.0 1.5 2.0 2.5 3.0 4.0 4.5 

ANNUAL AVERAGE FLOW (C.F.S.l 

Figure l. Flow frequency of \vest 1-Jillow Creek, White Mountains, 1966-75. Arrows refer to discussion 
in text. 

An evaluation of energy expenditures also requires examination of frequencies of flow magnitudes 
{fig. 1). Thus durinq the 10-yr period, 46 oercent of the time Willow Creek carried less than 0.02 
c. f. s. , and experienced flows of ~ 1 c. f. s. only 5 percent of the period. The Thomas Creeks have even 
longer low-flow periods {64 percent) but similar periods for flows~ 1 c.f.s. 

HYDRAULIC GEOMETRY 

The longitudinal profile of West Willow Creek can be closely represented by a straight line with 
the exception of the lower reach. This reach is convex, and has a much gentler average bed gradient 
than the upper reach {0.036 versus 0.062 ft/ft). The reaches are separated by a road. At the road 
crossing, the stream flows through a culvert. Almost the total length of the lower reach is embedded 
in a meadow, a deposition feature as described earlier. The upper reach is located in a V-shaped 
valley with a na2row bottom. A few small flood plains, covering individual areas each not larger than 
a few hundred ft , are the exception. 
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The shape of Willow Creek's long profile differs drastically from that of the Thomas Creeks, 
which are highly convex (Heede 1975). Differences in profiles are also apparent in the type of 
beginning of channelization. While the Thomas Creeks begin with an abrupt head cut on the valley 
floor, Willow Creek's headwater drains gently into the gradually incised bed. 

Numerous gravel bars and log steps cover the beds of the Thomas Creeks. Logs and branches fell 
into the channel, and with time, became incorporated into the bed. They now act as small dams that 
provide overfalls for low flows and accumulate sediment. Rotting processes and exceptionally large 
flows remove some dams, but other logs, falling at random, take their place. The bars and steps did 
neither adjust to the channel gradient nor to each other. 
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Figure 2. Relationship of step length to channel !Jradient in ephemeral West l~i llow Creek. Step 
length refers to distance between gravel bars and/or log steps. 

In contrast to the Thomas Creeks, gravel bars and log steps of Willow Creek have adjusted to the 
bed gradient and to each other. Adjustment to slope is illustrated by figure 2, which shows that step 
length between bars and logs decreases with increasing gradient. Adjustment between these bed 
features is indicated by the fact that more bars formed if less loos were available. Thus in the 
upper reach of Willow Creek, 72 percent of all structures were logs (totaling 140) and only 54 gravel 
bars had to be formed. In the lower reach, on the other hand, only 23 logs were available, and 65 
percent of the structures were stream-generated gravel bars. 

Roots exposed on the bed and channel nickpoints formed steps similar to logs and bars. Large 
roots generally are so 1 idly anchored into both banks, and thus are quickly undercut by channe 1 
degradation processes. Their influence vanishes rapidly, therefore, in contrast to logs that change 
their position with the bed. Most roots crossing our study streams were of little consequence. 

Channel nickpoints, however, are very active agents in the slope adjustment processes. Nickpoints 
are scarps on the bed that represent abrupt slope gradient changes. These points advance upstream to 
extend the lower gradient toward the headwater. They must be regarded as critical locations for 
sediment production but they also dissipate flow energy. Since the average height of the nickpoints 
in vlillow Creek is 0.66 ft, and since flows seldom exceed depths of 0.4 ft, most nickpoints are seldom 
submerged, and they normally function as flow energy dissipaters. Even submerged nickpoints would add 
to channe 1 roughness. 

The total fall of a stream can be expressed in terms of potential energy. Because the combined 
height of all gravel bars, log steps, and nickpoints amounts to 76 percent of the total fall, the 
potential energy reduction is substantial. Of this reduction, nickpoints are responsible for only 
9 percent. 
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SEDIMENT MOVEMENT AND DEPOSITION 

Gravel bars and log steps influence sediment transport in several ways. Both provide basins for 
sediment deposition. The deposits build up to a gentler gradient than the original bed, and the 
channel bottom widens. Those changes lead to reduced flow velocities on the deposits, resulting in 
reduced sediment transport. Bars and steps also reinforce the channel, thereby decreasing sediment 
production above the structures. 

Because structural density differs between these types of barriers, differences in sediment 
deposit characteristics must be expected. Bars have more and larger openings than log steps. This 
dissimilarity was reflected in the sediment size distribution. Incorporated organic material was 
considered part of the soils (fines). Soils accounted for only 35.2 percent of the deposits at rock 
bars, but 67. 7 percent at 1 og steps. The remainder was grave 1 ( ~ 2mm). The difference in the size 
distribution was highly significant. 

Comparison of the average channel gradient, derived from the total fall, with the average deposit 
gradient above bars and steps yielded a reduction from 0.051 to 0.013 ft/ft, representing a decrease of 
about 75 percent. In terms of velocity and load-carrying capacity, this decrease is substantial. 

Stability investigations showed that, of a total of 170 log steps, 77 percent were fully and 14 
percent partially intact. In all cases, the 1 oss of stability was due to rotting of the wood. 

DISCUSSION AND CONCLUSIONS 

The comparisons of dry-channel and low-flow periods between the Thomas Creeks and Willow Creek 
indicated that the latter is indeed a more "vigorous" stream, especially if we consider that its 
watershed area is only about half that of the individual Thomas Creeks. But in Willow as well as in 
Thomas Creeks, channel-forming flows are sporadic events. These flows occurred more frequently during 
the wet water-year of 1973, when an exceptional peak flow of 16.8 c.f.s. was measured in Willow Creek. 
In this stream, only 17 percent of the peak flows were larger than 2 c.f.s. during the past 10 years, 
and 9 of these (12 percent) took place in 1973. 

Numerous boulder-strewn reaches in both streams support the conclusion that the truly 
channel-forming flows are exceptional events. These reaches are responsible for the sediment 
transport characteristics of ephemeral streams that contrast with those of perennial streams. 
Relationships between sediment production and sediment yield are not clearly established in ephemeral 
or partially ephemeral streams, because the sediment produced within the system may not appear at a 
given station for some time in spite of high production rates. High rates may be indicated by channel 
nickpoints and their upstream advance, bank cavings, point bars, cross-over bars, or other deposition 
features on the bed. In both ephemeral and perennial streams, scour alternates with deposition along 
the length of the thalweg. But while sediment is transported continuously throughout the system in 
perennial streams, it may move only spasmodically over short distances in ephemeral streams. Since 
the sediment is carried downstream stepwise, eventually it will either be deposited at the mouth of 
the stream, or a flow of exceptional maonitude may flush out the channel, carrying most of the 
available sediment completely through the system. 

If we evaluate the longitudinal profile of Willow Creek, we must recognize that the road crossing 
constitutes a control for further profile developments. It can be assumed that this control has not 
greatly influenced the present profile because the crossing was established only 12 years ago. The 
drastic break in gradient between downstream and upstream reach should be attributed to the extensive 
deposition on the meadow below the road and not to the crossing itself. Undoubtedly, the bulk of this 
deposit was laid down during peri9lacial times and not by the present stream. Valley narrowing by 
protruding mountain spurs facilitated the deposition. 

Geologic controls, such as changes in rock formation (rock hardness) or structure, do not occur 
in the upstream reach. Its long, straight profile is primarily the result of stream action. This 
profile is closer to the ideal concave profile that is often characteristic of streams in dynamic 
equilibrium. If this implication is correct, it would mean that Willow Creek is closer to dynamic 
equilibrium than the Thomas Creeks with their convex profiles. However, the occurrence of numerous 
nickpoints in our study stream shows clearly that dynamic equilibrium has not yet been fully attained. 
Nickpoints are active agents in the processes of slope adjustment and thus can cause drastic profile 
shape changes. Furthermore, they are locations of intense sediment production, which is not generated 
under dynamic equilibrium. 
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Figure 3. Relationship of step length to channel gradient in two perennial Roc!<y Mountain streams. 

Longer periods of flow and shorter periods of low flows give Willow Creek a developmental 
advantage over the other two streams. This advantage seems to be expressed also in the relationship 
between step length and channel gradient (fig. 2). That relationship was established for RockY 
Mountain streams (fig. 3) in dynamic equilibrium (Heede 1972), but was not present at the Thomas 
Creeks. 

Prevailaing low-flow conditions did not permit establishment of hydraulic flow parameters such as 
width-depth ratios or shape factors. Stream hydraulics are an integral part of any evaluation of 
equilibrium, and our postulate should therefore be considered in this light. 

MANAGEMENT IMPLICATIONS 

At this state of our knowledge, the manager should focus on the frequency of nickpoints in a 
system. Frequent nickpoints should warn him of instable conditions. For example, average distance 
between nickpoints was 236 ft in Willow Creek, indicating instability. 

Management implications of gravel bar and log step relationships are manifold. For instance, log 
steps collect more fine sediments than do bars. Thus, if a management goal is to reduce fine sediment 
transport for fishery or other reasons, the number of log steps should be increased by silvicultural 
practices such as leaving more dead and dying trees alongside a stream. In time, the number of 
gravel bars ~tould decrease, because less bars will be formed if more logs are available. 

Our present research results do not permit us to establish quantitative guides on numbers of 
trees to be left or cut to cause sediment transport changes through changes in bar-step relations. 
Neither can threshold values be given that separate conditions of sediment movement reduction from 
those of increase. Only some obvious general rules can be stated: 

1. Oead and dying trees should not be left in patches, because of the danger of log jam 
formation. Larger flows break such jams with devastating results. 

2. Elimination of log steps is not a desirable goal, because all trees would have to be removed 
from the stream banks. This would decrease erosion resistance of the banks. 

3. It is desirable to leave some large, nonmerchantable trees along stream banks. These trees 
will not only feed some logs to the stream to replace rotten log steps, but will also provide 
favorable habitat for birds and small mammals. 
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EROSION AND SEDIMENTATION IN THE UPPER GILA DRAINAGE 

A CASE STUDY 

by 

R.L. Kingston and R.M. Solomon 

The upper Gila River in Arizona and New Mexico contains extremely divers~ geolo~y and_soils. _One 
geological formation that is somewhat unique to the Southw~st and t~e upper G1la_dra~nage_1s the ~1la 
Conglomerate formation. In New Mexico, this conglomerate 1s extenslVe on the maw G1la RlVer drawage, 
accounting for over 35 percent of the main basin area. 

A case study was done on the 22,580 hectare (55,793 acres) Lake Roberts \oetershed to assess the 
current sedimentation problem and its sources .. T~is study revealed interesting patterns of la~e sur
face area changes with volume changes of the or1g1nal 28.3 hectare (70 acres) man~made reservo1r over 
the last 12 years. Surface area reduction (19%) ha~ pr?gressed at_a rate_over tw1ce_that for ~o~ume . 
reduction (9%). The source of the problem stems pr1mar1ly from so1ls der1ved from h1ghly sens1t1ve G1la 
Conglomerate. 

The watershed is not uncharacteristic of the unique geology and soils typical of the upper Gila 
drainage and may furnish insight into sediment production and sources for much of the Gila headwater 
drainage in New Mexico. 

INTRODUCTION 

Sediment is a principal pollutant to both ephemeral and perennial drainages in the Southwest. This 
sediment often finds its way into lakes and reservoirs, thereby shortening their useful life. Identi
fication of sediment source areas is a first step before management action can be initiated to extend 
the useful 1 i fe of reservoirs. 

The Gila drainage within New Mexico can be considered a large source area supplying sediment that 
eventually migrates into Arizona and San Carl as Reservoir. It therefore becomes increasingly important 
to identify existing and potential sediment source areas within the drainage. Through the extrapolation 
of data from a small watershed, potential problem areas within New Mexico can be identified. 

UPPER BASIN GEOLOGY AND SOILS 

The Gi 1 a River is a major drainage of southern Arizona and southwestern New Mexico. The New 
Mexico portion comprises approximately 9,039 square kilometers (3~90 square miles) of the main basin 
and 4,921 square kilometers (1,900 sqare miles) of the San Francisco basin. These areas in New Mexico 
and Arizona are important from both a water yield and sediment production standpoint (Thorp and Brown, 
1951; Soma, 1971). 

The upper Gi 1 a River basin in Arizona and New Me xi co contains extremely diverse geo 1 ogy and so i 1 s 
(Wilson, 1962; USGS, 1965). In Arizona, the Gila River drainage lies in both the Mexican Highlands 
Section of the Basin and Range Province and parts of the Colorado Plateau Province (Wilson, 1962). In 
New f1exico the drainage lies almost entirely within the Datil Section of the Colorado Plateau Province 
(USGS, 1965). 

Geology in the upper Gila drainage in Arizona and New Mexico ranges from very old pre cambrian 
material to relatively young quaternary sediments (Cooley, 1968). One formation in particular that is 
somewhat unique to the Southwest and the upper Gila drainage is the Gila Conglomerate formation. Some
times used as a catch-all, Gila Conglomerate consists of poorly sorted sediments that range from uncon
solidated to strongly consolidated, and nonbedded to bedded (Trauger, 1972). In New Mexico, Gila Con
glomerate is fairly extensive within the Gila River draina_ge, accounting for over 35 percent of the main 
basin area and over 22 percent of the San Francisco basin (Figure 1). To a lesser extent (6.3 per-
cent of the main drainage area in New Mexico) rhyolite flows and tur"fs are occurring but they are not 
unique to the Southwest. 

Soils in the Southwest and upper Gila River drainage are as diverse and varied as the geology. In 
southeastern Arizona and southwestern New Mexico, there are over 300 soil series identified to date 
(Soil Conservation Service, 1972). These soils range from deep sandy material in alluvial bottoms, to 
extremely shallow soils on steep uneven mountain land. A large portion of these soils have hydrologic 
subgroups of C and D. This, coupled with the rainfall patterns and intensities common to the Southwest, 

The authors are Soil Scientist and Hydrologist, respectively, Gila National Forest, Silver City, New 
Mexico. 
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generates intense but highly intermittent runoff. Many of these soils are in active stages of erosion. 
either geologic or accelerated, and are contributing varying degrees of sediment to the Gila River and 
its tributaries. 

The Gil a River dra i na~e in New Me xi co is domina ted by the ru~ged country of the t1ogo 11 on Mountains 
and the adjacent Gila Sag (Trauger, 1972). Nearly 60 percent of the main drainage and 95 percent of the 
San Francisco drainage, within new nexico, fall within the Gila National Forest. 

On the Gila National Forest, soils have been found developing in a wide range of parent materials. 
In the vicinity of the Gila River drainage a large portion of these soils are developing on Gila Conglom
erate (Kingston and Sounders, 1975; Gass, 1973). To date on the Gila National Forest, a majority of 
these soils forming on Gila Conglomerate parent materials have been found to be relatively dark colored 
soils (Mollisols) with a wide range of soil families. Soil erodibility has been found to vary with 
parent materials (Lutz, 1935; Fletcher, 1941; Tew, 1973), but Gila Connlomerate and soils developing in 
and from Gila Conglomerate have not been studied in enough depth to correlate soil properties that 
might be related to increased sensitivity and on-site sediment production from these soils. 

These soils appear to be relatively sensitive compared to soils forming on other parent materials, 
such as basalt, andesite, etc., although, no one measurable field property stands out as being uniquely 
different for these soils. 

On a study watershed (Lake Roberts watershed), soils developing from Gila Connlomerate, and to a 
lesser extent ryholite tuff, were found to be the largest contributors to sediment production. 

SPECIFIC CASE STUDY 

With the sensitive soils within the Gila drainage, rates of sediment delivery might be considered 
high. To investigate the extent of the sedimentation problem, a small watershed containinq geolo9y and 
soils characteristics for much of the upper Gila drainage was used (Lake Roberts watershed). 

LAKE ROBERTS WATERSHED 

The delineation of the Lake Roberts watershed is the result of an earth dam built by the New Mexico 
Department of Game and Fish (Figure 2). This dam was completed in 1962 and provided a lake covering 
approximately 28.3 hectares (70 acres) with a volume of approximately 123 hectare-meters (1000 acre
feet). 

The lake and watershed are located about 32 kilometers (20 miles) north-northwest of Silver City in 
southwestern New Me xi co. The Lake Roberts water shed comprises approximately 22,580 hectares (55, 973 
acres) with elevations from 1,839 meters (6,035 feet) at the spillway to 2,747 meters (9,012 feet) above 
sea level at Rocky Point, a relief of 908 meters (2,977 feet). Slopes ranne from 0 to 15 percent in 
alluvial bottoms to near vertical on rocklands of Datil and Gila Conglomerate. Slopes less than 15 per
cent comprise approximately 17 percent of the watershed. Fifty-one percent of the watershed contains 
slopes from 15 to 40 percent while 27 percent of the watershed has slopes from 40 to 80 percent. Slopes 
in excess of 80 percent comprise less than five percent of the watershed. The lake itself accounts for 
only 0.1 percent of the watershed. 

The dominant topography is steep and rugged with uneven mountainous land over most of the watershed, 
but does encompass flat a 11 uvi a 1 bottoms a 1 ong the main channe 1 (Sap ill o Creek). Youthfu 1 v-shaped 
canyons are common, with main drainages typically long and narrow. In the headwater areas, igneous rock 
outcroppings are typical, but these outcroppings are not as dramatic as those of Gila Conglomerate at 
lower elevations. 

Surface geology. The geology of the watershed is varied and complex. Alluvial material occurs as 
deposits at the base of major drainages and is substantial along Sapillo Creek. Lower elevations are 
characterized by sedimentary Gila Conglomerate with rock outcroppings occurring frequently in narrow 
steep sloped canyons. Headwater areas are typically igneous formations constituting of basalt and rhyo
litic bed materials. Major faulting is not found within the watershed (Trauaer, 1972). The recent 
alluvium is composed of materials derived principally from Gila Conglomerate, but influences from basalt 
and rhyolite are evident toward the eastern end of the watershed. Coarse fraqment content within 60 
inches of the surface range from 10 percent gravel to 90 percent gravel, cobble, and stone. 

Soils. Twenty-four soil mapping units were identified within the watershed (Gass, 1973). These 
soils belong to 11 different series, with the Gattons series accountino for about 35 percent of the 
watershed. Shallow soils account for over 50 percent of the total area. Soil textures range from sandy 
loams to clay loams. Coarse fragment content of these soils is extremely hirh both on the surface and 
in profiles; over 65 percent of the soils are skeletal (greater than 35 percent gravel, cobble, and 
stone in the soil profile). Rock outcroppings are found throughout the watershed with significant Gila 
Conglomerate and Datil rocklands accounting for almost 14 percent of the watershed. 

Soils range from moderately high to very low in forage production potentials and high to very low 
in revegetation potentials, with less than 10 percent being high or moderately high, 58 percent moderate, 
and 32 percent low or very low. The fact that the majority of soils have moderate ratings is explained 
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generates intense but highly intermittent runoff. Many of these soils are in active stages of erosion, 
either geologic or accelerated, and are contributing varying degrees of sediment to ·the Gila River and 
its tributaries. 

The Gila River draina9e in New Mexico is dominated by the rugged country of the Mogollon Mountains 
and the adjacent Gila Sag (Trauger, 1972). Nearly 60 percent of the main drainage and 95 percent of the 
San Francisco drainage, within New Mexico, fall within the Gila National Forest. 

On the Gila National Forest, soils have been found developing in a wide range of parent materials. 
In the vicinity of the Gila River drainage a large portion of these soils are developing on Gila Conglom
erate (Kingston and Souders, 1975; Gass, 1973). To date, on the Gila National Forest, these soils form
ed on Gila Conglomerate parent materials have been found to be relatively dark colored soils (Mollisols) 
and in addition have, more often than not, developed an argillic horizon (illuvial horizon). Other than 
showing a dominate presence of an argillic horizon, there are a wide range of soil families occurring 
with Gila Conglomerate parent materials. Soil erodibility has been found to vary with parent materials 
(Lutz, 1935; Fletcher, 1941; Tew, 1973), but Gila Conglomerate and soils developing in and from Gila 
Conglomerate have not been studied in enough depth to correlate soil properties that might be related to 
increased sensitivity and on-site sediment production from these soils. 

Perhaps there is some correlation either positive or negative between the formation of an argillic 
horizon and increased erosion of soils developing on Gila Conglomerate. However, with or without the 
arigillic horizon these soils appear to be relatively sensitive compared to soils forming on other parent 
materials, such as basalt, andesite, etc. Although, no one measurable field property stands out as 
being uniquely different for these soils. 

On a study watershed (Lake Roberts watershed), soils developing from Gila Conglomerate, and to a 
lesser extent ryholite tuff, were found to be the largest contributors to sediment production. 

SPECIFIC CASE STUDY 

With the sensitive soils within the Gila drainage, rates of sediment delivery might be considered 
high. To investigate the extent of the sedimentation problem, a small watershed containin~ geology and 
soils characteristics for much of the upper Gila drainage was used (Lake Roberts watershed). 

LAKE ROBERTS WATERSHED 

The delineation of the Lake Roberts watershed is the result of an earth dam built by the New Mexico 
Department of Game and Fish (Figure 2). This dam was completed in 1962 and provided a lake covering 
approximately 28.3 hectares (70 acres) with a volume of approximately 123 hectare-meters (1000 acre
feet). 

The lake and watershed are located about 32 kilometers (20 miles) north-northwest of Silver City in 
southwestern New Mexico. The Lake Roberts watershed comprises approximately 22,580 hectares (55,973 
acres) with elevations from 1,839 meters (6,035 feet) at the spillway to 2,747 meters (9,012 feet) above 
sea level at Rocky Point, a relief of 908 meters (2,977 feet). Slopes range from 0 to 15 percent in 
alluvial bottoms to near vertical on rocklands of Datil and Gila Conglomerate. Slopes less than 15 per
cent comprise approximately 17 percent of the watershed. Fifty-one percent of the watershed contains 
s 1 opes from 15 to 40 percent whi 1 e 27 percent of the watershed has slopes from 40 to 80 percent. S 1 opes 
in excess of 80 percent comprise less than five percent of the watershed. The lake itself accounts for 
only 0.1 percent of the watershed. 

The dominant topography is steep and rugged with uneven mountainous land over most of the watershed, 
but does encompass flat alluvial bottoms along the main channel (Sapillo Creek). Youthful v-shaped 
canyons are common, with main drainages typically long and narrow. In the headwater areas, igneous rock 
outcroppings are typical, but these outcroppings are not as dramatic as those of Gila Conglomerate at 
lower elevations. 

Surface geology. The geologyof the watershed is varied and complex. Alluvial material occurs as 
deposits at the base of major drainages and is substantial along Sapillo Creek. Lower elevations are 
characterized by sedimentary Gila Conglomerate with rock outcroppi ngs occurring frequently in narrow 
steep sloped canyons. Headwater areas are typically igneous formations constituting of basalt and rhyo
litic bed materials. Major faulting is not found within the watershed (Trauger, 1972). The recent 
alluvium is composed of materials derived principally from Gila Conglomerate, but influences from basalt 
and rhyolite are evident toward the eastern end of the watershed. Coarse fragment content within 60 
inches of the surface range from 10 percent gravel to 90 percent gravel, cobble, and stone. 

Soils. Twenty-four soil mapping units were identified within the watershed (Gass, 1973). These 
soils"llelong to 11 different series, with the Gattons series accounting for about 35 percent of the 
watershed. Shallow soils account for over 50 percent of the total area. Soil textures range from sandy 
loams to clay loams. Coarse fragment content of these soils is extremely high both on the surface and 
in the profiles; over 65 percent of the soils are skeletal {greater than 35 percent gravel, cobble, and 
stone in the soil profile). Rock outcroppings are found throughout the watershed with significant Gila 
Conglomerate and Datil rocklands accounting for almost 14 percent of the watershed. 

Soils range from moderately high to very low in forage production potentials and high to very low 
in revegetation potentials, with less than 10 percent being high or moderately high, 58 percent moderate, 
and 32 percent low or very low. The fact that the majority of soils have moderate ratings is explained 
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Figure 2. Map of Subwatersheds Within the Lake Roberts Watershed. 

in part by the abundance of coarse fragments and/or steep slopes and shallow soil depths. 

Hydrologic soil group designations of C and D for over 82 percent of the watershed indicate moder
ate to high runoff potentials. Soils with hydrologic soil group designations of B, indicatin9 low runoff 
potentials,are found principally in alluvial channels and in the headwaters of Rocky Canyon (a major 
subdrainage). When slopes and vegetation are considered, runoff potentials can assume even greater 
magnitudes. 

Erosion hazards for the watershed are extreme to low, with over 10 percent rated as extreme and 52 
percent rated as high. 

Vegetation. For the lower elevations, predominant overstory vegetation is pinyon-juniper woodlands 
with grey and Emory oaks. Transition zones toward the headwaters and canyon bottoms are characterized 
by an intermixing of ponderosa pine. At upper elevations, predominant overstory is ponderosa pine with 
an intermixing of oaks, Douglas-fir, white fir, and mountain mahogany. Overstory cover is sparse at 
lower elevations, but transcends to as great as 60 percent at higher elevations. 

H~drology. In wet year, annual precipitation is as high as 63 centimeters (25 inches) at lower 
elevations, and 76 centimeters (30 inches) at upper elevations. In dry years, precipitation may be as 
small as 25 centimeters (10 inches). 

Water yield from the watershed is variable, and is generally more dependent on the frequency and 
intensity of precipitation events than on total precipitation. Yields based on climatic and stream 
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flow data are given in Table 1. Efficiencies of yield appear to be small, ranging from two percent for 
dry years to 10 percent in wet years. 

Table 1. Annual Water Yield From Lake Roberts Watershed. 

Yield Class Annual Water Yield Total Yield 
(Centimeters) (Hectare-meters) 

Good Year 4.1 (1.6 inches) 917 (7,435 acre-feet) 

Average Year 2.0 (0.8 inches) 460 (3,730 acre-feet) 

Poor Year 0.5 (0.2 inches) 116 (940 acre-feet) 

LAKE SURFACE AREA AND VOLUME REDUCTION 

In attempting to quantify sediment rates, some surveys were available for use. 

Aerial photographs have been taken of Lake Roberts from the completion of the dam until 1974. Four 
photos were available for use; (l) preconstruction photo, January, 1962; (2) March., 1965; (3) June, 1969; 
and (4) September, 1974. Additionally, three lake topographic maps were available; (1) construction 
map, 1962; (2) USGS survey, September, 1972; and (3) Forest Service survey, August, 1975. 

Surface area reduction. The concern over sedimentation of Lake Roberts stems principally from 
observable changes in surface area. The casual observer usually takes note of those phenomena he can 
readily see. Changes in reservoir volume, however, are obscured by depths of water. Fill rates have, 
therefore, been based on observab 1 e rather than combining the observab 1 e (surface areas changes) and the 
obscure (volume changes). Changes in the surface area during the last 12 years are shown in Table 2. 

Table 2. Surface Area Changes of Lake Roberts Between 1962 and 1974. 

Year Surface Area Reduction of Original 
(Hectares) (Percent) 

1962 29.1 (72.0 acres) 

1965 27.6(68.1 acres) 5. 2 

1969 25.7 (63.5 acres) 11.7 

1972 25.1 (62.0 acres) 13.7 

1974 23.5 (58.1 acres) 19.2 

Table 2 only represents the surface rate of decline, which is alarming to the occasional user. 
However, it does not accurately represent the situation. The apparent fast fill rate over the last 12 
years is best explained by an analysis of the initial lake topography. The upper end of the lake was 
not on as steep a gradient as the lower end, and depths at the upper end were relatively shallow 
(Solomon and Kingston, 1975). As sediment entered the lake, it was dropped in the shallower depths due 
to the shallow gradients, reduced streamflow velocities, and the coarse and sandy nature of sediment 
particles. Sediment was not transported to deeper water in large quantities. This phenomenon is sup
ported by the USGS survey in 1972 and the Fares t Survey in 1975. Depths in the lower end have not 
changed drastically over the last 12 years. 

Volume reduction. A more accurate appraisal of the problem is obtained by analyzing changes in 
volume. lable 3 g1ves total volume estimates at spillway height. 

Over the same 12 year time span, while surface area has been reduced over 19 percent, lake volume 
has declined by 9 percent; a rate one-half that for surface area. Based on the first 12 years of 
record, an estimate of the §urrent fill rate of the lake is 9,250 hectare-meters (7.5 acre-feet) of 
sediment per year or .410 m /ha/year (0.086 acre-feet/mi 2/year). This rate is only indicative of lake 
volume changes and does not account for sediment deposited above the lake. This rate is within expected 
values, based on other data available for reservoirs in the Southwest (Dendy and Champion, 1969). 
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Table 3. Volume Changes of Lake Roberts (Spillway Datum). 

Year Volume 
(Hectares) 

1962 123 (1000 acre-feet) 

1972 ll6 (942 acre-feet) 

1975 112 {906 acre-feet) 

CONTRIBUTIONS FROM A HIGH INTENSITY STORM 

Volume 
Reduction 
(Percent) 

5.8 

9.4 

Surface Area 
Reduction 
(Percent) 

13.7 

19.2 

In late October, 1972, a large storm dropped approximately 7.6 centimeters (3 inches) of rain on 
the watershed within a 36 hour period. This event was estimated to be a one in 20 year storm. The 
watershed was well saturated from rains earlier in the month. Flooding in Gila, San Francisco and 
Mimbres basins on the 20th and 21st resulted in approximately $2 million damage in Catron, Grant and 
Hidalgo counties from runoff and silting. Transect measurements, fortunately, were taken at the upper 
end of the lake both before and after the flooding (October 18 and January 20). Using these transects 
to estimate the silt load, calculations showa reduction in volume of approximately .715 hectare-meters 
(5.8 acre-feet) with an estimated 1.48 hectare-meters (12.0 acre-feet) of sediment dropped below the 
Highway 35 bridge crossing (approximately 490 meters above the lake). This one sinrm alone contributed 
over 77 percent of the average yearly sediment deposited within the lake. 

SED I ME NT SOURCES 

On-site observations of stock ponds, channel deposits, and runoff from a high intensity summer 
storm, indicate that runoff from subwatersheds at the upper end of the main channel are not intense 
except for rare events, and possibly are minor contributors of sediment to Sapillo Creek and Lake 
Roberts. Subwatersheds showing high flows and high bed and suspended loads are Rocky Canyon, Railroad 
Canyon, Skate Canyon, and Hill Canyon (Figure 2). 

Within each watershed there exists source units that can be said to contribute more sediment to 
stream channels than other units. Slope, soil characteristics, and proximity to the stream channel 
are factors influencing these rates of contribution. Using the factors mentioned, some soil units were 
identified as major source areas within subwatershed. Soils in Mapping Units 102, 103, 130, 131, 143, 
605 and 606 appear to be the major contributors where these soils are in proximity to transporting 
channels {Table 4). Soils listed in Table 4 are all derived from highly erosive parent materials. 
Together these soils account for over 50 percent of the Lake Roberts watershed. 

Table 4. Soils with Largest Contributions to On-Site 

Soil Slope 

102 - Gila Conglomerate Rockland 
(30% of Unit) 15-200% 

103 - Rockland of the Datil 
Formation (40% of Unit) 15-200% 

130- Gattons cobbly loam 15-40% 

131 - Gattons very cobbly loam 40-80% 
143 - Skates cobbly sandy loam 40-80% 

605 - Brannon very gravelly sandy 
loam 15-40% 

606 - Brannon very gravelly sandy 
loam 40-80% 

Parent Ma ten a 1 

Gila Conglomerate 

Rhyolite (tuffs & flows) 

Gil a Conglomerate 

Gila Conglomerate 
Gila Conglomerate 

Rhyo 1 i te (tuffs & flows) 

Rhyolite (tuffs & flows) 

LAKE ROBERTS WATERSHED RELATED TO THE GILA BASIN 

% of Watershed 

2.47 

2.06 

24.43 

10.73 
5.92 

4.84 

1.03 

Although the Lake Roberts watershed may not be an accurate indicator of the topogrpahy, soils, 
geology, and hydrology of the upper Gila drainage, it does offer some interesting comparisons. 
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Within the Lake Roberts watershed,the extent of Gila Conglomerate and to a lesser extent rhyolite 
derived soils is considerable. Gila Conglomerate derived material accounts for over 71 percent of the 
total watershed. Table 5 shows a comparison of the Lake Roberts watershed with the Upper Gila 
drainage in New Mexico. 

Table 5. Gila Conglomerate and Rhyolitic Parent Materials Within 
the Lake Roberts and Upper Gila Drainage. 

Ora in age 

Lake Roberts 

Upper Gil a Ora i nage 
Main Drainage 
San Francisco 

Km
Gi 1 a Conglomerate 
2 % of Watershed 

161 

3230 
1200 

71.1 

35.7 
22.3 

Rhyolitic tuffs & flows 
Km2 % of Watershed 

26.1 

572 
830 

11.6 

6.3 
16.8 

It is. of interest to note that hydrologic and erosion processes of the Lake Roberts watershed 
are affected to a greater extent from Gila Conglomerate and to a lesser extent from rhyolitic tuff 
parent materials than on the upper Gila basin. It should be pointed out that although Table 5 shows 
only about 35 percent of the main Gila draiange and 22 percent of the San Francisco drainage charac
terized by soils derived from Gila Conglomerate, this is a considerable amount of area. If Lake 
Roberts is an indicator of the sensitivity of these soils, more consideration should be given to Gila 
Conglomerate and perhaps to rhylotic tuff formations on the upper Gila drainage, as these parent 
materials may account for a considerable amount of sediment contributed from New Mexico into Arizona. 

Casual observations of surface area reductions of a lake, as pointed out in this study, are not 
necessarily true indicators for projecting lake volume reductions. In fact, these observations may 
be misleading in assessing the severity of on-site sedimentation. 

Soils on the Lake Roberts watershed, with the largest contributions to on-site sediment production, 
were those developing from Gila Conglomerate. Although there are no definite measurable soil proper
ties related to increased on-site sediment yield from soils with Gila Conglomerate parent materials, 
there appears to be a relationship between increased sensitivity to erosion and soils developing on 
Gil a Conglomerate. 

A large portion (32 percent) of the Gila River basin in New Mexico (main Gila and San Francisco 
basins) contains Gila Conglomerate and soils derived from Gila Conglomerate, which may be a major 
source of on-site sediment production to Arizona from New Mexico. 

Management of Gila Conglomerate derived soils should be done with considerable planning, as these 
soils are sensitive and disturbance may initiate accelerated unravelling of these soils. 
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ADDITION OF A CARBON PULSE TO STIMULATE DENITRIFICATION IN SOIL COLUMNS 
FLOODED WITH SEWAGE WATER 

by 

J. C. Lance and R. G. Gilbert 

INTRODUCTION 

High-rate land filtration has been shown to be an effective method for renovating secondary 
sewage effluent (Bouwer et al., 1974; Lance et al., 1976). Most of the organic carbon, fecal 
coliform bacteria, and phosphate were removed by intermittently flooding the land with sewage 
effluent at infiltration rates of from 15 to 55 em/day. Nitrogen removal at higher infiltration 
rates (> 30 em/day) was about 30% in both laboratory and field studies (Lance and Whisler, 1972). 
Further laboratory study showed that nitrogen removal by denitrification could be increased to 90% 
by increasing the organic carbon content of secondary effluent to 150 ppm by adding dextrose 
(Lance and Whisler, 1975). 

The 150-ppm C concentration is about six times the average N concentration of the wastewater. 
However, the intermittent wetting and drying cycles resulted in the concentration of most of the 
nitrogen in a nitrate peak that was leached from the soil during the first 3 days of the flooding 
period. The high organic carbon concentration was needed to provide a C:N0

3
-N ratio adequate for 

complete denitrification of the nitrate peak. Because the high carbon concentration was needed 
only when the nitrate peak moved through the soil, much of the carbon passed through the soil 
columns. 

About 80% of the nitrogen could be removed by reducing the infiltration rate to 15 em/day or 
by mixing high-nitrate water collected during the first 3 days of the flooding period with second
ary sewage effluent and recycling it through the columns (Lance et al., 1976). However, both of 
these methods require more land than does intermittent flooding at high infiltration rates. 

The objective of this experiment was to determine if denitrification could be stimulated in 
soil columns with high infiltration rates by adding a pulse of organic carbon (dextrose} to sewage 
water. The carbon would be added only during the first few days of flooding so that it could move 
through the soil with the nitrate peak. 

PROCEDURE 

Soil columns were constructed by packing into polyvinyl chloride (PVC) pipe loamy sand from 
basins used for rapid infiltration of secondary sewage effluent. The basins are in the dry Salt 
River bed near Phoenix, Arizona (Bouwer et al., 1974). Each column consisted of a 2. 75-m length 
of 10-cm (I. D.) PVC pipe filled with 6 em of pea gravel topped with 250 em of loamy sand. The air
dried soil containing 3% clay, 8% silt, and 89% sand was packed so that average bulk densities for 
each column ranged from 1.5 to 1.6 g/cc, Slight differences in packing resulted in infiltration 
rates that ranged from 15 to 50 em/day. The columns were flooded with secondary sewage effluent 
on schedules of 9 days 1 flooding alternated with 5 days 1 drying. Dextrose was added during the 
first 3 days of flooding to increase the organic C concent of the sewage by either 100 or 200 ppm. 
The sewage effluent was applied with a Mariotte siphon to maintain a 15-cm constant water depth. 
The flow system has been described (Lance and Whisler, 1972). The flow rate and cumulative flow 
through the columns were measured by weighing the outflow daily, and the cumulat!,ve ou!:_flow !!(as 
sampled periodically. The sewage water and column samples were analyzed for N02 , N0 3 , NH4 , and 
organic-N with a Technicon AutoAnalyzer, and for organic carbon with a Beclonan Eotal Organic carbon 
analyzer. 

Small columns were prepared by placing 3 em of the same soil used in packing the long columns 
in lD-cm I.D. BUchner funnels. These were intermittently flooded with secondary sewage effluent 
with three levels of organic C: 15, 100, and 200 ppm. Dextrose was added to obtain the two higher 
C concentrations. The flooding schedule was 9 days' flooding alternated with 5 days' drying, 
After three flooding cycles, dextrose was added only during the first 2 days of flooding for three 
additional cycles. One-gram soil samples were taken at 3-day intervals, and total aerobic bacteria 
were determined by the dilution plate method using plate count agar. Denitrifiers were determined 
by the most probable number method uaing a 5-tube dilution series with nitrate broth (Focht and 
Joseph, 1973). 

Contribution from the Agricultural Research Service, U.S. Department of Agriculture. J. c. Lance 
is a research soil chemist and R. G. Gilbert a research microbiologist at the U. S. Water Conserva
tion Laboratory, 4331 East Broadway, Phoenix, 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 by the U, S. Department of Agriculture. 
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RESULTS AND DISCUSSION 

Although dextrose added during the firlt 3 days of the flooding period stimulated denitrifica
tion, it was not complete except at low infiltration rates. Infiltration rates of most of the 
columns decreased when dextrose was added to the sewage water (Table 1). Since a decrease in 

Table 1. Infiltration rates in soil columns flooded with secondary sewage 
effluent amended with dextrose during the first 3 days of a 
9-day flooding period. 

Column 0 ppm c!/ 100 ppm C 200 ppm C 

em/day 

A 33.7 26.4 14.1 

B 28.8 18.1 11.3 

c 31.6 26.2 20.6 

D 14.6 15.1 6.9 

E 23.0 20.8 21.7 

1. Refers to dextrose amendments; unamended sewage contains 15 ppm C. 

infiltration rate increases nitrogen removal, this made it difficult to assess the direct effect of 
carbon additions on denitrification. However, the infiltration rate of column E was changed only 
slightly when dextrose was added, and the rate for column D decreased only with the 200-ppm C 
addition. Thus, these two columns were used to demonstrate the effect of C additions to sewage 
on denitrification at different infiltrations rates (Figure 1). 

Addition of 100 ppm C increased nitrogen removal about 20%, and addition of 200 ppm increased 
it about 31% at both high (22-23 em/day) and low (7-15 em/day) infiltration rates. Since nitrogen 
removal at each infiltration rate was increased by adding a 100-ppm C pulse and was further in
creased by adding a 200-ppm C pulse, a relationship between the organic C to N ratio and % N 
removal probably exists for each infiltration rate, Addition of C as a pulse did not result in 
much movement of C through the soil columns. The organic C concentration in water from the columns 
was less than 10 ppm for both the 100- and 200-ppm C treatments. 

Previous experiments showed that increasing the organic C content of secondary effluent to 
150 ppm eliminated the nitrate peak (Lance and Whisler, 1975), Failure to eliminate the nitrate 
peak by supplying the organic C as a pulse suggests that some factor works in combination with the 
organic C to N03-N ratio to limit denitrification, The bacterial population might have been too 
low to eliminate the nitrate peak during the detention time provided at the high infiltration 
rates. At low infiltration rates, this peak is much attenuated and the detention time is greater 
(Lance et al., 1976). Possibly, supplying organic carbon throughout the flooding period maintains 
a higher population of bacteria than supplying only a pulse during the first few days of flooding. 

This hypothesis was tested by comparing bacterial populations in small columns when carbon was 
added continuously during the flooding cycles with populations when carbon was added only during 
the first 2 days of flooding cycles. Plate counts of total aerobic bacteria peaked during the 
flooding period and declined during the drying period with both treatments (Figure 2). Peak num
bers were similar for both treatments. However, the peak population may have developed slightly 
faster when C was added continuously than when a pulse of C was added. 

Rapid development of the bacterial population is important because oxidation-reduction 
potentials showed that most of the microbial activity in the long soil columns was concentrated 
near the soil surface (Figure 3), Denitrification would be limited if the nitrate peak moved 
into the lower section of the column before high denitrifier populations developed. Since denitri
fiers are facultative anaerobes, the fluctuation in numbers of total aerobic bacteria indicated 
the changes in numbers of denitrifiers. However, since the measurement of total aerobic bacteria 
populations did not clearly show why adding C continuously stimulated denitrification more effec
tively than adding a pulse of C, denitrifier populations were measured directly. The denitrifier 
population in a soil ~loaded with secondary effluent on a 9 days 1 flooding and 5 days 1 drying 
schedule was 2.1 x 10 bacteria per gram of soil at the end of the drying period. Addit+on of a 
200-ppm pulse of carbon (glucose) increased the denitrifier population to about 2.9 x 10 bacteria 
per 100 grams of soil within 4 days (Table 2). Thus, the denitrifier population increased 
substantially, but the nitrate peak could have moved through the soil before the bacterial popu
lation peaked. Further experiments on the development of denitrifier populations during 
intermittent flooding with sewage water enriched with carbon continuously will be conducted 
to clarify this point, 
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Table 2. Bacterial populations in a soil column flooded with secondary 

sewage effluent enriched with 200 ppm glucose during the first 

2 days of a 9-day flooding period.Y 

Days flooded 
before sampling 

0 

4 

9 

Bacteris/g of oven-dry soil x 10
6 

Total aerobic 
Denitrifiers Total aerobic Denitrifiers 

2.1 20.2 0.10 

28.8 72.2 0.40 

32.3 34.0 0.94 

1. Data averages from two cycles of 9 days 1 flooding and 5 days 1 

drying of two soil columns. 

SUMMARY AND CONCLUSIONS 

A pulse of organic C added to sewage water during the first few days of flooding on a 9 days 1 

flooding, 5 days 1 drying cycle increased nitrogen removal but did not eliminate the nitrate peak 
except at low infiltration rates. Adding a pulse of C could increase N removal percentage from a 
marginal to an acceptable level. Possibly, a wastewater with a high organic C concentration could 
be mixed with secondary sewage during the first few days of flooding to stimulate denitrification. 

Some factor other than the C to N0
3

-N ratio of the wastewater limited denitrification. Fur
ther study is needed on the development of denitrifier populations during intermittent flooding of 
soil columns with sewage water amended with dextrose. 
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Figure 1. The effect of organic-C pulses on N removal. 
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Figure 3. Redox potentials in a soil column where 
a pulse of carbon was added during the 
first 2 days of the flooding period. One 
hundred ppm dextrose was added at the 
beginning of infiltrations 3 to 5. I 
designates beginning of infiltration and 
D designates beginning of drainage. 
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ACADEMIC TRAINING FOR GROUNDWATER QUALITY SPECIALISTS 

by 

Kenneth D. Schmidtll 

The objective of this article is to propose a much needed academic program to 
educate hydrogeologists for specialization in groundwater quality. Groundwater geo
logy or hydrology is a relatively new discipline compared to most other fields of 
endeavor, and specialties are rapidly developing. Some of these specialties are 
geophysics, temperature studies, modeling, aquifer analysis and pump testing, and 
water quality. Water quality has recently been elevated to a much higher importance 
than previously. This importance is related to increased groundwater development, 
increased waste disposal to groundwater, and to an increased awareness of groundwater 
quality and pollution (Pettyjohn, 1972). 

Evans and Harshbarger (1969) discussed curriculum development in hydrology. 
These authors mentioned the emphasis that some university programs had given to water 
pollution and waste disposal in the 1960's. They also pointed out that this area of 
water resources education is closely allied with sanitary engineering and agricul
tural programs. These authors presented data on the estimated expenditures for water 
resources research during 1966 and 1971. Such data provide a basis for indicating 
the future demand for hydrologists. Total research activity was expected to double 
during these five years. Of nine water research categories, the greatest increase 
was indicated for one entitled "water quality management and protection", where ex
penditures were projected to quadruple between 1966 and 1971. I have no estimates 
for the recent five-year period nor the future, but the changes shou~d be even more 
profound. 

With future increases in population and water use, there will be increased 
groundwater development. This will occur both in the U. S. and in many other parts 
of the world. Salinity is a common problem in groundwater of arid lands. Undoubt
edly, great consideration will be given to the use of saline groundwater resources 
on a world-wide basis (Summers and Schwab, 1970). Each aquifer generally has a 
unique set of water quality problems, due either to natural or man-made factors. 
Water quality studies are an essential part of groundwater exploration and develop
ment programs, and serve two purposes. First, they indicate the quality of water 
which can be withdrawn from the aquifer for a specified use. Secondly, groundwater 
quality data can be compared with interpretations of the hydrogeologic system based 
on physical or hydraulic data. Temperature and chemical quality data can be inter
preted in conjunction with hydrogeologic data to confirm or negate concepts of the 
groundwater system. 

Nationally, the Safe Drinking Water Act (Public Law 93-523) of 1974 has already 
resulted in increased awareness of the importance of groundwater for domestic sup
plies. With the National Interim Primary Drinking Water Regulations to be applicable 
to most domestic water supply systems (Environmental Protection Agency, 1975), in
creased use of groundwater will occur in some areas, particularly in the eastern U.S. 
This is due to the difficulty in treating some surface waters to the extent necessary 
to meet the new standards. Increased irrigation and energy development in the wes
tern U. S. also depend on additional Jroundwater development. 

Lastly, the widespread occurrence of groundwater pollution is beginning to be 
recognized. In my opinion, our studies of groundwater pollution are only in the ele
mentary stages, particularly for diffuse sources. With the trend toward land dispo
sal of many wastes (Thomas, 1973) due to stricter regulations on waste disposal to 
the air, surface water, and the ocean, much greater waste loads will be applied to 
the nation's aquifers. This trend is occurring despite the long residence time of 
pollutants in aquifers and the many unknowns involved. Due to its "out of sight
out of mind" nature, groundwater pollution is often extremely difficult to under
stand for polluters, regulatory agencies, decision makers, and the general public. 
Ferris (1972) stated, "There has not been general recognition of the cumulative 
effect upon the hydrologic system of seepage from sewage lagoons, sanitary landfills, 
septic tanks, and spray disposal of sewage effluent, and incidental recharge in in
fluent seepage from countless miles of sewerage systems." The three National Ground
water Quality Symposiums held between 1971 and 1976 help focus attention on the 
problem. 

1. Groundwater Quality Consultant, 1111 Fulton Mall, Fresno, California 
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Education is an important factor fn the long-term solution to many groundwater 
pollution problems. This article mainly concerns the academic training required for 
hydrogeologists who will conduct groundwater pollution ivestigations in the future. 
However, much of this training is dependent upon, and applicable to, considerations 
of natural groundwater quality. 

CURRENT APPROACHES TO 
GROUNDWATER ioCLOfloR EVACUATIONS 

It is somewhat ironic that many people currently working in the water pollution 
control field are in fact not well trained in groundwater. In part this has been due 
to a pre4occupation with surface water. One large group of people currently works 
with waste treatment and disposal, and primary consideration is given to land-surface 
phenomena. Understanding of soils and hydrogeology by this group in the past has 
often been inadequate. Analysis of the impact of waste treatment and disposal on 
groundwater quality seems to have been relegated to a secondary position at best. 
The tendency has been to treat municipal wastes with little regard to whether dis
posal is to surface water or groundwater, despite the differences in pollutant atten
uation characteristics of these two systems. Secondly, land disposal is being 
stressed without adequate knowledge of the groundwater system in many areas. Many 
of the regulatory agencies responsible for protection of groundwater quality are 
staffed with, and administered by, personnel belonging to the same group. 

Another broad group of people working with groundwater pollution can be classi
fied as soils scientists. This group is presently coming to the forefront in land 
disposal considerations, as well they should. Their field has long been neglected 
or overlooked by others. A very important extension of the work of soils scientists 
has been to extend research beyond the topsoil into the vadose zone. Despite the 
importance of water quality changes in the topsoil, they can be overemphasized. Two 
unfortunate tendencies are presently occurring: 1) the erroneous assumption that 
the entire soil-aquifer system is comprised of materials comparable to topsoil, and 
2) ignorance of what happens after pollutants reach the water table. Many soils 
investigations stop once the pollutant moves beyond the topsoil; however, some in
vestigators do follow pollutant movement through the vadose zone to the water table. 
To date, I believe that hydrogeologists have often taken a back seat in the field 
of groundwater pollution to the first two groups. Knowledge of land surface phenom
ena and subsequent water quality changes in the topsoil and vadose zone during per
colation is essential; however, for proper interpretation, the entire system must be 
analyzed. The following figure illustrates the framework for monitoring groundwater 
pollution. 
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Groundwater 1s ordinarily wftndrlwn by wells for use, Therefore, the portion of 
the system between the water table and trte well discharge must also b·e analyzed. 
Most aquifers do not lend themselves to generaltt1es 1n terms of groundwater pollu
tion. Geologists and hydrologists worttng dtrectly wfth groundwater have a unique 
opportunity to contribute to groundwater pollution 1nvest1gat1ons. If information 
on pollution .sources and processes occurring 1n the soil and vadose zone 1s unknown 
or poorly known, then interpretations of the results of well sampling are marginal 
at best. Pollutant travel and attenuation, from the pollution source to the well 
discharge, can be assessed. Consideration of the entire soil-aquifer system can 
lead to a unique and accurate understanding of groundwater pollution. 

THE SYSTEMS APPROACH 

Components of the groundwater pollution system include: 

2
1) Sources of Pollution and Pollutants Present 

) Method of Waste Disposal 
3) Inf1ltrat1on Potential of Wastes from the Land Surface 
4) Downward Movement of Percolate 1n the Vadose Zone 

6
5) Pollutant 'Attenuation 1n the Topsoil and Vadose Zone 

) Movement of Recharged Water 1n the Aquifer 
7) Pollutant Attenuation 1n the Aquifer 
8) Well Construction, Hydraulics, and Pumpage 

These components determi·ne the training necessary for the groundwater quality spe
cialist. The training must include analysts of land surface phenomena, such as 
pollution sources. Strong emphasis should be placed on the physical, chemical, bio
logic, and hydrologic characteristics of soils. Water and pollutant movement under 
unsaturated flow conditions must be assessed. Historically, the vadose zone has 
often been approached by the "black box" method, but this approach will no longer 
suffice in groundwater quality 1nvest1gat1ons, The effects of aquifer characteris
tics and well pumpage on pollutant attenuation must be evaluated. Soils chemistry, 
geochemistry, and physical chemistry can be used together 1n a powerful approach 
which can also be used 1n groundwater quality investigations not specifically con
cerned with pollution. The foregoing components can be addressed by an academic 
training program as discussed 1n the following sections. 

MASTERS PROGRAM 

A successful Masters degree program would establish a strong academic background 
in groundwater hydrology, A thorough understanding of groundwater quality 1s depen
dent upon a thorough understanding of the physical aspects of groundwater systems. 
Courses on aquifer mechanics and groundwater development are 1n existence in a number 
of universities. Groundwater courses should be based on a strong geologic orienta
tion. Related topics of value include meteorology, surface water hydrology, water
shed management, soils physics, and geomorphology, Introductory courses in physical 
chemistry, geochemistry, and soils chemistry are advisable, but there is no necessity 
to include advanced water quality courses. A newly developed course strictly on 
groundwater quality would be beneficial. After completion of the Masters degree 
(including thesis), several years of work experience in groundwater hydrology would 
be extremely useful before advanced graduate work was undertaken. 

DOCTORAL PROGRAM 

With a solid background in groundwater hydrology established and the elementary 
courses related to groundwater quality completed during the Masters program, the 
doctoral program would focus directly on sources of pollution and groundwater quality. 
Topics related to pollution sources include irrigation, fertilizer management, mining, 
chemical engineering, and sanitary engineering. Advanced classes would be taken in 
soils chemistry, biochemistry, and geochemistry. Most of these classes are in exis
tence at many universities, however, they could be modified to be more suitable for 
the training of groundwater quality specialists. 

For example, agricultural activities are of primary concern in the San Joaquin 
Valley, California. Obviously, irrigation practices, including fertilizer and pesti
cide applications, may have a significant impact on groundwater quality. Wastes from 
dairies and feedlots are also important. Courses on irrigation, soils management and 
animal science are usually taught in the agricultural departments of most universi
ties. Relevant textbooks on these topics are available (W1llrich and Smith, 1970, 
American Society of Agricultural Engineers, 1971, and Soils Science Society of Am
erica, 1974). Special types of waste are generated by agricultural processing fac
ilities. Wineries, canneries, and meat-packing, milk processing, olive processing, 
and citrus packing plants produce unique types of wastes which may affect groundwater 
quality. The Journal Water Pollution Control Federation contains invaluable infor
mation on waste-compQsrtTOn, treatment, and disposal. Some of these topics are 
covered in classes at some universities on enology, biochemistry, animal science, and 

121 



possibly chemical engineering, Oilfield wastes are of significant importance 1n the 
western and southern parts of the valley. Courses tn petroleum geology and related 
topics could be useful. lastly, dfsposal of municipal liquid and solid wastes are 
important near the larger urban centers (Sopper and Kardos, 1973, and Sanks and 
Asuno, 1976). Information on these wastes would normally be covered in sanitary en
gineering classes. 

It would appear that mining and milling, and leaching of ore deposits are of 
primary concern in southern Arizona. Courses in mining geology, geochemistry of ore 
deposits, ore benefication, metallargy, and engineering geology could be applicable. 
Several excellent textbooks have recently been published related to mining and mil
ling wastes (Hadley and Snow, 1974, and Williams, 1975). Municipal wastes are of 
concern near the urban centers and agricultural practices are important in irrigated 
areas. 

Several classes are necessary which are presently rare or non-existent in most 
universities. The low temperature, low preisure Qeochemistry of dilute solutions is 
of great importance. The hydraulics of water flow in the vadose zone needs to be 
qiven detailed consideration. Water quality changes in the topsoil and vadose zone 
are commonly described in Journal Environmental Qualitl and Soil Science S~hiety of 
America Journal. An advaneeere:r8ss in groundwater qua ity ana-in~n e mec~ 
an1cs of-groundwater pollution would be appropriate. A number of examples of moni
toring groundwater pollution have been published in Ground Water. Special classes on 
analytical methods for the physical, chemical, and raaTOTOgrcar-examination of water 
should be included. Sampling methods and frequency of sample collection should be 
discussed in detail. 

~ 

The training of groundwater quality specialists will be of extreme importance in 
the future. This is related both to increased groundwater development and waste 
disposal. Adequately trained hydrogeologists can work in conjunction with engineers, 
soils scientists, and others to understand groundwater pollution mechanisms. The 
current trend toward widespread land disposal of many pollutants in the U. S. poses a 
serious threat to the integrity of groundwater quality. Education of hydrogeologists 
with an emphasis on water quality will have a beneficial impact. 

I have proposed a partial solution to some of our future groundwater quality 
problems. Besides hydrogeologists, the public in general should be educated, as well 
as students in grammer school, high school, and college. I think this is a mean
ingful and practical approach on a long-term basis. However, there is another aspect 
involved. In my limited experience, pollution of groundwater often results from 
1) ignorance, or 2) willful neglect. Education may be an answer to the first, but it 
is not to the second. Groundwater pollution cannot be effectively mitigated without 
consideration of both of these basic causes. Consideration of the second lies with
in the hearts of men and is beyond the scope of this paper. 
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APPLICATION OF A DOUBLE TRIANGLE UNIT HYDROGRAPH 
TO A SMALL SEMIARID WATERSHED 

by 

M. H. Diskin* and L. J. Lane** 

Hydrographs of runoff from small watersheds in semiarid regions often have a sharp peak with a 
relatively short time of rise followed by a slower recession and a tail of low flow. This character
istic shape suggests the possible use of a double triangle unit hydrograph recently introduced to 
hydrology. The shape of this unit hydrograph is specified by four parameters, which may be estimated by 
an optimization procedure based on using the sum of absolute deviations or some other suitable criterion 
as an objective function. Rainfall and runoff data for a number of storm events on a small watershed in 
the Santa Rita Experimental Range in southeastern Arizona have been analyzed to test the above idea. 
Double triangle unit hydrographs were fitted to individual storm events. The differences in the shapes 
of individual unit hydrographs were found to be small so that they could be approximated by a single 
double triangle unit hydrograph. 

INTRODUCTION 

Runoff from small and very small watersheds in semiarid zones is accompanied by substantial infil
tration losses in the stream channels. This fact and the usually steep slope of the channels tend to 
produce sharply peaked runoff hydrographs. The characteristic shape of the hydrographs, which starts 
from, and ends in a condition of no flow, thus consists of a fairly narrow triangular peak followed by 
a relatively longer tail of low flow. Within the triangular peak period the time to peak is usually 
shorter than the recession time. 

The characteristic shape of the runoff hydrograph, which is more noticable for short duration 
storms, suggests that the rainfall-runoff process may be represented by a double triangle unit hydrograph. 
A single triangle could probably also give fairly good representation of the process but a double tri
angle offers more flexibility in unit hydrograph shapes. This in turn leads to better agreement between 
measured and computed flow hydrographs. The added cost of using the double triangle shape is the larger 
number of parameters handled. However, this does not present any difficulty since all computations are 
carried out by a computer. 

There are some doubts whether the unit hydrograph concept is applicable to the condition prevailing 
in semiarid watersheds where there are appreciable channel losses and where the area contributing to 
runoff may not be the entire area of the watershed. Furthermore, the magnitude of the partial area con
tributing to runoff is probably variable from storm to storm. Nevertheless, the great simplicity of the 
unit hydrograph approach and the fact that it had been used previously in semiarid watersheds with 
relatively good results led to the present study. 

The purpose of this paper is to present the results obtained in a study of rainfall and runoff 
records obtained during the 1975 rainy season in one of the Santa Rita Experimental Range watersheds 
located in southern Arizona. In the study double triangle unit hydrographs were fitted to the storm 
events, basing the computations on the assumption that the entire area of the watershed contributed to 
runoff. The individual unit hydrographs best fitted for each storm were derived and the goodness of 
fit between observed and calculated hydrographs was noted. The possibility of using one unit hydrograph 
having mean values for its parameters was also investigated. 

WATERSHED AND DATA USED 

The Santa Rita Experimental Range covering an area of about 78 square miles is located 30 miles 
south of Tucson. It was established in 1903 and maintained by the Forest Service, USDA, for the purpose 
of studying the interrelationships of organisms, attributes, and processes of semi desert ecosystems 
(Martin and Cable, 1975). Recently a number of small experimental watersheds have been established 
within the range for the hydrologic study of various aspects of semiarid watersheds. The watersheds 
are equipped with flow measuring flumes, recording rain gages and soil moisture measuring elements, and 
they are maintained and operated by the Southwest Watershed Research Center, Agricultural Research 
Service, USDA. 

Rainfall and runoff data from one of these watersheds were used in this paper. The data were re
corded in the rainy season of July-September 1975, in a watershed identified as Santa Rita Watershed 
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126 



No. 1 {USDA No. 76.001). The watershed covers an area of 4.02 acres (175,000 square feet). It has a 
roughly rectangular shape approximately llOO feet long and 160 feet wide (Fig. 1). A well defined main 
channel extends through the lower half of the watershed over a length of 510 feet and ends in a head 
cut. A number of secondary channels drain the lower half (drainage density 0.012 ft/ft 2 ) but the upper 
half has no well defined channels in it. The slope of the main channel in the lower half is 3.6%. The 
average land slope in the lower half is 8.1% and 5.2% on the right bank and on the left bank of the main 
channel respectively. The average land slope in the upper half of the watershed is 3.4%. 

The 1975 rainy season produced a total number of 10 runoff events on watershed 76.001 during the 
period of July to September. The first two, on July 7 and 10, occurred before the installation of the 
equipment and went unrecorded. The remaining events were recorded and they are listed in Table 1. For 
the purpose of this paper a storm event has been defined as one in which a distinct peak is produced. 
In two cases (August 12 and September 1) double peaked hydrographs were observed. Conforming to the 
definition adopted, each of these was separated into two single peaked hydrographs and was listed 
separately in Table 1. The number of storm events thus available for the present study is 10 as listed 
in the table. 

Total Rainfall Runoff Rainfall Excess Hydrograph 

!Storm Date Duration Depth Max Volume Peak • Duration Max 
lntensi tv Flow Index Intensity 

No. 
(min) (in) (in/hr) (in) (in/hr) (in/hr) (min) (in/hr) 

1 7 .12. 75 32 0. 73 4.8 0.169 1.15 2.34 8 2.46 

2 7.24.75 63 0.34 1.6 0.006 0.04 1.48 3 0.12 

3 7.27.75 12 0.23 2.1 0.018 0.18 l. 55 2 0.54 

4 8.8. 75 37 0.51 4.0 0.075 0.72 2.50 3 1.50 

5 8.12. 75 } } 0.87 
3.3 0.069 0.59 1.67 4 1.63 

45 
6 8.12. 75 4.5 0.202 1.12 l. 39 9 3.15 

7 9. l. 75 
}154 } 0.66 

1.2 0.018 0.10 0.85 3 0.35 

8 9. l. 75 0.8 0.007 0.04 0.66 3 0.14 

9 9.13. 75 13 0.24 2.1 0.039 0.32 1.52 4 0. 57 

10 9.13. 75 22 0.14 1.5 0.019 0. ll 0.97 5 0. 53 

Table 1. Rainfall and runoff data for the ten storms used. 

Rainfall excess was obtained from the total rainfall hyetograph by a simple ~-index procedure. 
The values of the ~-index required to satisfy the equality of volumes of input and output are listed in 
Table 1 for each storm event. Also listed are the duration and maximum intensity of rainfall excesses 
as obtained by the above separation method. Time discrepancies between the start of the rainfall excess 
hyetograph and the start of the runoff hydrograph were attributed to clock errors and were disregarded. 
An example of the raw rainfall and runoff data is shown in Fig. 2. The event shown in storm No. 10 
which is a medium sized storm for the range of storms obtained in the 1975 rainy season. 

THE DOUBLE TRIANGLE UNIT HYDROGRAPH 

The double triangle unit hydrograph adopted for the present study may be considered to be an exten
sion of the simple triangular unit hydrograph. It is obtained by assuming the watershed response to be 
composed of two parts, each represented by a triangular hydrograph. The first part is a fast response 
with a high peak and short time base and the second a slow response having a low peak and a longer time 
base. The latter may be assumed to start either at the same time the fast response starts (Fig. 3a), or 
alternatively, at the time corresponding to the peak of the fast response (Fig. 3b). The result obtained 
in either case by adding the ordinates of the individual hydrograph (Fig. 3c) is a three line polygon, 
the shape of which depends on the relative proportions of the two hydrographs added. 

The use of a double triangle as a model for unit hydrographs of small watersheds has been proposed 
by Ardis (1972, 1973). Detailed results obtained with this model on a number of watershed are presented 
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Fig. 3 -- The double triangle unit hydrograph. 

in a report published by T.V.A. (1973). The use of a single triangle unit hydrograph has been proposed 
by the S.C.S. (1957). Examples of such use for agricultural watersheds are given by Ogronsky and Mokus 
(1964) and for urban watersheds by Jens and McPherson (1964). A design procedure for estimating the 
parameters of a triangular unit hydrograph is given in a recent paper by Reich and wolf {1973). 

The shape of the double triangle unit hydrograph is specified by four parameters. A fifth param
eter needed for a complete description is obtained from the other four by the condition that the hydro
graph enclose a unit area. The five parameters, shown in Fig. 3c, are the time to peak Tp, the recession 
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time TR• the peak ordinate Up• the ratio a between the ordinate at break point on the recession and the 
peak ordinate, and the ratio s between the time from the peak to the break point and the total recession 
time. The four independent parameters adopted herein were Tp, TR• a and s. Using the condition of unit 
area the fifth parameter Up is given by 

(l) 

The condition for the recession 1 inb to be concave is given by 

(2) 

The ordinates of the unit hydrograph for times other than the break points are obtained from the 
break point ordinates by simple linear interpolations. In the present study the unit hydrograph was 
taken to be the hydrograph due to a rainfall excess of 1-minute duration. The runoff hydrograph ordi
nates.Q(tl were obtained from the unit hydrograph U(t) and rainfall excess R(t) by a numerical con~ 
volut1on procedure 

{3) 

RESULTS OF ANALYSIS 

The optimal set of parameter values for each storm event was obtained by a simple search technique 
covering specified ranges of possible values for each parameter. These ranges were determined by in
specting the set of data and noting the characteristics of the observed runoff hydrographs and rainfall 
excess hyetographs. The search procedure adopted consisted of computing the runoff hydrograph cor
responding to a given set of parameter values and comparing the computed hydrograph to the observed 
hydrograph. The result of the search produced the set of parameters va 1 ues that gave the best agreement 
between the two hydrographs in terms of some objective function. Three such functions were used, the 
sum of squared deviations, the sum of absolute deviations, and the absolute difference in the values of 
the peaks of the two runoff hydrographs. 

Each of these objective functions produced a different set of unit hydrographs for the ten storms 
studied. The unit hydrograph parameters obtained using the sum of absolute deviations.as an objective 
function are listed in Table 2. Using the sum of squared deviations as an objective function produced 
identical results for six of the storms and for three other storms only the value of one of the param
eters was different. The mean values of the parameters for the two objective functions were practically 
the same. Consequently, only the one set in Table 2 is presented herein. The individual results ob
tained by the third objective function, absolute peak differences, are also not presented to conserve 
space, but in Fig. 4, the mean unit hydrograph for this case is compared with the mean unit hydrograph 
of Table 2. The mean hydrograph was taken to be one for which the parameters have the mean values of 
the parameters for individual storms. As expected the mean unit hydrograph obtained by matching the 
peaks of observed and computed runoff hydrographs (Fig. 4b) has a shorter time base, a shorter time to 
break point and a higher peak. The individual unit hydrographs for each of the 10 storms are shown for 
comparison in Fig. 5. These are the hydrographs whose parameters are listed in Table 2. 

The deviations obtained by using the individual unit hydrographs as well as deviations obtained by 
using the mean unit hydrograph are presented in Table 2. Listed in the table are the mean of the absolute 
deviations, the square root of the mean of squared deviations (RMS), the largest absolute deviation, and 
the absolute value of the difference between peaks of the computed and observed runoff hydrograph. The 
values are listed in this order both for runoff hydrographs computed using individual unit hydrographs 
for each storm and for hydrographs computed with the mean unit hydrograph (Fig. 4a), the parameters of 
which are given at the bottom of Table 2. 

The deviations derived from the mean unit hydrograph are of co~rse higher than those obtained by 
convoluting the individual unit hydrograph with the rainfall excess for each storm. The ratios of the 
mean deviations for the two cases vary between 1.2 and 2.2 with a mean value of 1.6. The two sets of 
deviations show however, similar characteristics. Thus the ratios of the RMS deviations to the mean 
deviations are consistently between 1.4 and 2.1 (mean 1.7) and the ratios of maximum deviations to mean 
deviations is between 5 and 10 with a mean value of 6.8. 

Comparisons between some observed runoff hydrographs and computed hydrographs are shown in Figs. 6 
and 7. The curves shown are for a large and a medium runoff event. In each case the observed hydro
graph is compared to two computed hydrographs. One was obtained by convoluting the rainfall excess with 
the individual unit hydrograph for that storm (Fig. 5). The second runoff hydrograph was obtained using 
the mean unit hydrograph as defined above (Fig. 4a). Further comparison between observed and computed 
runoff hydrographs is given in Table 3. 

A numerical measure adopted to describe the goodness of fit is the relative accuracy. This is 
defined as the mean of the absolute deviations expressed as a percentage of the observed peak flow of 
the runoff hydrograph. It was found that the relative accuracy obtained with a given method of computa
tion was about the same for all storms. The percentage relative accuracy for runoff hydrographs computed 
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Unit Hydrograph Parameters Indi vi dua 1 Unit Hydrographs Mean Unit Hydrograph 

Tp TR uP 
Mean RMS Max Peak Mean RMS Max Peak 

Stonn Dev. Dev. Dev. Diff. Dev. Dev. Dev. Diff. 
No. " a (m1n) (min) (1/min) (in/hr) (in/hr) (in/hr) (in/hr) (in/hr) (in/hr) (in/hr) (in/hr) 

1 0.05 0.40 3 28 0.128 0.032 0.065 0.314 0.156 0.071 0.126 0.482 0.281 

2 0.05 0.15 6 44 0.135 0.002 0.003 0.014 0.003 0.003 0.005 0.018 0.010 

3 0.05 0.15 7 44 0.127 0.006 0.011 0.048 0.048 0.009 0.016 0.074 0.062 

4 0.05 0.15 7 36 0.141 0.025 0.052 0.193 0.149 0.038 0.075 0.316 0.264 

5 0.05 0.15 6 44 0.135 0.020 0.032 0.113 0.097 0.029 0.052 0.182 0.179 

6 0.05 0.30 7 32 0.101 0.028 0.045 0.182 0.141 0.048 0.078 0.234 0.068 
~ 

7 0.05 0.30 7 44 0.089 0.004 0.007 0.033 0.013 0.007 0.010 0.038 0.005 

8 0.05 0.30 7 40 0.095 0.002 0.003 0.011 0.003 0.003 0.005 0.015 0.002 

9 0.05 0.20 5 44 0.125 0.017 0.032 0.139 0.063 0.020 0.039 0.154 0.089 

10 0.10 0.35 5 44 0.081 0.005 0.009 0.040 0.023 0.008 0.012 0.046 0.007 

Mean 0.06( 0.245 6.0 40.0 0.110 

_L...__ --- L---.. -----

Table 2. Unit hydrograph parameters and deviat'ions obtained using these unit hydrographs. 
Based on sum of absolute deviations objective function. 



Storm 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

(A) 

20 30 40 50 
TIME (MINUTES) 

::> 0.15 

30 

(MINUTES) 

Fig. 4 -- Mean optimal unit hydrographs: (A) based on minimum sum 
of absolute deviations, (B) based on minimum magnitude 
of peak difference. 

Observed Hydrograph Optimal Hydrograph Mean Hydrograph 

Peak Time to Time Peak Time to Time Peak Time to 
Flow Peak Base Flow Peak Base Flow Peak 

(in/hr) (min) (min) (in/hr) (min) (min) (in/hr) (min) 

1.150 7 47 0.999 8 55 0.869 10 

0.045 8 22 0.044 7 48 0.035 7 

0.177 8 27 0.136 7 48 0.115 7 

0. 715 9 39 0.566 8 45 0.451 7 

0.592 8 38 0.495 8 53 0.413 9 

1.124 15 65 0.983 14 47 1.055 13 

0.101 6 30 0.092 8 52 0.106 7 

0.041 8 23 0.038 8 49 0.043 7 

0.315 6 35 0.252 7 52 0. 226 8 

0.110 6 36 0.096 6 53 0.118 7 

Time 
Base 
(min) 

53 

48 

47 

48 

49 

54 

48 

48 

49 

50 

Table 3. Comparison of characteristics of observed and computed runoff hydrographs. 
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10 

Fig. 5.-- Individual optimal unit hydrographs for the ten storms. 
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with individual unit hydrographs varied from 2.51 for storm No. 6 to 5.4% for storm No. 9 with a mean 
value for all storms of 3.8%. The corresponding values for runoff hydrographs reconstructed by the 
mean unit hydrograph were 3.9% for storm No. 6, 7.3% for storm No. 10, and the mean value for all storms 
was 6.0%. 

THE SINGLE TRIANGLE UNIT HYDROGRAPH 

The single triangle unit hydrograph is a special case of the more general unit hydrograph described 
above obtained when a+ a = 1.0. It is specified by two independent parameters, the time to peak Tp 
and the recession time TR. The third parameter which is the peak ordinate of the hydrograph Up is 
derived from the first two parameters by 

(4) 

Using the same approach to the selection of optimal parameters, single triangle unit hydrographs 
were also derived for each of the ten storms described above. The values of the parameters and the 
deviations obtained using the single triangle unit hydrographs are summarized in Table 4. 

Unit HYdrograph Parameters Mean RMS Max Peak 

Tp TR uP Dev. Dev. Dev. Diff. 
Storm 

(in/hr) (in/hr) No. (min) (min) (1/min) (in/hr) (in/hr) 

1 1 15 0.125 0.050 0. ll2 0.594 0.130 

2 4 12 0.125 0.003 0.005 0.012 0.005 

3 6 9 0.133 O.Oll 0.017 0.055 0.038 

4 7 6 0.154 0.033 0.055 0.195 0.095 

5 5 9 0.143 0.036 0.051 0.161 0.063 

6 6 18 0.083 0.048 0.075 0.308 0.251 

7 6 15 0.095 0.004 0.008 0.033 0.007 

8 6 15 0.095 0.003 0.004 0.013 0.003 

9 3 15 O.lll 0.031 0.049 0.183 0.083 

10 4 18 0.091 0.008 0.013 0.058 0.012 

Table 4. Unit hydrograph parameters and deviations for computed and observed 
runoff hydrograph using a single triangle unit hydrograph. 

As expected the agreement between the observed runoff hydrographs and those computed was not as 
good in this case as it was with the double triangle unit hydrographs. In terms of the relative 
accuracy defined above, values obtained with individual unit hydrographs varied from 4.1% for storm No. 7 
to 9.7% for storm No. 10. The meao relative accuracy for all ten storms was 6.1%, which is about 1.6 
times the corresponding value (3.8%) obtained with individual unit hydrographs having a double triangle 
shape. 

Using one mean unit hydrograph for all ten storms gave results that were again poorer in comparison 
to those obtained with a mean double triangle unit hydrograph. The relative accuracy for this case 
varied from 6.2% for storm No. 6 to 14.2% for storm No. 8 with a mean relative accuracy of 9.3% which 
is about 1.5 times the value (6.0%) for the mean double triangle unit hydrograph. 

CONCLUSIONS 

The use of the double triangle unit hydrograph for describing rainfall-runoff relations for a small 
semiarid watershed has produced reasonable to good agreement between observed and computed runoff hydro
graphs. The mean relative absolute deviation between the two hydrographs was 3.8% when the computed 
hydrograph was based on individual unit hydrographs and 6.0% when it was derived from a mean unit hydro
graph. 
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Fig. 6 -- Observed and computed runoff hydrographs for storm of Aug. 12, 1975 (No. 6). 

5 

/ / Computed, Using 
(, \~ Mean Unit Hydrogroph 

_..\---- Observed Hydrogroph 

\ 
\ 
\ 
\ V Computed, Using 

'-.: ~ Individual Unit Hydrogroph 

10 

' \_\ . 
\ 
\ 
\ 
\ 

15 

,_ 
20 25 

TIME (MINUTES) 

STORM 10 
9•13•75 

40 

Ffg. 7 -- Observed and computed runoff hydrographs for storm of Sept. 13, 1975 (No. 10). 
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The double triangle unit hydrograph offers an improvement over the single triangle unit hydrograph. 
The ratio of the mean relative deviations obtained in the two cases was between 1.5 and 1.6. The larger 
number of parameters for the double triangle, 4 instead of 2 for the single triangle, does not cause 
any difficulties. The search technique adopted for the evaluation of the optimal parameters is just as 
simple for 4 parameters as it is for 2 and the numerical convolution program is exactly the same except 
for the initial computation of the unit hydrograph ordinates. 

The changes in the shape of individual unit hydrographs from storm to storm appear to be uncor
related to storm characteristics. It is probable that antecedent soil moisture conditions influenced 
the results but information about these conditions was not available. Another possibility is that the 
area contributing to runoff varied but again quantitative information about the extent of contributing 
area for individual storms was not available. The effect of parttal area contribution forms the subject 
of another study. 

The use of the mean unit hydrograph appears to give a reasonable approximation to the storms studied. 
In the absence of specific information about the factors that influence the individual unit hydrograph 
the mean double triangle unit hydrograph is probably the most appropriate unit hydrograph available for 
predicting runoff hydrographs due to specified excess rainfall hyetographs. 
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SIMULATION OF PARTIAl AREA RESPONSE 

FROM A SMALL SEMIARID WATERSHED l/ 

Leonard J. Lane and Delmer E. Wallace Y 

INTRODUCTION 

The research reported here is an attempt to improve understanding of how geomorphic features of 
small semiarid watersheds affect their hydrologic performance. The surface topography and channel char
acteristics of watersheds of interest have been formed by surface runoff-erosion processes. Therefore, 
th.e intention is to select models where geomorphic features have a high correspondence with similar fea
tures in the real watershed. Thus, it may be possible to infer that hydrologic significance of these 
features in the model suggest similar relations for the real watershed. 

PARTIAL AREA RESPONSE 

Partial area response is a watershed response when only a portion of the total watershed area is 
contributing runoff at the outlet or point of interest. This concept is included in a broader one-
that of spatial variability of rainfall, infiltration, and thus rainfall exces·s. In this paper the term 
partial area response will be used to describe the hydrologic phenomena resulting from the ensemble of 
spatial variabilities, as reflected in the runoff hydrograph at the watershed outlet. 

While the partial area concept evolved in consideration of regions more humid than those studied 
here (Hewlett, 1961; Dunne and Black, 1970; Patten, 1975; and others), Arteaga and Rantz (1971) success-

fully applied the theory to a small (0.50 mi 2) semiarid watershed in Arizona. Their analysis on the 
Queen Creek Tributary involved relating an average loss rate, t

60
, to an average runoff-producing rain-

fall rate, P
60 

(both terms in inches per hour). The resulting regression equation, based on 11 events 

with total rainfall varying from 0.46 to 2.07 in., is. 

{

P60 , P60 ~ 0.77 in/hr 

= 0.20 + 0.74P
60

, P
60 

> 0.77 in/hr. 

Solving for the average runoff rate in inches per hour, R60 , results in 

which can be written as 

{

0 • p60 ~ 
R60 = 

0.26P60 - 0.20, P60 > 0.77 in/hr, 

0.77 in/hr 

{

0, P60 ~ 0.77 in/hr 

Rso = 

0.26(P60 - 0.77), P60 > 0.77 in/hr. 

{1) 

(2) 

(3) 

Eq. 3 was interpreted ("simplistically" in their terms) as indicating 1.00- 0.26 = 0.74 as the propor
tion of the total area not contributing runoff, and that the remaining 26% of the area has an average 
loss rate or <!>-index of 0.77 in/hr. Eq. 1 can be interpreted as representing the change in average loss 
rate with increasing rainfall intensity. Since it takes an increase in rainfall intensity to bring the 
"higher infiltration" zones into runoff production activity, the resulting average loss rate increases. 
This relation would hold (not necessarily linearly) until tlv ·-·te of change of contributing area with 
increasing intensity approaches zero. For additional disc 'f this relation see Wallace and Lane 
(1976). 

1. Contribution of the United States Department of Agriculture, Agricultural Research Service, 
Western Region. 

2. The authors are Research Hydrologist and Geologist, respectively, Southwest Watershed Research 
Center, 442 East Seventh Street, Tucson, Arizona 85705. 
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Arteaga and Rantz (1971) noted that the contributing area was probably not constant but related to 
a storm index, 

where SI =storm index (in), 
\=antecedent rainfall (in), and 
S = total storm rainfall (in). 

SI 
\ + (\ + S) 

2 = Am + S/2, (4) 

Their reasoning for defining SI by Eq. 4 is that the contributing area increases during a storm depend
ent upon antecedent and current rainfall and that the average contributing area would be related to the 
average rainfall at the beginning (\) and at the end (\ + S) of the rainfall event. They did not 
clarify how long before an event antecedent rainfall was summed to obtain\.· In addition,\ undoubt
edly is not independent of the timing before the day in question. A function fitting the midrange of 
their data is: 0 64 a = 0.36 (SI) · , (5) 
where a is the proportion, 0 ~a ~ 1.0, of total watershed area contributing, averaged over the storm 
period. 

Therefore, the partial area concept may be valid for small semiarid watersheds. Experimental data 
are used to derive equations similar to Eqs. 3 and 5 on a different Arizona watershed. However, before 
this is done it is necessary to describe the procedures and data used. 

In representing watershed topography in a mathematical model, each interchannel (including upland) 
area is modeled as a plane or a series (cascade) of planes in a logical flow sequence. The equation 
and, thus, the slope of each plane is derived by least squares fitting using x, y, z-coordinate data 
from topographic maps. Hobson (1967) used this approach in topographic analysis of land surfaces. The 
reasoning here is that deviations of watershed elevations from the best fit plane can be analyzed to 
characterize the goodness-of-fit of the least squares plane to the watershed surface. A topographic map 
defines a watershed perimeter and channel network. Each point on the perimeter and within the watershed 
is defined by its coordinates {x, y, z). To each z. value on the watershed, there is a corresponding 
estimated value 1 

(6) 

where xi, y i = the corresponding horizontal coordinates, 
b1, b2, b3 = coefficients of the least squares plane, and 

zi = an estimated elevation value corresponding to zi. 

A deviation of the plane from the surface is then zi.- zi. If i is the arithmetic mean of the observed 
elevation data, then a geometric goodness-of-fit statistic, Rp2, was defined as: 

n A 2 n -zi E (zi - Zi) - E (zi 

R 2 = i=l i=l (7) 
p n 

- Z)2 E (zi 
i=l 

and represents the relative improvement by fitting the plane over using the mean elevation (Lane, 1975; 
Lane, Woolhiser, and Yevjevich, 1975). This statistic can be used to decide when an irregular naturul 
surface can be modeled as a plane for overland flow simulation. Also, it can be used to decide how 
many planes in cascade are necessary to model an irregular-slope. Thus, an objective statistical tool 
is available to decide when a geometric simplification is sufficiently accurate in modeling overland 
flow. 

Gray (1961) defined slope of the main stream, Sc, as the slope of the hypotenuse of a right tri
angle with the same base length and the same area as that under the observed stream profile. However, 
Gray defined the length of the main stream, Lc, as the length of the main stream extended to the water-
shed divide. This definition required modification for the watersheds with extensive upland areas. 
Therefore, throughout this study, length of the main channel, Lc, will refer to the actual-unextended 
channel length, e.g., the length of channel to the last definable stream on an aerial photograph. 
Watershed length, Lb, will always exceed the length of the main channel. Total relief of the main chan-
nel is He, and the altitude of the equivalent area right triangle is h. With these definitions, the 
index of concavity, Ic, is 

(8) 
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as a measure of the overall stream concavity. A valae of Ic less than one would indicate an overall 
concave profile, and a value of Ic greater than one would indicate an overall convex profile. Finally, 
the index of concavity is proposed as an individual channel goodness-of-fit statistic measuring how well 
the channel slope is represented by a straight line. 

Drainage density (the total length of all identifiable stream channels divided by the watershed 
area) is an overall measure of the entire drainage system in a watershed. Since drainage density gives 
the length of channels per unit area, it is a measure of drainage efficiency, but also, the mean length 
of overland flow is approximately equal to one over twice the drainage density (Horton, 1932). Denote 
Dd as the drainage density in the watershed (prototype) and dd as the drainage density in the model 
(cascade of planes and channels). The ratio Id = dd/Dd is the drainage density ratio and is a measure 
of how well the channel network is modeled with respect to total length. 

From a topographic map a watershed perimeter, its channel network, and the interchannel areas of 
overland flow can be identified. Goodness-of-fit statistics are proposed for fitting a cascade of 
planes and channels to watershed coordinate data. The geometric goodness-of-fit statistic is a measure 
of how well a set of planes fits the designated zones of overland flow. The index of concavity is a 
measure of how well an individual channel is represented by a uniform slope. The drainage density ratio 
is an overall measure of how well the entire channel network is represented in the mathematical model. 

In kinematic wave theory, the momentum equation is approximated by maintaining only those terms 
expressing bottom slope and friction slope. The resulting simplified depth-discharge equation is: 

Q = ahn, (9) 

where Q local discharge, 

local flow depth, 

a= coefficient incorporating the slope and roughness, and 

n = exponent reflecting the assumed velocity-depth relation and the assumed flow. ·type -
laminar or turbulent. 

The continuity equation is: 

.1...!!. + til!h1. = q (x t) at ax • • 

where h local flow depth, 

u = local velocity, 

x =distance in direction of flow, 

t = time, and 

q = lateral inflow rate. 

(10) 

Eqs. 9 and 10 are the kinematic Wive equations (Henderson and Wooding, 1964; Wooding, 1965a, b, and 
1966). The kinematic cascade model involves applying Eqs. 9 and 10 to the cascade of planes and chan
nels (Kibler and Woolhiser, 1970). The basic simulation program used here is a finite difference pro
gram for the kinematic cascade --where open channel flow is always turbulent and the Chezy roughness 
relationship is assumed to apply. Overland flow begins as laminar flow and then there is a transition 
to turbulent flow if a transitional Reynolds number, Rc, is reached. 

The Darcy-Weisbach friction factor, f, for laminar flow is: 

f = K/Rc' 

where K = resistance coefficient, 

Ri: Reyno 1 ds number, and 

f friction factor. 

For turbulent flow and the Chezy relationship: 

f = Bg;c2 , 

where g = gravity constant, and 

C = Chezy coefficient. 
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The coefficient in Eq. 9 for laminar flow is: 

" = BgS/Kv 

where a= coefficient, 

S = slope, and 

v =kinematic viscosity, and the other variables are as described above. 

For turbulent flow, the coefficient is: 

a= c~ 

(13) 

(14) 

If there is a transition from laminar to turbulent flow, and the friction factor at the transition 
satisfies Eq. ll and 12, then it must be that: 

~ 
C = -K-

(15) 

The variables are as defined previously. Therefore, K is a resistance coefficient for laminar flow on a 
plane; given K and Rc, then the turbulent roughness coefficient for overland flow is determined by Eq. 

15. Chezy Cis the roughness coefficient for turbulent open channel flow. The exponent n in Eq. 9 is 
3.0 for laminar flow and 1.5 for turbulent flow. 

Values for Chezy C for open channel flow can be obtained directly from handbooks or from values of 
Manning's n (Barnes, 1967) as in: 

1 .5 R116 
C=--

n 

where R is hydraulic radius. 

Data for laminar flow over natural surfaces were presented by Woolhiser (1974). These same data 
were presented graphically by Lane (1975). Roughness coefficients from tables in handbooks or from 
graphs will be called "tabular roughness coefficients" to distinguish them from optimized coefficients 
obtai ned from runoff data. 

Each observed hydrograph consists of m ordinates or discharge values and the associated times 
(ti' qi) fori = 1, 2, ... m. The simulated or computed hydrograp~ from the finite difference program 

consists of m computed ordinates at the corresponding times (t., q.). For any particular time, t., the 
"' 1 1 1 

error in discharge or runoff rate is qi- qi. If q is the mean discharge of the observed data, then a 

hydrograph goodness-of-fit statistic is Rq 2 • where, 

R 2 
q 

m 2 m A 2 E (q. -q) -E (q. -q.) 
i=l 1 i=l 1 1 

m 2 
E (qi - q ) 

i=l 

(17) 

is the relative improvement by fitting (optimizing) the computed hydrograph over using the mean dis
charge. This is the basic goodness-of-fit statistic measuring how well the computed hydrograph matches 
the observed hydrograph. With Rq a maximum for any given kinematic cascade, the corresponding model 

parameter values are the optimal values and the best fit hydrograph is the optimal hydrograph. 

The modeling procedure is summarized in Fig. 1. The left portion of this figure deals with the 
topographic analyses described above, and the right portion deals with the hydrologic analysis via the 
kinematic cascade program. Topographic data are used to derive the geometry of planes and channels and 

2 the associated goodness-of-fit statistics: RP , Ic' and Id. 

Observed hydrologic data are used to estimate rainfall excess and to compare with the simulated 
hydrographs in optimization. Results of the hydrologic analysis are the optimum kinematic cascade model 

parameters and the hydrograph goodness-of-fit statistic (Rq 2). 

EXPERIMENTAL DATA 

The Santa Rita Experimental Range is administered by the USDA Forest Service, Rocky Mountain For
est and Range Experiment Station in Tucson, Arizona. The Santa Rita Range is located 30 mi south of 
Tucson on a broad plain dissected by many shallow ephemeral streams (Martin and Cable, 1975). Average 
annual rainfall varies from about 10 to near 20 in, depending upon elevation (Martin and Reynolds, 
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1973). Recently, eight small watersheds were selected for intensive hydrologic study in conjunction 
with a study of herbaceous vegetation (Martin, Morton, and Renard, 1974). Of these eight watersheds, 
five were instrumented in time for the 1975 season and the remaining ones will be operating by summer, 
1976. In 1 i ne with the Agri cu ltura 1 Research Service (ARS) nat i ana 1 numbering system, the Santa Rita 
area is designated location 76. Thus, watershed 1 is numbered 76.001. 

Green and Sellers (1964) provide a climatic summary for this area and a source for pictures, de
scriptions, and a history of the region is The Changing Mile by Hastings and Turner (1965). 

Watershed 76.001 is a 4.02-acre watershed, which is long and narrow with a width-length ratio of 
0.22. The lower one-half of the area has well-defined drainage, but the upper half does not. 

During the summer of 1975, 10 rainfall-runoff events were observed and runoff hydrographs obtained 
for 8 events (Table 1). Two events resulted in multiple peaks hydrographs each of which could be separ
ated into two hydrographs. The first two of the 10 events were not recorded because flume installation 
was not completed in time to measure the runoff for these dates. Since there were no large events, 
(column 3, of Table 1) these events represent the rather high-frequency events and not the larger low
frequency events. Rainfall excess was estimated using a simple ¢-index (which will be explained later). 
Rates and volumes of runoff were calculated assuming the entire watershed area is contributing runoff 
uniformly. 
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Table 1 RAINFALL DEPTH-DURATION DATA AND AVERAGE LOSS RATE 
FOR 1975 DAlA ON WATERSHED 76.001 

Runoff Rainfall Data 5-day 
Event Date of Total Total Duration of Average Rate f-indexft Antecedent Storm Proportion 
No. Event Depth Duration Runoff During Runoff {in/hr) Moisture Index of Area 

p D Producing Producing Index SI C0ntributing 
{in) {min) Rainfall Rainfall .A,n {in) ' Runoff 

Dl/ I {in) a 
p p From Eq. 21 

(1) (2) (3) (4) 
(min) 
(5) 

(in/hr) 
(6) (7) (8) (9) tio> 

07/12/75 0.73 32 8 3.60 2.33 0.14 0.50 0.40 

2 07/24/75 0.34 63 3 1.60 1.4!! 0.04 0.21 0.22 

3 07/27/75 0.23 12 2 2.10 1.56 0.06 0.18 0.21 

4 08/08/75 0.51 37 3 4.00 2.56 0.00 0.26 0.26 

5 08/12/75 1.00 83 15 2.60 1.50 0.18 0.68 0.48 

6 09/01/75 0.66 154 6 1.00 0.75 0.05 0.38 0.33 

09/13/75a 0.24 13 4 2.10 1.53 0.04 0.16 0.19 

8 09/13/75b 0.14 22 5 1.20 0.97 0.28 0.35 0.31 

1J Time for which rainfall intensity exceeds the +-index. 

f! Average loss rate {._index) calculated for the entire watershed area. 

ANALYSIS AND RESULTS 

PERCENT CONTRIBUTING AREA FROM AVERAGE LOSS RATE 

Values of the $-index to match observed runoff volumes were computed for each of the eight storms 
on Watershed 76.001 in Table 1 . Runoff-producing rainfall is defined as occurring when rainfall in
tensity, I, exceeds the $-index (Table 1). For the 8 storms on Watershed 76.001, the equation corres
ponding to Eq. 1 is 

{

I, 

$ -

0.55Ip + 0.34, 

~0. 76 i n/hr 

{18) 

Ip > .76 in/hr, 

and the equation corresponding to Eq. 3 is 

{

0, 

q -

0.45{!- 0.76), I> 0.76 in/hr. 

~0.76 in/hr 

{19) 

About 45% of the watershed was contributing, and the average $-index for the contributing area is 0.76 
in/hr {Fig. 2). These values agree with results from the Queen Creek Watershed. Also, it seems reas
onable to assume that a relatively larger percent of the total area would be contributing on the small 
4.02 acre Santa Rita watershed {45 vs. 26% for Queen Creek). 

Antecedent precipitation index \• is computed for the previous 5 days as 

m=5 . 
\ = E P.{l/2)

1 

i=O 1 

where Pi= depth of rainfall on i'th previous day, {in), 

number of days previous, and 

\ = antecedent moisture index {:in). 
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Figure 2. Average loss rate, $-index, vs. average intensity of 
runoff producing rainfall, Ip, watershed 76.001. 

Values of~ and the storm index, from Eq. 4, are shown in columns 8 and 9 of Table 1. 

The coefficient in Eq. 19 for Watershed 76.001 is 0.45 while the coefficient in Eq. 3 for the Queen 
Creek watershed is 0.26. For this reason, it would seem reasonable to assume the coefficient (0.36) in 
Eq. 5 will also be different for the smaller (4.02 acre) Watershed 76.001. Therefore, the coefficient 
in Eq. 5 is multiplied by the ratio 0.45/0.26 to produce: 

a= 0.62 (SI) 0 ·64 (21) 

as a simplified equation for the proportion of the total watershed area contributing runoff, a. Values 
of a for the eight storms on this watershed during 1975 are in column 10 of Table 1. The mean of these 
values is 0.30 as compared with the coefficient of 0.45 in Eq. 19. Thus, Eq. 21 yields a mean value of 
the proportion of the a rea contributing which is 50% 1 ess than suggested by Eq. 19. The reasons for 
this discrepancy are not immediately clear. One possible reason might be that the 1975 data do not con
tain any large events where total rainfall exceeded 1.00 in. One possible solution might be via the 
runoff simulation program. 

RAINFALL-RUNOFF SIMULATION USING PARTIAL AREA-KINEMATIC CASCADE MODELS 

Rainfall excess is estimated using the $-index. With this method, infiltration is constant in time 
and varies in space through partial area analysis as described earlier. The result will be a prelim
inary estimate of contributing area. Later analysis will examine similar results with improved rainfall 
excess estimates to assess the influence of rainfall excess variability. 

A simplified model of Watershed 76.001 consists of a cascade of four .planes and a single channel. 
Each of the four watershed subzones is modeled as a plane, and the channel network is modeled by a 
single channel representing the prototype main channel (Geometry 2B, Fig. 3). This figure also shows 
the proportion of contributing area for successively more of the watershed area contributing flow at the 
outlet. The kinematic cascade description parameters are summarized in Table 2. The total length of 
the watershed is Lb = 1080 ft. Thus, the main channel extends approximately one-half the distance up 
the watershed. The topographic or geometric goodness-of-fit statistics for this example are also shown 
in Table 2. 

Data for two events on 7/12/75 and 8/8/75 (Table 1) are shown in Figs. 4 and 5. These graphs show 
the observed and simulated hydrographs for the entire area and for 50% of the area contributing. For 
the event on 7/12/75 the hydrograph goodness-of-fit statistic is R 2 = 0.96 for the entire area and 

Rq 2 = 0.93 for the partial area response. Corresponding values ar~ 0.54 and 0.88 for the event on 
8/8/75. In the first event, both simulated hydrographs match the observed hydrograph, but in the sec
ond example the partial area response is a closer fit to the observed hydrograph. These two examples 
are indicative of the results for the 1975 data. For the entire area response, the mean 
R 2 for the eight storms listed in Table 1 is 0.56 and the ratio of mean fitted to mean observed peak 
discharge is 0.84. The corresponding Rq2 is 0.81, and the ratio of peak discharges is 1.02 for the 50% 
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Figure 3. 

RUOFF AT THE WATERSHED OUTLET 

Relation between number of planes and proportion of watershed 
area contributing runoff. 

Table 2. Characteristics of tne Simplified Kinematic Cascade Model 
of Watershed 76.001, Geometry 28 

Elenent in Area 
Cascade (ft2 x10') 

Plane 40.9 

Plane 2 46.5 

Plane 3 28.0 

Plane 4 59.6 

Channel 5 

Goodness-of-Fit Statistic 

R z 
p 

Ic 

Length 
(ft) 

341. 

230. 

55. 

117. 

509. 

Width 
Jft) 

120. 

202. 

509. 

509. 
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Slope Comments 

.034 Uplane zone 

.034 Receives flow from 
Plane 1. Contributes 
flow to upstream 
boundary of main 
channel 

• 081 Lateral inflow to 
rna in channe 1 

.051 Lateral inflow to 
main channel 

.036 Main channel ends at 
head cut in mid-
watershed 

Value for Geometry 28 

0.97 

0.82 

0.31 
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partial area response. 

Finally, infiltrometer data from eight plots, two in each zone, suggest a variation in infiltration 
rates on the order of ratio of 1:2 with zone 2 having the highest infiltration (lowest runoff) and zone 
4 having the lowest infiltration (highest runoff). At present, the infiltrometer data can only be given 
a qualitative interpretation. However, they do support the hypothesis of partial area contribution. 

SUMMARY AND OBSERVATIONS 

The research reported here is an attempt to improve understanding of how geomorphic features affect 
hydrologic response, particularly partial area response, on semiarid watersheds. Results from a small 
watershed in central Arizona relating average percent contributing area with average loss rate suggested 
a similar relation on the smaller Santa Rita Watershed. This similarity was confirmed by analysis of 
eight small runoff events. 

Geomorphic features (and the resulting goodness-of-fit statistics) are used to divide the watershed 
into subareas homogeneous with respect to their features and hydrologic response .. The kinematic cascade 
model is used to simulate partial area response. The results from these analyses also suggest a partial 
rather than entire area response for the 1975 runoff data analyzed. 

ACKNOWLEDGMENTS 

We are pleased to acknowledge the cooperation of S. Clark Martin of the Rocky Mountain Forest and 
Range Experiment Station, U. S. Forest Service. 

We thank M. H. Diskin and S. Nnaji of the University of Arizona for their help and suggestions. 

We thank the staff of the Southwest Watershed Research Center, particularly R. M. Dixon, J. R. 
Simanton, and R. E. Wilson for their excellent help and suggestions. 

Finally, the idea to conduct "partial area analysis" on this watershed came to us after reading a 
manuscript by W. M. Snyder of the Southeast Watershed Research Center, Athens, Georgia. 

REFERENCES C !TED 

Arteaga, F. E., and Rantz, S. E. 1971. Application of the Source-Area Concept of Storm Runoff to a 
Small Arizona Watershed. Jour. Research U. S. Geol. Survey 1(4):493-498. 

Barnes, H. H. 1967. Roughness Characteristics of Natural Channels. USGS Water Supply Paper 1849. 
213 p. 

Dunne, T., and Black, R. D. 1970. Partial Area Contributions to Storm Runoff in a Small New England 
Watershed. Water Res. Research 6(5):1296-1311. 

Gray, D. M. 1961. Synthetic Unit Hydrographs for Small Watersheds. Proc. ASCE, J. Hydraulics Div. 
87(HY4) :33-54. 

Green, C. R., and Sellers, W. D., ed. 1964. Arizona Climate. Univ. of Arizona Press, Tucson, AZ. 
503 p. 

Hastings, J. R., and Turner, R. M. 1965. The Changing Mile. Univ, of Arizona Press, Tucson, AZ. 317 p. 

Henderson. F. M., and Wooding, R. A. 1964. Overland Flow and Groundwater Flow from a Steady Rainfall 
of Finite Duration. J. of Geophys. Res., 69(8):1531-1540. 

Hewelett, J. D. 1961. Soil Moisture as a Source of Baseflow from Steep Mountain Watersheds. USDA, 
Southeast Forest Exp. Station Paper No. 132. 

Hobson, R. D. 1967. FORTRAN-IV Programs to Determine Surface Roughness in Topography for the CDC 3400 
Computer. Kansas Computer Contribution No. 14. 28 p. 

Horton, R. E. 1932. Drainage Basin Characteristics. Trans. AGU, No. 13, pp. 350-361. 

Kibler, D. F., and Woolhiser, D. A. 1970. The Kinematic Cascade as a Hydrologic Model. Hydrology 
Paper No. 39, Colorado State University, Ft. Collins, CO. 27 p. 

Lane, L. J., 1975. Influence of Simplifications of Watershed Geometry in Simulation of Surface Runoff. 
Ph.D. dissertation, Colorado State Univ. 198 p. 

146 



Lane, L. J., Woolhiser, D. A., and Yevjevich, V. 1975. Influence of Simplifications in Watershed 
Geometry in Simulation of Surface Runoff. CSU Hydrology Paper No. 81, Colorado State Univ., Ft. 
Collins, CO. 50 p. 

Martin, S. C., and Cable, D. R. 1975. Highlights of Research on the Santa Rita Experimental Range. In 
Arid Shrublands, Proc. Third Workshop of the US/Australia Rangeland Panel, Tucson, AZ, 1973. 
pp. 51-57 0 

Martin, S. C., Morton, H. L. and Renard, K. G. 1974. Changes in Herbaceous Vegetation, Erosion, and 
Runoff on Mesquite-Free and Mesquite-Infested Small Watersheds on the Santa Rita Experimental 
Range. Unpublished description of cooperative study. 17 p. 

Martin, S.C., and Reynolds, H. G. 1973. The Santa Rita Experimental Range: Your Facility for Research 
on Semi desert Ecosystems. Proc. AZ Acadent.Y of Sci., 8(2) :56-66, June. 

Patten, R. T. 1975. A Watershed Volume Response Model Consideting Contributing Area. M.S. Thesis, 
Univ. of Arizona. 65 p. 

Wallace, D. E., and Lane, L. J. 1976. Geomorphic Thresholds and Their Influence on Surface Runoff 
from Small Semiarid Watershed. Proc. 1976 Joint Meetings of Arizona Sec. A.W.R.A. and Hydrology 
Section, Arizona Academy of Science, Tucson, Arizona, April 28 - May 1, 1976. 

Wooding, R. A. 1965a. A Hydraulic Model for the Catchment-Stream Problem: 1. Kinematic Wave Theory, 
J. Hydrology 3(3):254-267. 

Wooding, R. A. 1965b. A Hydraulic Model for the Catchment-Stream Problem: 2. Numerical Solutions, 
J. Hydrology 3(3) :268-282. 

Wooding, R. A. 1966. A Hydraulic Model for the Catchment-Stream Problem: 3. Comparison with Runoff 
Observations, J. Hydrology 4(1):21-37. 

Woolhiser, D. A. 1974. Simulation of Unsteady Overland Flow. Chapter 12, Institute on Unsteady Flow, 
Colorado State Univ., Ft. Collins, CO, June. 

147 



USE OF SATELLITE DATA TO DEVELOP 
SNOWMELT-RUNOFF fPAECASTS IN ARIZONA 

by 

Peter F. Ffollfott and William 0. Rasmussen 

I NTROOUCTI ON 

Increase in demand for water in Arizona, coupled with multipurpose reservoirs to control and 
regulate snowmelt runoff, requires accurate streamflow forecasting. Forecasts are needed to determine 
allowable releases from reservoirs for power, irrigation, and municipal use. 

Areal snow cover measurements may be an especially valuable input to streamflow forecasting in 
Arizona. The snowpack in Arizona is shallow and intermittent in contrast to those in most Rocky 
Mountain states. However, this difference may allow measures of changes in areal snow cover to have 
a high correlation with the volume of subsequent snowmelt runoff. 

The Earth Resources Technology Satellites (ERTS) have potential use in determining areal snow 
cover (Barnes et al., 1974; Meier, 1973). ERTS (now referred to as LANDSAT) offers small scale 
imagery while maintaining high resolution. Furthermore, ERTS operates continuously and, with two 
satellites currently in orbit, scans of a given surface feature are repeated every nine days. 

An exploratory study has been conducted to determine the feasibility of using ERTS imagery to 
monitor changes in areal snow cover for application in developing snow cover-runoff relationships 
in east-central Arizona (Aul and Ffolliott, 1975). Specifically, ERTS-1 imagery was~ selected because 
this was the only imagery available for the time period analyzed. The objectives of the study were 
to: (1) determine if ERTS imagery could be interpreted for areal snow cover by employing manual and 
semi-manual methods of interpretation; and (2) determine if a relationship existed between measures of 
areal snow cover and subsequent runoff during a snowpack depletion period. 

DESCRIPTION OF THE STUDY 

The Black River Watershed, an area of 1,450 square kilometers, was chosen as the study area. This 
watershed, ranging in altitude from 1,745 meters at the Black River Pumping Station to 3,535 meters 
at the top of Mt. Baldy, receives heavy snowfalls during the winter. Black River is a major 
contributor to the Salt River, which is an integral part of the reservoir system that provides water 
to Phoenix and central Arizona. Seasonal flow from the Black River Watershed averages over 125 
million cubic meters annually. 

Vegetation on the Black River Watershed is primarily montane-conifer forest, with small areas 
of spruce-fir, mountain meadow, and pinyon-juniper. The watershed is almost totally basaltic in 
geologic formation. 

ERTS imagery, in both 245 millimeter and 70 millimeter formats, was the data source for the study. 
Specific imagery used was in the red band (0.6-0. 7 ~) because previous studies have indicated that 
snow cover can most easily be detected in this spectral range (Barnes and Bowley, 1973; Evans, 1974; 
Rango et 2J.., 1974). , 

The time period analyzed was November 1, 1972 to June 12, 1973. A near record snowpack accumulated 
in Arizona during this period, with estimates of snowpack water equivalent (WE) 300 percent above 
normal on the Salt River Watershed (Barnes ~ ~·, 1974). 

A 1:1,000,000 scale overlay was developed for interpretation of the imagery. Snow covered areas 
were determined by comparing the brightness level on the watershed with that on the edge of the 
snowpack. Thus, areas within the watershed which appeared brighter than areas just beyond the edge 
of the snowpack, were judged snow covered. When not obliterating the view of the snowpack, clouds 
were differentiated from snow by pattern recognition, shadows, and identification of terrestrial 
features. 

Four methods were used in the interpretation of areal snow cover: (1) a simple dot grid, (2) a 
grid of squares, (3) a planimeter, and (4) a densitometer. Estimates of areal snow cover were made by 
one observer, using all four methods of interpretation. Areal snow cover estimates were also made by 
four observers using the dot and squares grid methods. Split plot analyses of variance were used to 
test for differences. 

Measures of areal snow cover and runoff subsequent to a date of snow cover measurement were needed 
before a relationship between these two variables could be ascertained. A single value of areal snow 
cover was obtained by calculating a mean of the values from all methods of interpretation judged 
feasible for assessment. Runoff prior to each areal snow cover measurement date was determined by 

The authors are associate professor and assistant research professor, respectively, in the School of 
Renewable Natural Resources, University of Arizona. 
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accumulating daily runoff records through June 12, 1973. This date was chosen as the termination date 
for three reasons:. the h,ydrolograph was approaching base flow (suggesting that no significant snow
melt runoff was occurring); examination of the imagery on June 5, 1973, indicated little snow cover 
remained on the watershed; and a heavy rainstorm occurred over the watershed on June 13 and 14 (so 
runoff after that storm was assumed largely from rainfall rather than snowmelt). 

Arbitrarily, the snowpack depletion period was chosen when the general trend of data appeared to 
indicate a decrease in snow covered area over the watershed. 

RESULTS AND DISCUSSION 

Arizona has more days suitable for aerial photography than any other state (Avery, 1968). Further
more, the sidelap of viewing swaths of ERTS-1 and the position of the Black River Watershed in the 
viewing swaths allowed cover of the watershed on two consecutive days for each sweep by the satellite. 
Despite these advantages, however, only imagery from seven of 13 possible two-day periods could be 
interpreted for areal snow cover, as clouds obscured all or significant portions of the watershed on 
the remaining dates. 

All scans from November 1, 1972, to May 19, 1973, that could be interpreted were evaluated for 
areal snow cover. While it was not used in assessing areal snow cover, the June 5, 1973 scan was 
used to develop a snow cover-runoff relationship. 

Significant differences (a= 0.05) were detected among the four methods of interpretation by one 
observer. However, based on a multiple range test, it was concluded that no single method can be 
considered unfeasible because none of the results from a particular method of interpretation were 
unreasonable in relation to results obtained by the other methods. Significant differences were also 
noted among observers and between methods when four observers used the dot and squares grid methods 
to determine areal snow cover. These latter differences indicated that individuals have different 
interpretations of snow covered areas despite following the same guidelines. 

The general trend of the source data showed a decline in snow covered areas beginning on 
February 18, 1973. Therefore, this date was chosen as the beginning of the snowpack depletion period. 
A significant linear regression (a= 0.05) existed between areal snow cover and subsequent runoff 
during this snowpack depletion period, based on four observations of areal snow cover from ERTS 
imagery. The regress ion was: 

Y 5.2(105) + 2.7(105)(X) 

where Y subsequent runoff, in cubic meters 

X= areal snow cover, in square kilometers 

r2 = 0.995 

The results of the regression relationship defined in this exploratory study appear encouraging 
for using ERTS imagery for snowmelt runoff forecasting, and for residual volume forecasting in 
particular. However, the analysis should be viewed with some restraint. The limited source data 
may not have accurately monitored changes in areal snow cover. For example, measures of areal snow 
cover from ERTS imagery indicated a peak in extent in February or March, but snow course measurements 
of WE indicated that peak seasonal accumulation on the Salt-Verde Watershed occurred in early April 
(Barnes et al., 1974). Another possible 1 imitation was that the data represented a year having a 
near recordsnowfall. Therefore, the relationship between areal snow cover and subsequent runoff may 
have been influenced by the unique nature of the winter. A technical difficulty encountered in using 
ERTS imagery was the time necessary to obtain the imagery. If attempts are made to employ ERTS imagery 
in real-time monitoring of areal snow cover, this delay must be overcome. 

Verification of the preliminary relationship between areal snow cover and subsequent runoff is a 
prerequisite to operational snowmelt-runoff forecasting employing ERTS imagery. Therefore, dependent 
upon available support, the validity of the regression defined in this exploratory study will be 
assessed as a first approximation in time and space. Specifically, it is proposed that measures of 
areal snow cover from satellite imagery and succeeding runoff during snowpack depletion periods be 
monitored on watersheds that contribute snowmelt runoff to the reservoir system in central Arizona. 
These quantifications should also be made over time with respect to the satellite imagery currently 
available to evaluate differences, if any, among seasons. In this way, the operational feasibility 
of using satellite data in snowmelt-runoff forecasting can be ascertained. 
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THE EFFECT OF AN INTENSIVE SUMMER THUNDERSTORM 
ON A SEMIARID URBANIZED WATERSHED 

by 

D. G. Boyer and K. J. DeCook1 

The University of Arizona Atterbury Experimental Watershed, located southeast of Tucson, Arizona 
has been instrumented for precipitation and runoff measurements since 1956. Early on the afternoon of 
July 16, 1975 an intense convective thunderstorm produced more than three inches of rainfall in less 
than 50 minutes as recorded in several rain gages located in the middle of one 8.1 square-mile desert 
subwatershed. Storm runoff from this rural subwatershed and an adjacent recently urbanized subwater
shed filled the newly finished Lakes ide Reservoir and topped the concrete flood spillway with a peak of 
greater than 3000 cfs, the greatest flow since monitoring began. An analysis of storm characteristic$, 
along with previously available data from local urbanized watersheds, allows speculation on the effect 
of such an intensive storm in a highly urbanized area. 

INTRODUCTION 

Large rainfall events from convective thunderstorms are always of potential hydrologic interest in 
an arid or semiarid region. Often these high intensity, short duration events miss completely the 
sparse network of established raingages in the Southwestern United States, and estimates as to depth
area and intensity are available only from the casual observer or from later observations of fast moving 
and short-lived runoff and its effects. Even in urbanized areas, where observations are more commonly 
made, such storms are characterized chiefly by the damage caused by high winds or temporary flooding. 
Therefore, when such an unusual storm occurs over· a small instrumented watershed with a relatively dense 
network of raingages and runoff measuring devices, the information gathered becomes important to hydrol
ogists and engineers in analyses of severe precipitation events and application of the results to the 
Southwest's urbanized areas. A large storm of the type described above occurred over the University of 
Arizona's Atterbury Experimental Watershed on July 16, 1975. The purpose of this paper is to analyzethe 
storm and to estimate, by use of a recent method by Kao et al. (1973), the effects that such a storm 
might have on the heavily urbanized sections of Tucson. 

WATERSHED DESCRIPTION 

Atterbury Experimental Watershed is located about 10 miles southeast of downtown Tucson, Arizona in 
a mostly rural area (Figure 1). The watershed is representative of the valley floors in the Southern 
Arizona portion of the Basin and Range Province. The watershed area is about 18.2 square miles contain
ing several small subwatersheds. Land slopes are less than five percent and the drainageway channels 
have relatively low gradients. The entire watershed drains from southeast to northwest, having a length 
of about eleven miles and an approximate maximum width of three miles. Main drainageways are either 
broad grassy swal es or gullies with sandy bottoms up to five feet deep and 20 feet wide. All drainages 
eventually terminate by flowing into Lakeside Lake, the northern boundary. 

Soils range from sands and gravels on the rounded, gently sloping ridges to loams or clays on some 
bottomlands of the lesser drainageways. A cemented zone of lime (caliche) 6 to 24 inches below the sur
face is present in some areas of the watershed. Infiltration from precipitation generally does not ex
tend to more than a few inches of soi 1 depth. 

Vegetation is primarily creosote bush, mesquite, palo verde and annual grasses. Cactus species in
clude cholla, prickly pear and some sparse sahuaro. Recently, the portion closest to Tucson has become 
urbanized with the construction of homes, schools and shopping centers. The only subwatershed signifi
cantly affected so far is W-lA (Figure 1). However, new growth is encroaching on the lower portion of 
W-lB also. 

INSTRUMENTATION 

Major instruments located on the watershed are raingages and water level recorders. The Water Re
sources Research Center maintains 38 raingages at approximately one-mile intervals over the entire area 
of the watershed. Ten of these are automatic recording gages while the remainder are divided between 
the standard 8-inch and plastic non-recording types. Recording gages have 10 or 15 minute chart inter
vals for intensity determinations and two have been modified to provide an expanded depth scale. Rain
fall data have been collected since 1955. 

Water level recorders are installed at the small ponds separating the upper subwatersheds, at 
Lakeside Lake and on the Stella Road bridge over the main drainageway just upstream from the lake. 

1. The authors are Research Assistant and Associate Hydrologist, respectively, Water Resources 
Research Center, University of Arizona, Tucson. 
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Figure 1. Atterbury Experimental Watershed Near Tucson. 

Additional recorders measure flow through the concrete channel at Irvington Road and the flume on sub
watershed W-lA. Collection of information on runoff and water levels started in 1956. 

STORM CHARACTERISTICS 

Summer rainfall in Southern Arizona occurs most conmonly when moisture is brought into the region 
from the Gulf of Mexico or the Gulf of California. The source of the moisture for the storm of July 16, 
1975 was the remnants of a dying tropical storm that moved westward from the Gulf of Mexico. Shortly 
after noon the characteristic heavy cumulonimbus clouds began forming near the eastern edge of Tucson's 
valley floor close to the Rincon Mountains. Rainfall started about 1:30PM and was heaviest during the 
first 50-60 minutes, then decreased to a light drizzle. Precipitation ceased entirely in a11 areas with
in 90 minutes. Wind gusts up to 77 mph were observed at Oavis-Monthan Air Force Base control tower, five 
miles west of the main storm center. 

Precipitation occurred over the entire watershed, recorded amounts ranging from 0.44 to 3.64 inches. 
Most rainfall occurred over subwatershed W-1 (collectively, W-lA plus W-lB plus W-lBX), where two gages 
recorded more than three inches. Figure 2 is an isohYetal map of the storm showing the wide range of 
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Figure 2. Isohyetal Map for Storm of July 16, 1975. 

heavy rainfall. Mean precipitation for the storm in W-1 and subwatersheds W-2 plus W-3 was determined 
by planimeterin9 the isohyetal map to find the area enclosed by each contour interval. The means for 
W-1 and for W-2 plus W-3 were 2.00 inches and 0.91 inches, respectively. The mean for the entire 18.2 
square mile watershed was 1.68 inches. 

Four recording raingages are located on subwatershed W-1 Charts for these gages were examined to 
provide intensity measurements. The maximum 10 minute intensity was 1.52 inches, with a mean of 0.99 
in 10 minutes for the four gages. Similarly, the maximum and average intensities for the four gages 
in 60 minutes were found to be 3.60 inches and 2.38 inches, respectively. This information is sum
marized on Figure 2. 

A large area was encompassed by the two inch isohYetal contour (Figure 2). Within the watershed 
boundary the area was almost six square miles, with a mean rainfall amount higher than 2.5 inches for 
the storm. Additional locations outside the watershed to the east were enclosed by this same contour; 
however, the raingage network was not sufficiently extensive to completely define the area within the 
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contour 

Estimates of a return period for point storm rainfall amounts in Tucson are available from several 
sources. Fogel and Duckstein (1969) used 75 years of rainfall records from the Tucson-University of 
Arizona station and found the historical point maximum data approximated a straight line when plotted 
using extreme value ("Gumbel") paper. Using this distribution, a point maximum of 3.1 inches has a 
return period of 100 years, while a storm having 3.6 inches maximum has a recurrence interval greater 
than 200 Years. However, the rainfall model developed by Fogel and Duckstein from the historical data 
places the return period at about 75 years for the 3.6 inch.maxima. 

Kangieser (1969) published estimated return periods for rainfall using data from Tucson-Weather 
Service Office, about ten miles southwest of the watershed. The estimate by Kangi eser of the preci pi
tation that could be expected from a storm with a recurrence interval of 100 years is much lower than 
that of Fogel and Duckstein (1969). For a storm of one hour duration at Tucson, the maximum 100 year 
storm rainfall amount is about 2.5 inches (Kangieser, 1969). Plotting those values using extreme value 
paper results in a return period greater than 1000 years for a storm of the magnitude observed on July 
16. However, these results were based on previously published National Weather Service isohyetal maps 
for Arizona for rainfall durations of 6 and 24 hours. Such longer duration rainfall is usually associ
ated with the frontal movement of cyclonic storms through Arizona. Intensities associated with these 
widespread storms are frequently much lower than those of summer convective thunderstorms. 

On the basis of the above discussion, it is estimated that the return period would be 75-100 years 
for the point maximum value of this storm, given the data available. 

Additionally, depth-area curves published by the National Weather Service (Miller et al., 1973) and 
based on the same longer duration storms show only a ten percent or smaller decrease from point maximum 
values to areal averages for storms of one hour duration on areas of 25 square miles or less. This im
plies only small variations between point maximum amounts and areal averages for short duration storms 
over small watersheds. However, analysis of data from this storm, along with previously published stud
ies (Fogel, 1969; Fogel and Duckstein, 1969), definitely shows a large variability between point maxima 
and areal averages for Southern Arizona convective storms. 

RUNOFF CHARACTERISTICS 

As could be expected with a storm of such high rainfall amount and intensity, runoff was extremely 
heavy following the July 16 event. Measurement of peak discharges and volume was made somewhat more 
difficult because both the weir at Irvington Road (Figure 1) and the flume that discharges from W-lA 
were overtopped. Also, the water level recorder at Stella Road bridge was affected by the large amount 
of debris piled against the water intake. However, water stage records from the Lakeside spillway en
able good discharge peak and volume estimates to be made. Accuracy was aided by a recent depth-volume 
survey of the lake completed only several weeks before the storm. 

A summary of runoff and peak flow is given in Table 1. It is of special interest that the lake 

Table 1. Summary of Storm and Runoff Characteristics Atterbury 
Subwatershed W-1, Event of July 16, 1975. 

RAINFALL 

Maximum Point Amount: 3.64 inches 
Maximum Intensities: 3.60 inches/1 hour. 

1.52 inches/10 min. (9.12 inches per hour). 
Estimated Point-Maximum Return Period: 75-100 years. 
Mean Isohyetal Calculated Rainfall W-1 (13.1 mi2): 2.00 in. for 80 minutes. 

RUNOFF 

0.71 inches on 13.1 sq. miles. 
500 acre-feet. 
35 percent of rainfall as runoff. 

PEAK FLOW 

Over the spillway: 3080 cfs (U.S.G.S. Estimate). 
Flume 1 A: 550 cfs. 
Main Channel, Stella Rd.: 2800 cfs. 
Weir at Irvington Rd.: 1920 cfs (U.S.G.S. Estimate). 

MISCELLANEOUS 

Reservoir water level increased 2.5 feet to spillway crest in 40 minutes from start 
of runoff. 

Volume increased 27.4 AF in 40 minutes. 
Surface area increased from approximately 10 to 13 acres in 40 minutes. 
Maximum stage over dam 3.13 feet (U.S.G.S. Estimate) at 88 minutes from start of runoff. 

156 



level was about 2.5 feet below the spillway at the start of the storm with a surface area of approxi
mately 10 acres and that within 40 minutes from the start of runoff the lake overflowed, increasing 
in volume by more than 27 acre-feet. At peak spillway discharge, flow was greater than 3000 cfs 
for the 140 feet of crest length and the surface area was greater than 22 acres as the lake moved onto 
the adjacent Lakeside Park. 

The peak discharge of 2800 cfs through the main channel at Stella Road (estimated by back-routing 
flow over the dam and subtracting W-lA discharge) was 1700 cfs greater than the previous peak recorded 
in 1961. Using the available information since 1956, yearly peak f'ows for W-lB were plotted on several 
types of probability paper to determine return period. By use of statistical methods (Benjamin and 
Cornell, 1970), return periods were determined for plots made on log normal and extreme value paper, 
and for the Pearson Type III distribution using statistical tables (Harter, 1969). Calculated return 
periods for the peak flow were 50 years and 120 years for the log normal and extreme value distrib
utions, respectively. The Pearson Type III calculation provided a llllue of 3070 cfs for the 100 year 
return period. 

The point rainfall estimates discussed above fall within the return period range determined here. 
Notably, the flow recurrence i nterva 1 s are based on only sixteen va 1 ues, and thus the wide range of 
years from 50 to 120 determined by different methods does not seem unreasonable. Based on the rainfall 
and peak analyses described above, the storm can be most likely classified as a 75 to 100 year event. 
However, it is to be remembered that for a 75 year return period there is a 13 percent probability that 
the storm will occur for the first time at 10 years, a 28 percent probability that it will occur the 
first time at 25 years and a 49 percent probability it will occur at 50 years. 

Only a small amount of runoff, if any, was contributed from subwatersheds W-2 and W-3. Tank 2 was 
at a low level of storage at the onset of the storm and the stage recorder chart shows less than 0.5 
feet of outflow for several hours across the spillway length of ten feet. Compared~ to the runoff from 
W-1, this amount had little effect on discharge into Lakeside. Therefore, calculations as to percent 
of runoff from rainfall were made considering only the 13.1 square mile area of W-1. It is estimated 
that 0.71 inches of runoff was generated from a mean rainfall of 2.00 inches over the W-2 area, for a 
runoff to rainfall ratio of 35 percent. 

RELATING STORM CHARACTERISTICS TO URBANIZED AREAS 

Numerous methods have been devised and are in use to predict runoff from storms occurring over 
small watersheds. Among methodlavailable are the Rational Method, method of correlation analysis, the 
U.S. Bureau of Public Roads Method and synthetic flood hydrograph methods. Chow (1964) discusses these 
and other methods for small watersheds, both urban and rural. 

An additional procedure, developed for rural and agricultural areas and used below, is the Soil 
Conservation Service (SCS) method. The basic equation of the SCS method is 

_ (P-kS)2 
Q - [P+(l-k)s] (1) 

where Q is the runoff in inches, P is the mean rainfall in inches, S is the potential infiltration in 
inches and k is a coefficient usually taken to be 0.2 as an initial abstraction (U.S. Soil Conservation 
Service, 1972). A runoff curve number, N, may be introduced as a function of S such that 

N - 1000 
- S+lO (2) 

Kao et al. (1973) modified the above equations for use on small urban watersheds with specific ap
plication to Tucson. Assuming that k would be less than 0.2 for an urban cleared surface, it was 
determined by a sensitivity analysis that estimation error of k was a minimum at k=O.l5. Therefore, 
using k=O.l5 and substituting equation (2) into (1), the modified equation requiring only use of a 
curve number and a precipitation value is produced: 

[P- 1.5(~00-N) 12 
Q - -....,.....,.-m""...--- P+ 8.5qoo-N) 

(3) 

The three Tucson urbanized watersheds analyzed by Kao et al. (1973) are shown in Figure 3. Esti
mated runoff curve numbers for the different watersheds were obtained by a regression analysis which 
related rainfall to runoff through equation (3). Correlation coefficients obtained using this method to 
analyze up to 27 runoff events ranged from r=0.87 to 0.98. Peak flow analysis was made using a similar 
regression technique (Kao et al., 1973). The equation 

qmax • a+bQ (4) 

was derived to determine peak flow (q max) in cubic feet per second, the coefficients a and b being 
unique for each watershed. Correlation coefficients for the available storm events were all greater 
than r=0.96. 
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ESTIMATION OF URBAN RUNOFF FROM STORM OF JULY 16 

Using the above equations, estimates of the effects of a storm similar to that of July 16, 1975 
were calculated for the urban watersheds. These results are summarized in Table 2 along with the max
imum recorded flows since flume construction in 1969. Railroad Wash records for recent events are not 
available due to a change in channel configuration at the measuring station. 

Because of the widespread nature of heavy rainfall for the storm, a high mean of 2.00 inches was 
recorded for the entire 13.ll square mile area of W-1. This area is about four times the area •Of the 
largest urban watershed. Similarly, the area inside the watershed enclosed by the 2.00 inch isohyetal 
contour was nearly six square miles. The rainfall mean for that area.was more than 2.5 inches. With 
these high rainfall values over this wide area, a similar storm centered on Tucson would be clearly able 
to encompass the relatively small area of even the largest of these urban watersheds. 

Runoff from both the mean rainfall amounts computed for this storm would overflow all urban flumes 
and spread into the surrounding area. Gage heights can be extrapolated from the flume rating curves 
for peak flow but would be higher than actual levels because of the lateral spreading of water as it 
overflowed the flumes. 

An actual event on High School Watershed in 1972 had an approximate peak of 800 cfs as determined 
by hydrograph analysis. The actual stage (5.92 feet) was about 0.6 feet lower than the height cal
culated from the rating curve. Using this event as a guide, approximate stage corrections can be made 
for overtopping by taking 60 percent of the difference between the extrapolated stage and the capacity 
flume stage and adding this value to the capacity flume stage. For the above storm, High School Wash 
with a peak of 800 cfs and a stage of 6.55 feet from the rating curve would have a calculated actual 
stage of: 

0.60 X (6.55-5.0) +5.0 = 5.93 ft 

Using a value of 60 percent in the correction for the three watersheds seems appropriate until more data 
become available. 

Fogel et al. (1974), using previously available data for the Tucson urbanized watersheds, estimat
ed return periods for storm runoff volumes according to the percentage of urbanization. By using the 
amounts given in Table 2, a storm over High School Watershed with 1.0 inches of storm runoff can be 
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Table 2. Results of Transfer of Mean Rainfall to Tucson Urban Watersheds 
Using Modified SCS Fonnula 

WATERSHED 

Area (Sq. Mi.} 
Estimated Curve No. 
Maximum Desi~n Flume 

Stage ( ft) 
Maximum Desi ~n Flume 

Capacity ( cfs) 

HIGH SCHOOL 

0.90 
87.4 
5 

465 

ARCADIA 

3.50 
85.9 
8 

1850 

Inches Runoff 
Vol. Runoff (af) 
Peak Flow (cfs) 

RAINFALL MEAN OF 2. 00 INCHES OVER W-1 

0.99 

AREA (13. 1 SQUARE MILES)a 

0.91 

(Qmax=a+bQ) 
Approx. Stage (ft)b 

Inches Runoff 
Vol. Runoff (af) 
Peak Flow (cfs) 
Approx. Stage (ft)b 

Date 
Inches Runoff 
Vol. Runoff (af) 
Peak Flow (cfs) 
Recorded Stage ( ft) 
Mean Rainfall (in.) 

50 170 
960 2230 

6.3 8.5 

RAINFALL MEAN OF 2.54 INCHES ON 6.0 SQUARE MILESa,c 

1.43 
70 

1400 
7.2 

1.34 
250 
3340 
9.6 

MAXIMUM RECORDED FLOW SINCE l969d 

8/12/72 9/1/71 
0.50 0.40 

25 75 
800 980 

5. 92 5.81 
]. 68 1.38 

·~Calculated discharge using equations (3) and (4). 
Stage extrapolated from flume ratings and includes a reduction 

c because of areal spreading from overtopping structure. 
Area is that inside 2.00 inch rainfall contour for stonn of 7/16/75 

d and also within Atterbury watershed boundary. 
Calculated discharge using flume rating tables. 

RAILROAD 

]. 90 
89.7 

5 

900 

1.12 
ll5 
1060 

5.2 

1.60 
160 
1500 
5.8 

Not available 

expected to have a return period of about 10 years. Another stonn producing 1.4 inches of runoff would 
have a recurrence interval of about 20 years for the same watershed. The other watersheds show approx
imately the same recurrence ttme for runoff generated by the two artificial stonns shown in Table 2. 
By comparison, the two actual stonns shown in Table 2 both have return periods of four years using the 
method of Fogel et al. (1974). 

CONCLUSIONS 

The results presented in Table 2 and discussed above indicate that water levels could rise several 
feet above nonnal urban runoff channels and would likely cause severe localized flooding. Homes and 
businesses next to the main drainageways could suffer major damage due to such an intense stonn. Par
ticular attention is directed toward possible hazards on the High School and Railroad watersheds. If 
the stonn were centered such that the areas received 2 inches of rainfall or greater, runoff from these 
and other washes would combine and discharge in the Tucson Arroyo beneath homes and businesses along 
North Fourth Avenue. This area could be heavily damaged, especially if fences recently installed to 
prevent access to the concrete channel were closed and clogged with debris. Therefore, persons living 
and working in this area (as well as others near natural or manmade runoff channels) should be aware 
that even in dry Southern Arizona severe stonns wit!. 1 arge runoff can occur when appropriate meteorol
ogical conditions are present. 
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DETERMINING AREAL PRECIPITATION IN THE BASIN AND RANGE 
PROVINCE OF SOUTHERN ARIZONA - SONOITA CREEK BASIN 

by 

J. Ben-Asher, J. Randall and S. Resnick1 

A linear relationship between point precipitation and elevation in conjunction with a computer 
four-point interpolation technique was used to simulate areal rainfall over Sonoita Creek Basin, Ari
zona. 

The simulation's sensitivity and accuracy were checked against the official isohyetal map of 
Arizona (Univ. of Arizona, 1965) by changing the density of the interpolation nodes. The simulation was 
found to be in good agreement with the official map. The average areal-rainfall was calculated by inte
gration. Cumulative rainfall amounts were assumed to be stochastically independent from one season to 
another. The seasonal precipitations of forty years (1932-1972) were subdivided into five groups. to 
check for binomial distribution. The binomial model fits the historical data adequately. The binomial 
model for cumulative seasonal areal-precipitation provides one way to compute the return period. This 
information will be necessary for decision-makers and hydrologists to predict the area's future water 
balance. 

INTRODUCTION 

Sonoita Creek Basin lies to the northeast of its junction with the Santa Cruz River Basin nine 
miles north of Nogales. The Basin, bounded on the northwest by the Santa Rita Mountains and on the 
southeast by the Canelo Hills and Patagonia Mountains, covers more than 270 square miles. The study 
area includes about 230 square miles with elevations ranging from 3440 to 9450 feet. 

The Basin is expected to undergo rapid domestic, mining and recreational growth, therefore it is 
imperative to quantify its water resources. Among these, rainfall is the major source of water and the 
other water balance components are strongly dependent on its quantity and distribution with time and 
space. The objectives of this study are to develop an efficient and accurate method of mapping and 
evaluating total and seasonal rainfall distributions over the Basin, and use the data statistically to 
analyze aspects of the areal•rainfall distribution with time. 

METHODS 

Forty years (1932-1972) of precipitation records fSellers and Hill, 1974) for Elgin, Santa Rita 
Experimental Station, Patagonia, Canelo, Crown C Ranch and NofJales, have been collected and tabulated 
as total rainfall by water year and winter and summer seasons {October 1 to March 31 and April 1 to 
September 30 respectively). These raingages evenly cover an area of 700 square miles (Figure l) pro
viding a density of one gage per ll3 square miles. According to Gilman (1964), the standard error of 
the average rainfall over an area covered by one raingage at this density is 15-20%. This implies the 
Basin has a standard error of estimate of 2.B5 inches/year which is equivalent to about 35,400 acre/ft 
year. 

As frequently happens in mountainous regions, most gages measure rainfall in the valleys, making 
estimation of the orographic effect difficult. Thus, the available data impose a severe limitation on 
determination of rainfall, especially on the mountains surrounding the Basin. In order to overcome this 
difficulty, rainfalls were estimated at several locations (Mt. Wrightson, Mt. Washington, and points in 
Canelo Hills and Patagonia Mountains). To estimate rainfall at these points it was initially assumed 
that the mean total and seasonal amounts increased as a linear function of elevation (Figure 2). Fol
lowing Duckstein, et al. (1973) rainfall depth E(h) was expressed by: 

Where: 

and 

E is 
moh is 

is 
a is 

E(h) = ah + m
0 

the rainfall at a given elevation (inches) 
the amount of rainfall at sea level 
the elevation (thousands of feet) 
the slope of the rainfall-elevation line. 

(l) 

To calculate yearly and seasonal values of precipitation, the difference in rainfall depths between two 
elevations h1 and h2 was assumed to be: 

(2) 

1. The authors are Research Associate, Graduate Research Associate, and Professor of Hydrology, 
respectively, Water Resources Research Center, University of Arizona, Tucson, Arizona B5721. 

2. Non-official gage. 
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Figure 1. 

The location of the raingages -Sonoita Creek Basin . 
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Figure 2. 

Linear regression analysis of the relationship between rainfall and elevation. 
{a(O) intercept, a{l) slope, r- correlation coefficient and s standard error). 
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thus eliminating the error introduced by m,. Equation (2) was used to calculate yearly and seasonal 
rainfalls E(h2) from the amount of rain E(lill measured at elevation h1 and the difference in elevation 
(llh) between the given (hl) and the desired (h2) elevation. 

A computer program was developed to calculate isohyetals based on an interpolation between four 
recording points according to the four-point interpolation formula given by Abaramowitz and Stegun 
(1964 eq. 25.2.66, p. 882). A schematic representation of the model is given in Figure 3. In this 
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0 KNOWN ELEVATION UNKNOWN RAINFALL 
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DISTANCE TO EAS"I' 

Figure 3. 

A schematic representation of the model. 

method two points have a known value of rainfall and height (hll) and h22l• and two points have only a 
known height (hl2• h21l· In order to estimate the depth of ra1nfall at x a two step procedure was 
taken. Through the f1rst step, rainfall depths at hl2 and h21 were calculated using the rainfall
elevation relationship {equation 2). Through the second step, each of the four points (hll• hl2• h2l• 
h22l were used for the four point interpolation by summing the products of the relative area Aij/A 
with its point rainfall hij· (A is the total area between the four points). The shaded region is the 
area represented by the ra1nfall at x. The area between two successive isohyetals was integrated by 
accumulating the number of points representing the related rainfall depth. Using the recorded data and 
those obtained from the rainfall-elevation linear regression, the average yearly and seasonal rainfalls 
and their distributions over the Basin for each of the 40 years of available records (a total of 120 
maps) were computed. The results will be used later to statistically analyze aspects of the rainfall 
distribution with time. 

RESULTS AND DISCUSSION 

Results and discussion regarding the determination of the areal precipitation in the Sonoita Creek 
Basin follows. 

RELIABILITY OF THE t«lDEL 

The regression analyses of rainfall vs. elevation are shown in Figure 2. The effect of elevation 
is more pronounced on winter and annual rainfalls than on summer rainfall, as shown by the smaller slope 
of the summer regression line. This is because summer rainfalls are more localized than those in 
winter. The slope of the rainfall vs. elevation regression line is in good agreement with that found 
by Duckstein et al. (1973) for summer events. They concluded their work stating that for mean total 
seasonal-rainfall "a linear approximation is quite satisfactory," suggesting that: 
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E{h) = 2.15 + 0.96(h} {3) 

Clearly, the linear relationship between elevation and rainfall is an oversimplified approximation 
because of other topographic parameters such as slope, orientation and exposure. However, as our ac
curary tests showed, the elevation can be successfully used as the only topographic parameter govern
ing local changes in rainfall amounts over mountainous areas. 

To test accuracy, we used the official isohyetal maps for Arizona {University of Arizona, 1965) as 
the 'correct' standard against which the model results and related computer program were compared. The 
tests were conducted to check three different aspects of the computer model's accuracy: 1) The effect 
of grid point density, or how many hypotehtical raingages are needed to reproduce the official isohyetal 
maps. The computer generated maps, using 12, 25, 64 and 225 evenly distributed hypothetical raingages 
over the area, were all in good agreement with the official maps. Each of the sensitivity regressions 
generated the same slope {1.12 ~ 0.02) and intercept {-1.11 ~ 0.2). The slope and intercept showed that 
the computer areas on the map were slightly smaller than the reference areas of the official maps close 
to the origin {low rainfall depths) and slightly larger far from the origin. Because no significant 
differences were found between grids of 12 and 225 points, the coarsest grid was chosen. 2) The ef
fect of using different numbers of isohyetals was tested. The average rainfall over the area and the 
regression analysis of two matched areas on the official and computer maps were found to be independent 
of the number of isohyetals chosen {they had the same slope and intercept) when the range of isohyetal 
values was equal to or greater than the range of rainfall values. 3) The last accuracy check was made 
by averaging the forty years of simulated rainfalls and comparing the values to those found by plani
metry of the State isohyetal maps. The results are given in Figure 4, which shows that the model is 
valid for simulation of long-term rainfall averages. 

RAINFALL DISTRIBUTION OVER THE BASIN 

Figure 4 shows the rainfall distributions over the area in a 'normal' year as determined by the 
computing plot routine. In addition to each set of plots, the program generated depth-area curves 
{Figure 5). These plots give the percentage catchment areas versus precipitation depths. The horizon
tal lines represent area-weighted average rainfalls over the Basin, taken from the computer output. 
Figure 5 shows that the orographic effect is more pronounced in winter than summer. The winter rain
fall contributed about one third as compared to summer's two thirds of the total annual amount. Three 
sets of data, summer, winter and annual rainfall depths, were generated using forty years of historical 
records. From these, the total water input to the Basin was derived. 

RAINFALL DISTRIBUTION WITH TIME 

The variation of areal precipitation with time was investigated by assuming cumulative rainfall 
amounts are stochastically independent from one season to another. Under this assumption, a binomial 
distribution may be adequate. For checking the binomial fit, seasonal precipitation amounts for forty 
years were subdivided into five groups with depth intervals approximately equal the standard error of 
the records {15-20 percent). Figure 6 shows that the binomial distribution model for the cumulative 
seasonal areal-precipitation fits the historical data. The nature of the rainfall distribution with 
time is biased toward less than the mean arithmetical-average rainfall. The binomial distribution model 
for cumulative seasonal areal-precipitation provides one way to compute return periods. This informa
tion will be necessary for decision makers and hydrologists to predict the future water-balance of the 
area. 

SUMMARY AND CONCLUSIONS 

The following points have been reached in the present study: 

1. An efficient method of producing isohyetal maps from a model which coupled the relationship be
tween point rainfalls and elevation with a four-point interpolation equation has been given. 

2. Depth-area curves can be computer generated by integrating the area between the isohyetals and 
plotting mean values against the percent of area. 

3. Rainfall depths over the catchment can be calculated. 

4. The accuracy of the model and related computer program was checked against the annual averages 
of the Arizona isohyetal maps as an objective standard and was found to be acceptable for manY 
engineering purposes. 

5. Forty years of precipitation records in and near Sonoita Creek Basin were used in this study to 
produce isohyetal maps for three different periods: summer, winter, and entire year. It was 
found that the rainfall depth during summer is evenly distributed on about 85% of the catchment 
whereas, during winter and the entire year, the orographic effect is more pronounced. 

6. The binomial distribution model fits the distribution of historical data with time, adequately. 
It was also found that most seasonal precipitation amounts are lower than the average. 

7. The results of this study will be used by decision-makers to obtain return periods of aey given 
water-year, and by hydrologists to study annual rainfall-runoff relationships. 
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Winter distribution 
(October 1 -March 31) 

AVERAGE RAINFALL 
----COMPUTER 7.0 ln. 
-OFFICIAL MAP 7.2 in. 

Summer distribution 
(April 1 - September 30) 

AVERAGE RAINFALL 
---COMPUTER 12.0 ln. 
-OFFICIAL MAP ll.51n. 

Figure 4. 

Rainfall distribution over the Basin. 

Annual distribution 
(October 1 - September 30) 

AVERAGE RAINFALL 
--COMPUTER 19.1 ln. 
-OFFICIAL MAP 18.7 ln. 

A comparison between the official isohyetal maps of Arizona and the computer generated isohyetals. 
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Rainfall distribution over the Basin or the depth-area curve. 
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GEOMORPHIC THRESHOLDS AND THEIR INFLUENCE 
ON SURFACE RUNOFF FROM SMALL SEMIARID WATERSHEDS lf 

by 
D. E. Wallace and L. J. Lane fl 

The geomorphic threshold concept of landform evolution and its effect on hydrologic performance 
of drainage systems was investigated on small semiarid watersheds in Southeastern Arizona. Thresholds 
develop within a geomorphic system with time and can, when exceeded, cause drastic changes in the 
geomorphic features and in the hydrologic perfonnance of the watershed. The slow continuous evo~ution 
of drainage characteristics can be suddenly altered with major readjustment of the landscape tak1ng 
place. A new state of dynamic equilibrium will then prevail until the drainage system is again sub
jected to conditions which cause some geomorphic threshold to be exceeded. Areas of potential geo
morphic readjustment can be identified from parameters such as channel slope, average land surface 
slope, drainage density, and mean length of first order streams and these data can be used as co~po
nents in a calibrated kinematic-cascade model to determine the effects of various degrees of dra1nage 
system alteration. The influence on runoff from exceeding various geomorphic thresholds is tested and 
the resulting hydrologic modifications are simulated and discussed. 

INTRODUCTION 

THE PROBLEM 

Small semiarid watersheds in the Southwestern United States include those where runoff is ephe
meral_surface flow. Channel systems on these watersheds vary from area to area, may be complex, and 
change with time, as well as space, in a general landscape evolution. As Heede (1975) states: "Un
fortunately, scarcity of data does not provide for the thorough understanding of gully processes that 
are basic to a definition of gully development stages." Information on cases where there are commen
surate hydrologic data are, unfortunately, even more infrequent. Therefore, the need is great for ex
tracting the most geomorphic information from those areas where hydrologic data are available. 

The geomorphic threshold concept as described by Schumm {1974) assumes that such geomorphic thres
holds are intrinsic and are normally overlooked due to simplifying assumptions and that these thres
holds result in complex responses of natural hydrologic systems. Thus, we have the observation that 
channel systems, particularly gullies, are variable in time at any location as well as variable in 
space at any time. Our intent here is to utilize Schumm's geomorphic threshold concept in hydrologic 
analyses of small semiarid watersheds, and to suggest that the identification of these thresholds and 
the resulting complex hydrologic response is best approached in a two-stage procedure. The first stage, 
the geomorphic phase, consists of identifying geomorphically similar subareas of a watershed. The 
second stage, the hydrologic analysis phase, consists of identifying hydrologic response character
istics of the watershed subareas and determining how they combine to produce an overall watershed re
sponse (Lane and Wallace, 1976). Our emphasis here is on the geomorphic studies phase. 

GEOMORPHIC THRESHOLD CONCEPT 

Each of the watersheds we studied is in a unique state of dynamic equilibrium, with varying 
amounts of physical change needed to cause hydrologic performance change. Primary factors which 
govern the magnitude of outside influence or force necessary to initiate change are: differences in 
slope between the lower incised channel network and the upper discontinuous drainage area; ground 
cover (which includes vegetation, gravel pavement and litter); and complexity of the drainage network. 

Numerous variables cause the runoff characteristics of a watershed to undergo change. The impact 
of urbanization on hydrologic performance is beinq felt more each year in ever-inrreasinQ ways (Graf, 
1975). :Alteration of runoff characteristics may not always evolve by the genera1ly accepted process 
of slow, continuous change. Rather, it may occur as cyclic fluctuations, beginning with a period of 
progressive, continuous change. A failure point or threshold will be reached, at which time a short 
period of drastic change will take place. The cycle may then repeat itself. Schumm (1974) refers to 
the crossing point between these periods as the "geomorphic threshold." He describes a geomorphic 
threshold as a threshold developed within the geomorphic system by changes in the system itself 
through time. When a geomorphic threshold is exceeded (in our case usually by runoff volume in an 
amount sufficient to cause the more remote areas of the watersheds to contribute flow to the lower 
areas) changes in the hydrologic performance of the watershed will occur. Low intensity precipitation 
would generate runoff in only the lower portion of the watershed with only the major channels contri
buting to runoff through the watershed outlet. More intense larger volume precipitation would naturally 

1. Contribution of the United States Department of Agriculture, Agricultural Research Service, 
Western Region. 

2. Research Geologist and Hydrologist, respectively, Southwest Watershed Research Center, 442 East 
Seventh Street, Tucson, Arizona 85705 
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produce flow in more of the channels and more collective area (the areas of lesser slope and denser 
vegetation). Finally, an event would occur in which the magnitude would cause the whole watershed 
area to contribute to runoff at the outlet, with the upper discontinuous drainage area contributing 
to the lower drainage network. 

THE PROCEDURE 

The procedure is to identify, from topographic maps and field observations, those geomorphic 
features which can be used to partition a watershed into geomorphically homogeneous subzones. Head
cuts, extent of incised drainages, and slope changes of the channel beds are the main features used 
to determine homogeneity. Though the zones will not be homogeneous in all features, they will be 
homogeneous in those characteristics which are primary in determining the complexity of responses. 
Another partitioning criterion important in subsequent modeling efforts is the physical arrangement 
of subzones with respect to the distance from the watershed outlet. Geomorphic characteristics within 
each subarea influence that area's hydrologic response. When rainfall depth and intensity exceed 
critical amounts, geomorphic thresholds are exceeded resulting in complex hydrologic response, in vary
ing degrees, from the entire watershed area. 

Partial area response is the watershed's response to a precipitation episode when the ensemble of 
spatial variabilities of precipitation, infiltration, etc. causes only a portion of the total water
shed area to produce runoff at the watershed outlet. With the understanding that geomorphic and other 
features of the watershed subzones in part determine if the zones are runoff source areas, partial 
area response can be considered as a hydrologic manifestation of geomorphic thresholds. 

Partial area response is examined by considering the relationship between average loss rate (aver
age infiltration rate over the entire watershed for the duration of the rainfall event) and the average 
intensity of the runoff-producing rainfall. If infiltration is assumed to vary over the watershed, 
and if for a given level of rainfall intensity only a portion of the total watershed area is contri
buting runoff, then we should observe a relationship between average loss rate and average rate of 
runoff-producing rainfall because as rainfall intensity increases, additional areas of the watershed 
with given infiltration capacity begin to yield runoff. The result is an increase in the average in
filtration rate over the areas producing runoff. 

Since the watersheds are being partitioned into zones, a rainfall-runoff simulation model con
structed of components corresponding to the zones should prove useful in determining how the hydro
logic responses of the zones combine to produce the overall watershed response. Such a model is the 
kinematic cascade model (Kibler and Woolhiser, 1970) calibrated to watershed topography using the 
goodness-of-fit procedure described by Lane, Woolhiser, and Yevjevich (1975). We used the results of 
a simplified simulation study using this model to suggest a procedure for predicting the hydrologic 
effects of gully advance on a small watershed. 

DATA AND ANALYSES 

EXPERIMENTAL WATERSHEDS 

Experimental data used here are: a 6 x 12ft (0.00165 ac) runoff plot on the'Walnut Gulch Experi
mental Watershed near Tombstone, Arizona; two small watersheds (4.02 ac and 4.26 ac) on the Santa 
Rita Experimental Range south of Tucson, Arizona; and a 326-ac watershed near Apache Junction, Arizona. 
A general description of the Walnut Gulch Watershed is given by Renard (1970). For a general refer
ence on the Santa Rita Experimental Range see Martin and Cable (1975). Details of the Queen Creek 
Watershed are given by Arteaga and Rantz (1973). 

RELATION BETWEEN GEOMORPHIC FEATURES AND HYDROLOGIC RESPONSE 

As an example of the influence of geomorphic features on watershed response, Watershed 76.001 on 
the Santa Rita Experimental Range is examined in detail. Watershed 76.001 is a 4.02-ac (1.62 ha) 
watershed with incised drainage on the lower portion of its area and an upland area with poorly de
fined drainage. For this watershed, and the calibrated kinematic cascade model discussed later, we 
divided the watershed into four zones with a single, main channel (Figure 1). 

For the four subzones of Watershed 76.001, we quantitavely measured different intra-watershed 
subzones, including land slope, drainage density, and topographic roughness (Table 1). 

Zone #1, the uppermost zone of watershed 76.001, is .characterized by flat slopes (approximately 
3% slope). Channels are shallow, discontinuous, very short, and extremely crenulated, as compared 
with the other areas. Runoff is ephemeral. For low-intensity, low-volume precipitation events, the 
zone will produce intermittent, non-uniform overland flow (if any flow at all). For higher intensity, 
larger volume events, overland flow will be produced. Thus, the zone can be considered a nearly flat 
plane, with a surface texture of varying roughness and no discernable drainage pattern. 

Zone #2 is a transition or intermediate zone, with some characteristics of Zones #1, #3, and #4. 
The lower boundary of this zone is well defined by head cuts or nick points of the incised drainage. 
Both channel and ground surface slopes are less than those of Zones #3 and #4. Drainage in this zone 
consists of subdued channels that are continuations of the incised channels of Zones #3 and #4. The 
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ZONE 3 a 4 ZONE 2 a I 

CHANNEL AS DEFINED FOR MODEL 

FIGURE 1. Map of Watershed 76.001 illustrating the four zones of the 
watershed and channel lengths used for modeling purposes. 

Table 1 

Zone 

.1 

2 

3 

4 

CHARACTERISTICS OF ZONES IN WATERSHED 76.001 

Area 
(acres) 

o. 939 

1. 067 

0.643 

1, 367 

Slope 
of Best 
Fit 
Plane 

.0343 

.0343 

.0811 

.0521 

Geometric 
G-0-F 

Stat~stic.Y 
R 

p 

.998 

.998 

.929 

.936 

Drainage 
Density Y 

Dd 
(ft/Ft2 ) 

0.0114 

o. 0132 

Mean Length of 
1st Order Channels 

(Ft.) 
(M) 

26. 
(7.92m) 
85. 

(25.9lm) 

TOTAL 4.02 acres 

~/ R 2 is a measure of how well the observed elevation data 
P are fit by a plane. A value of 1.0 indicates a perfect 

fit. 

~/ Total length of all channels in a watershed divided by 
watershed area. 
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Zone #2 channels are shallower than incised channels, and contain a considerably smaller volume of 
sand and gravel. The sand bottoms of these channels average 0.55 ft (0.16m) wide and 0.1 to .0.2 ft 
(0.03m to 0.06m) deep. They contain a lesser volume of alluvium available for flow abstract1on than 
the channels of Zones #3 and #4. Consequently, the Zone is not as affected by antecedent moisture in 
the channels as are Zones 113 and #4, with larger channels.· 

Zones 113 and #4--contain the steepest slopes, most deeply incised channels, and the greatest 
volume of channel alluvium. The upper boundary of these zones ends at the head cuts of the incised 
channels. There drainage density is greater than in any of the other Zones. Reaction time of these 
areas to precipitation varies with variations in antecedent moisture and, especially controls within 
the larger channels caused by tree roots, large boulders, bank caving, etc. However, variation of 
reaction to precipitation intensity and volume is generally less than the two other Zones. Zones #3 
and #4 are characterized by lower, more often exceeded thresholds concerning the start of overland 
flow and upslope movement of gullies. 

AVERAGE LOSS RATE VS. AVERAGE INTENSITY OF RUNOFF-PRODUCING RAINFALL 

If cp is defined as the average loss rate (in/hr) then runoff-producing rainfall is that portion 
of the rainfall when intensity exceeds average loss rate <t>. 

As we discussed earlier, Arteage and Rantz (1973) related average loss rate, <f>, to average den
sity, IP, as 

<P = 

where: 

<f> = average loss rate, 

rainfall intensity, 

[:. <I c 

Ic threshold intensity below which there will be no runoff, 

Ip =average intensity of runoff-producing rainfall, 

a = intercept, and 

b =slope of regression line. 

The average runoff rate, q, may be expressed as 

q = Ip - <I> 

Substitution into Eq. 1 yields 

q = \ 0.0 < Ic 

( (1-b)IP - a, Ip.::, Ic. 

When the runoff rate is 0, Ic = a/ (1-b) so that 

' • [ ;,_,> o,-,,>: :, ~ :: 

(1) 

(3) 

(4) 

is an alternate form of the equation for the average loss rate. Arteaga and Rantz (1973) interpreted 
Eq. 4 as indicating that (1-b) is the proportion of the total area contributing runoff and that the 
average loss rate for the area contributing runoff is Ic. 

If partial area response (indicated by b > 0 and thus (1-b) < 1) is a manifestation of geomorphic 
thresholds, then the percentage of watershed area contributing runoff should be related to geomorphic 
features. We assumed that geomorphic thresholds were related to watershed area. Under this assump
tion (1-b) and Ic should be related to watershed area. As expected, since thunderstorm rainfall of 
the type common on watersheds examined here is of 1 imited areal extent, and as watershed area in
creases, some areas are more remote from the outlet, then the proportion of watershed area contri
buting runoff {1-b) would decrease as watershed area increases. However, the situation for the thres
hold intensity, Ic• is not as obvious. In these watersheds channel network and volume of alluvium 
contained therein increase as watershed area increases. Therefore, we might expect Ic to increase 
with increasing watershed area. 

Data from the 6- x 12-ft runoff plot and three other watersheds are shown in Table 2. The runoff 
plot has no channels and would be expected to have nearly 100% of the area contributing. As shown in 
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Table 2 

RELATION BETWEEN PROPORTION OF CONTRIBUTING AREA, 
THRESHOLD INTENSITY, AND WATERSHED AREA 

Watershed 

Walnut Gulch 
Runoff Plot 
63.333 

Watershed 
76.001 

Watershed 
76.002 

Queen Creek 
Watershed 

Area 
(acres) 

(ha) 

o. 00165 

Number of 
Storms 

8 
(0.006 ha) 

4.02 8 
(1. 63 ha) 

4.26 6 
(1. 72 ha) 

326 11 
(131. 98 ha) 

Proportion of 
area 

contributing 
runoff 
(1 - b) 

0.78 

0.45 

0.34 

0.26 

Threshold 
Intensity 

Ic 
(in/hr) 

0.47 

0.76 

0.85 

0.77 

Ta.ble 2, the coefficient in Eq. 4 suggests that about 78% of the area actually was contributing. Con
tributing values are 45% and 34% for the Santa Rita watersheds and 26% for the larger Queen Creek 
Watershed. Apparently (1-b) decreases as watershed area increases, but the values of (1-b) are only 
approximate when using small samples. For example, the percentage of contributing area for watershed 
76.002 should be nearly equal to the value for 76.001. The threshold intensity to begin producing 
runoff, I , may vary with area as shown in Table 2. However, both the threshold and the proportion 
of contriSuting area would also vary with precipitation characteristics, antecedent moisture, time of 
season, etc. so that trends with area should be considered qualitative. More quantitative determi
nation cannot be made until alternative analysis techniques are developed (see the following section, 
and Lane and Wallace, 1976) and the results of a tracer experiment being designed at the Southwest 
Watershed Research Center are available. 

A PARTICULAR SIMULATION MODEL 

If watershed topography and channel network are modeled as a cascade of planes and channels in a 
logical flow sequence, and the kinematic wave equations for overland flow and open channel flow are 
solved for each element in the cascade, then the resulting mathematical model is a kinematic cascade 
model (Kibler and Woolhiser, 1970). Such a model is compatible with the approach of partitioning the 
watershed into geomorphically homogeneous zones. 

A simplified model of Watershed 76.001 consists of a cascade of four zones, each of which is 
modeled as a plane and a single channel which is modeled by a single channel representing the proto
type main channel. The kinematic cascade parameters for each plane are summarized in Table 3. The 
total length of the watershed, Lb, is 1080 ft (329m). The main channel extends approximately one half 
the distance up the watershed. 

A rainfall-runoff event on August 12, 1975, was used to calibrate the simplified cascade model to 
Watershed 76.001. The observed and fitted hydrographs for this event are shown in Figure 2. For the 
purpose here, rainfall excess was assumed uniform over the 4-ac (1.63 ha) watershed. There is a dif
ference in hydrograph time to peak, but the hydrograph shapes and peak discharges appear similar. 
Again, the model was calibrated by fitting this hydrograph. 

A statistical procedure for fitting cascades of planes and channels to topographic data was de
scribed by Lane, Woolhiser, and Yevjevich {1975). Such a procedure was used for Watershed 76.001 as 
described by Lane and Wallace {1976). This calibrated model was subsequently used to simulate rainfall
runoff processes resulting from channel changes in this watershed. 

SIMULATION OF GULLY ADVANCE 

As a first approximation of the hydrologic effects of gully advance on small watersheds (as re
flected in the surface runoff hydrograph at the watershed outlet) we used the calibrated kinematic 
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Table 3 

CHARACTERISTICS OF THE SIMPLIFIED KINEMATIC CASCADE 
MODEL OF WATERSHED 76.001 

ELEMENT IN AREA LENGTH WIDTH SLOPE CtJ.lMENTS 
CASCADE 

(acres) (ft) (ft) 

Plane 1 0.939 341 120 .034 Upland zone 
(0.372 ha) (104 m) (366m) 

Plane 2 1.067 230 202 .034 Receives flow from 
(0.432 ha) (70.1 m) (61.6 m) Plane 1. Contributes 

flow to upstream 
boundary of main 
channel. 

Plane 3 0.643 55 509 .081 Lateral inflow to 
(0.260 ha) (16.8 m) (155.2 m) main channel 

Plane 4 1.368 117 509 .051 Lateral inflow to 
(0.554 ha) (35.7 m) (155.2 m) main channel 

Channel 5 509 .036 Main channel ends 
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FIGURE 2. Observed and computed hydrographs for the event of 
August 12, 1975, Watershed 76.001. 
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cascade model to simulate runoff. Rainfall excess was assumed uniform over the watershed at a con
stant rate of 2.00 in/hr for 10 min (although we Would expect it to change with increasing channel 
length). For illustrative purposes, the main channel is assumed to be 50%, 100%, 150%, and 200% of 
its present length. Although 1t is an oversimplification, we assumed all other watershed features 
were constant (i.e. only the main channel length changes). The resulting runoff hydrographs are 
shown in Figure 3. 
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Simulated hydrographs for Watershed 76.001, uniform rainfall excess. 
Simulation of gully advance of 50%, 100%, 150%, and 200% of the 
present length of the main channel. 

The effects of gully advance include an increase in peak discharge, a faster rise to the peak, 
and a steeper recession from the peak discharge. The graph in the upper portion of this figure repre
sents the change in peak discharge with gully advance. Due to the simplifications in this example, 
these results are only a qualitative estimate of the influence of gully advance on the surface runoff 
hydrograph, but they do allow us to form a working hypothesis for more comprehensive research into the 
hydrologic import of gully advance on small semiarid watersheds. 

OBSERVATIONS AND SUMMARY 

RELATION BETWEEN PARTIAL AREA RESPONSE AND SEDIMENT PRODUCTION 

Rainfall-runoff simulation results and average loss rate vs. rainfall intensity analyses on small, 
semiarid watersheds in Arizona ·suggest that runoff source area variability results in storm runoff 
hydrographs that are a function of partial area responses (Arteaga and Rantz, 1971, Lane and Wallace, 
1975, and Lane and Wallace, 1976). If the watershed is assumed to contribute uniformly over the entire 
area, while in fact about half the area is contributing runoff, then runoff rates assumed over the en
tire area may be in error by a factor of two. The resulting errors in estimating runoff rates would 
then carry over into estimated values for mean shear stress and erosion rates. Hence, the desire to 
identify, a eriori from geomorphic characteristics, those areas of a watershed which will produce run
off from a glVen size storm under specified antecedent conditions. 
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PARTIAL AREA RESPONSE OF SMALL SEMIARID WATERSHBDS 

Based on the analyses cited earlier and on those conducted here, the assumption of partial area 
responses for the watersheds in question is warranted. Moreover, it seems reasonable to assume that 
partial area response is a hydrologic manifestation of an ensemble of geomorphic differences and 
thresholds producing a complex hydrologic response. A procedure has been introduced for delineation 
of watershed zones based upon geomorphic features. These zones are compatible with a particular rain
fall-runoff simulation model. Such a model can be used to simulate processes such as gully advance on 
small semiarid watersheds. Such simulation results, while based on model assumptions and 1 imited by 
available data, do provide working hypotheses on the hydrologic consequences of some geomorphic pro
cesses. 
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LYSIMETER SNOWMELT IN ARIZONA PONDEROSA PINE FORESTS 

by 

Mikeal E. Jones, Peter F. Ffolliott, and David B. Thorud 

INTRODUCTION 

The opportunity to increase water yield fran snowpacks is partly dependent on snowmelt from sites 
of varying hydrologic characteristics. Such an objective may be realized by increasing snowpack 
accumulation on sites favorable to accelerated snowmelt water yield. To help determine the effect of 
varying amounts of snowpack accumulation on water yield in Arizona ponderosa pine forests, snowmelt 
outflow was measured from the base of snowpacks by employing a simple volumetric lysimeter. 

The snowmelt lysimeter, which was a modification of the instrument developed by Haupt (1969a), 
makes possible continuous collections of melt water, as contrasted with point-in-time estimates of 
snowpack water equivalent (WE) often used to quantify snowmelt. The Haupt lysimeter has been used to 
quantify total outflow from relatively deep snowpacks with single accumulation-melt cycles in Idaho 
(Haupt, 1969b; Haupt, 1972), New Hampshire (Martin and Hornbeck, 1972), and Colorado (Schulz, 1973}. 
These investigations, however, were carried out in colder climates characterized by more continuous 
and deeper snowpacks than those which normally occur in Arizona, Therefore, a study was initiated 
to: (l) evaluate a modification of the Haupt lysimeter for use in intermittent and shallow snowpacks 
common to Arizona; and (2) characterize snowmelt outflow on sites representing forested and open areas. 

LYSIMETER DESIGN 

The snowmelt lysimeter used in this study consisted of a 17-by-23-inch sheet metal trough, 6 
inches deep, which collected melt water percolating down from the vertical snow column above it 
(Figure 1), The snow column, which had the same cross-sectional dimensions as the trough, was 
defined by a vertical frame attached at the four corners and braced 30 inches above the ground surface. 

PROTECTIVE 
CONTAINER a OVER 

Fig. 1. Schematic of snow lysimeter installation. (Arrow 
indicates level of maximum snowmelt storage). 

::-_·: 

Haupt (1969a) and Schulz (1973) employed a polyethylene barrier stretched between the corner 
supports to isolate the snow column from inflow of melt water outside the column. This barrier, which 
is pulled up during snowpack accumulation and cut away as the snow column disappears, could not 

The authors are research assistant, associate professor and director, respectively, in the School 
of Renewable Natural Resources, University of Arizona. 
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be used in Arizona, where several snowpack accumulation and disappearance cycles occur each winter. 
However, as ice lenses are often fonued due to large diurnal temperature differences, a barrier 
could not be neglected. Consequently, a piece of 1/4-inch thick beaverboard was used to cut around 
the snow column, using the frame as a guide. At each measurement interval, the snowpack was cut, 
leaving a vertical air space along which extraneous melt water could drop outside the collection 
trough. 

Melt water from the snow colum percolated out of the snowpack base through 4 inches of litter, 
humus, and mineral soil placed in the trough to simulate the surface structure ordinarily present. 
The top trough edges extended 1/2-inch above the uppermost forest floor layer to prevent inflow of 
extraneous melt water. A 2-inch layer of pea gravel and a fine-mesh screen separated the soil from, 
and prevented clogging of, a drain located at the trough's lowest point. 

To facilitate manual readings of weekly accumulated snowmelt and reduce maintenance costs, it 
was necessary to modify the storage facility employed by Haupt (1969a) and others. Melt was stored 
downhill from the lysimeters in a standard 8-inch precipitation storage gage. A dip stick indicated 
melt increments in tenths of an inch. The entire storage facility was protected by a covered con
tainer, and an oil film in the storage gage prevented evaporation losses. 

While these modifications facilitated manual observations of snowmelt increments, melt storage 
was limited to between 2 and 3 inches. However, as long as a weekly measurement regime was followed, 
the storage gage could be emptied or re-zeroed by dipping to prevent melt water from backing up into 
a lysimeter. 

EVALUATION TEST 

The site selected for lysimeter installation and evaluation was the Campbell Blue study area, a 
large water yield source area 7 miles south of Alpine in east-central Arizona. Vegetation is cutover 
ponderosa pine; topography is flat; and soils are of volcanic origin. Elevations average 8,010 feet. 

Four lysimeter locations in close proximity were selected: two under forest canopies and two 
in adjacent openings. Two lysimeters were installed at each location. Change in snowpack WE and 
snowmelt outflow were assessed over two evaluation periods, November 1972 through April 1973 and 
November 1973 through March 1974. 

Weekly change in snowpack WE was estimated for the snow column indirectly, since destructive 
sampling of the snowpack above the lysimeter trough might have influenced the amount of melt water 
derived from it. Depth measurements taken at the corners of the vertical support frame gave an 
average value which, when multiplied by average snowpack density (obtained with a snow tube and 
scale at a point within 3 feet of the center of the lysimeter), provided an estimate of average 
snowpack WE. New snow was distinguished from a previously measured snowpack by its lesser density 
and separated from the snowpack indexed by the previous measurement. Net snowpack change was the 
difference in snowpack WE from one measurement to the next, discounting interim snowfalls. 

Snowmelt outflow was measured by the lysimeters at weekly intervals following the general 
procedures outlined above. 

Simple water balances, consisting of estimates of change in snowpack WE compared to the derived 
snowmelt outflow, were synthesized to determine the rationality of the outflow values obtained by 
the lysimeter. However, errors of unknown magnitude may be attributed to failure to detect all 
interim snowfall events. Lysimeter instrument error was+ 0.05 inches. Only extraneous inflow or 
leaks in the trough system could have caused inaccurate estimates of snowmelt outflow. Observations 
of the lysimeters in operation did not indicate flow or melt across the air space barrier. Neither 
tests nor operation of the lysimeters revealed any leaks in the trough or hose fittings, although a 
kinked delivery tube required that snowmelt data from one lysimeter be excluded from subsequent 
analysis. 

Use of the modified Haupt lysimeter pt·esented some minor problems with intermittent snowpacks. 
Snowmelt was initially required to satisfy moisture requirements in the 4 inches of litter, humus, 
and mineral soil within a lysimeter before melt water reached the storage facility. If a lysimeter 
site became bare of snow, evaporation from these forest floor layers had to be replaced by additional 
water. On shallow snowpacks, repeated occurrences of this type may cause soil evaporation to be a 
significant proportion of total snowmelt. 

Maximum weekly snowmelt outflow values on the lysimeters ranged from 1.4 to 4.2 inches for the 
two evaluation periods, with a 2.8-inch average. These values occurred in different weekly 
measurement periods during the two snowmelt seasons. Differences in maximum weekly snowmelt rates 
among the four lysimeter sites were not significant. 

Average daily snowmelt rates extrapolated from weekly measurements were lower than those pre
viously reported (Haupt, 1972; Martin and Hornbeck, 1972; Schulz, 1973). However, these values were 
statistically correlated with indices of energy input to the snowpack. All lysimeter plots were 
pooled when snowpack WE was not limiting in the following regression: 
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Y = 0.014(X
1

) + 0.00021 (X
2

) - 0.10 

where Y = average daily snowmelt outflow, in inches 

average daily degree days 

average daily shortwave radiation received on an open horizontal 
surface, in langleys 

r2 
= 0.69 

Timing of snowmelt outflow, expressed as an accumulated percent of the snowmelt outflow for all 
lysimeters at different time periods, was compared to the percent of total snowmelt runoff from the 
nearby Castle Creek Experimental Watershed, which is similar in vegetation and physiography to 
Campbell Blue. To illustrate this comparison, the last date of lysimeter snowmelt outflow in 1972-73 
(April 28), was arbitrarily chosen as the end of streamflow from snowmelt on Castle Creek. No 
significant difference was detected among the accumulated percent of total snowmelt outflow on the 
four lysimeter locations at Campbell Blue for any of five selected dates throughout the winter. 
However, this expression of snowmelt outflow timing significantly preceded streamflow on Castle Creek 
for the period of analysis. 

CONCLUSIONS 

The Haupt snowmelt lysimeter with modifications performed well in Arizona. Use of an air space 
barrier to isolate the lysimeter snow column was necessary with fluctuating snow depths, and a 
manual-reading melt storage facility helped reduce maintenance costs. 

No differences in snowmelt outflow were found among two forested and two open locations. Maximum 
weekly outflow values ranged from 1.4 to 4.2 inches, which occurred in different measurement periods 
during the two snowmelt seasons. Empirical correlation of average daily snowmelt rates with indices 
of energy inputs suggests a basis for comparison of intensive source data with more extensive snow 
survey information. Finally, timing of snowmelt outflow on the four lysimeter locations significantly 
preceded streamflow from a nearby watershed. 
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AN ENERGY BUDGET ANALYSIS OF EVAPOTRANSPIRATION 
FROM SAL TC EDAR 

by 

L. W. Gay, T. W. Sammis, and J, Ben-Asher 

ABSTRACT 

Energy budget evaluations of evapotranspiration from saltcedar were carried out on th~ flood plain 
of the Rio Grande River, near Bernardo, New Mexico. The site was adjacent to the Bureau of Reclama
tion's lysimeter study of water use by saltcedar. The energy budget for the cloudless day of June 14, 
1975, revealed that energy gains from net radiation totaled 432 cal/cm2 , while energy losses (in 
cal/cm2 ), were 14 to stored energy, 31 to convection, and 387 to evapotranspiration (ET). The energy 
loss to ET is equivalent to the latent energy contained in about 6.5 mm of water. The energy budget 
values are reasonable for a phreatophyte community in a semi-arid environment. The latent energy loss 
compares favorably with 401 cal/cm2 measured by three lysimeters, although there were discrepancies in 
timing and amounts of loss among the individual lysimeters. The mean canopy diffusion resistance was 
1.90 sec/em over a 10-hour daytime period on June 14. The mean resistance was combined with vapor 
pressure deficit to predict lysimeter ET on three subsequent days. The agreement was within 12 percent, 
which suggests that diffusion resistance may be useful for simple ET predictions. 

INTRODUCTION 

The consumptive use of water by wildland vegetation is a well-recognized problem in the semi-arid 
southwest. Reduction of these losses would augment the existing but limited water supplies. This 
possibility has contributed to a continued interest in salvaging water for more beneficial uses. 

The riparian plant communities along southwestern stream courses are visible features of the land
scape. There is a gener~l awareness that the dry climate generates very large transpiration losses 
from phreatophyte species that have ready access to water. Consequently, the amount and timing of 
water use by phreatophytes has been extensively studied. 

The extent of the losses and the nature of the processes that control them have not been thoroughly 
defined. The possibilities for direct control of these losses through elimination of riparian communi
ties are now seen to be limited. Alternatives to direct control include management programs to convert 
and maintain desirable species in riparian communities, and the use of antitranspirants. Either of 
these approaches will require additional, detailed knowledge of the evapotranspiration process, and of 
the water use characteristics of the major phreatophYte species. 

This paper reports results of an energy budget analysis of evapotranspiration from a continuous 
expanse of saltcedar on the floodplain of the Rio Grande in central New Mexico. The objectives are: 
to determine the feasibility of an energy budget analysis for estimating ET from saltcedar, to estab
lish the magnitude of the diurnal energy exchanges, and to examine the factors controlling the exchange 
of water vapor between the saltcedar canopy and the atmosphere. 

REVIEW OF PREVIOUS WORK 

A substantial body of literature describes the past half-century of research on phreatophytes. 
Many older references are included in the 713 abstracted entries in the bibliographY compiled by 
Horton (1973); several hundred more recent works are abstracted by Paylore (1974). Horton and Campbell 
(1974) have collated knowledge that should prove useful for phreatophyte management, and Horton (1976) 
has proposed management guidelines for moist-site vegetation in the southwest. 

Two points that emerge from the literature review are applicable to our present study. The first 
concerns the extent of phreatophyte communities and the hydrologic consequences of their ready use of 
water. The second concerns the surprising lack of detailed information on the water use characteris
tics of the various phreatophyte species, and the difficulties encountered in extrapolating existing 
experimental results to conditions found in natural stands. 

Wide variability exists in the estimates of areal extent and amounts of water consumed by phreato
PhYtes. The introduced saltcedar, Tamarix pentandra (Pall.), is thought to be the heaviest water user of 
all the phreatophYtes. It is also an aggressive competitor and has spread throughout the river systems 
of the southwest. Robinson (1965) projected that saltcedar alone would occupy about 1.3 million acres 
throughout the west by 1970, with an annual consumptive use of about 5 million acre feet. The vast 
acreage projected for 1970 contrasts sharply with the relatively limited 40 or 50 thousand acres that 
were occupied by saltcedar back in 1920. For New Mexico and Arizona together, the total area of all 
species of phreatophytes has been estimated at nearly one million acres (U.S. Senate, 1960), with an 
annual consumptive use of between 2. 5 and 3 mill ion acre feet. However, there have been no recent, 
detailed estimates of phreatophyte area. 

The authors are respectively, Associate Professor, School of Renewable Natural Resources; Research 
Associate, Department of Hydrology and Water Resources; and Research Associate, Water Resources 
Research Center, the University of Arizona, Tucson. Approved for publication as Journal Paper No. 2620, 
Arizona Agricultural Experiment Station. 
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The reviews of water use by phreatophytes indicate that most of the data has come from experiments 
with lysimeters. Horton (1976) has summarized the results from a number of lysi~~~eter experiments. He 
concluded that water use by a mature, dense, unbroken stand of saltcedar would total about 180 to 210 
em annually in the Buckeye area near Phoenix, lllhile slightly higher elevation sites at Safford, Arizona 
and Carlsbad, New Mexico, would show a loss of 150 to 180 em per year. Saltcedar at the high elevation 
site of Bernardo, near Albuquerque, would use about 120 to 140 em. 

The U.S. Geological Survey's water budget on a 24.1 km reach of the Gila River revealed that ET 
from the riparian vegetation (mostly saltcedar) was 127 em (Culler, et al., 1970). After clearing of 
the vegetation, evaporation from the exposed soi 1 totaled 51 em. The net savings attributed to phreato
phyte removal was 76 em (Hanson, Klipple and Culler, 1972). 

The difficulties in extending the empirical lysimeter and water budget results to phreatophytes 
in other areas have been noted (Van Hylckama, 1974; Horton, 1976). An ideal experimental method would 
relate water availability, vegetative characteristics and environmental factors. Van Hylckama (1974), 
after considering the difficulties in interpreting the Buckeye lysimeter data,. suggested that future 
phreatophyte water budget studies might be advantageously based upon an energy budget analysis, as such 
results are more easily generalized to areas away from the experimental sites. Neither Horton (1976), 
Affleck (1975) nor Horton and Campbell (1974) could find results of energy budget studies of phreato
phytes to cite in their recent comprehensive reviews. 

FIELD EXPERIMENTS 

The Bernardo lysimeter site was selected for the energy budget measurements. Six constant-level 
lysimeters had been established in 1961 by the U.S. Bureau of Reclamation in an expanse of saltcedar on 
the floodplain of the Rio Grande, about 50 miles south of Albuquerque. The Bureau operated the lysim
eters continuously from 1962-1968 (U.S. Bureau Reclamation, 1973), and has maintained them for inter
mittant measurements since that date. The lysimeters are equipped with pumps that maintain the water 
level at a constant setting. The mean depth to water was 154 em during the period of our measurements, 
both within and without the lysimeters. 

Meteorological instrumentation was established above the saltcedar in the vicinity of the lysim
eters, and measurements were made for a four-day period, June 14-17, 1975. The saltcedar was about 
3.15 m. tall. Though the stand was extensive, the canopy was sparse. 

Our instrumentation was similar to that used elsewhere for energy budget measurements (see Gay, 
1973, among others). Net radiation was measured above the canopy with two net radimeters, and a soil 
heat flux plate within 3 em of the surface provided an estimate of the changes in stored energ¥ in the 
soil. A differential, diode psychrometer, similar to the design of Black and McNaughton (1971) was 
used to measure dry- and wet-bulb temperature differences between two levels above the canopy. The 
psychrometer employed a reversing mechanism to exchange the sensors between levels every ten minutes in 
order to eliminate small biases that might otherwise affect the results. Wind velocities were measured 
at three levels above the canopy. The instruments were recorded periodically on a digital data system. 

Only the first day of the experimental period proved suitable for analysis. The subsequent three 
days were marked by variable weather conditions and by a variety of instrumental and recording problems. 

RESULTS AND DISCUSSION 

The basic energy budget model is described in many different texts. It sums the energy available 
from net exchange of radiation (Q*), changes in stored energy (G), convection (H) and latent energy 
(LE): 

Q* + G + H + LE = 0. (1) 

The energy budget expressed in flux density units applies to periods of any length. The flux polari
ties may be either positive or negative, and we use the common convention that fluxes directed to the 
surface are positive, and those away from the surface are negative. 

The basic Bowen ratio model is: 

LE = (Q* + G) I (1 + a) (2) 

where 8 = H/LE. 8 was estimated from measurements of dry-bulb temperature differences (,'.Tal and 
wet-bulb temperature differences (t.Twl at two levels above the vegetation with the model of Sargeant 
and Tanner (1967) as 

where s is the slope of the saturation vapor pressure curve with respect to temperature at the mean 
wet-bulb temperature (Tw), andy is the psychrometric constant (under Bernardo conditions, 
y"' 0.58 mb/"C). 
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THE SURFACE ENERGY BUDGET 

The energy budget components were derived for each measurement cycle, using Equation 1, 2 and 3, 
and then integrated into half-hour and daily totals. The data for the daylight hours (0630-1900), the 
night (1900-0630) and the full day are tabulated in Table 1 in cal/cm2 for the appropriate period. The 
evaporation equivalent of LE is 6.5 mm of water over the 24-hour period. 

Table 1. Energy Budgets Components Over Saltcedar. Bernardo, New Mexico. 

Period Q* G H LE 

day (0630-1900) 485 -18 -102 -364 
night (1900-0630) -53 5 71 - 23 
24-hour total 432 :]4 :-jf -387 

The LE estimate from the energy budget analysis can be checked against the water loss data from 
the three saltcedar lysimeters. Of the six lysimeters, two had been converted from saltcedar to 
Russian olive in 1972, and the saltcedar canopy in the remaining one was uncharacteristically sparse. 
The three usable lysimeters were examined at approximately hourly intervals from 0830 to 1830 hours 
daily and the pumpage converted to depth equivalents over the 93 square meter area of each lysimeter. 
The mean loss from the three lysimeters was 6.7 mm of water for June 14; this is equivalent to about 
401 cal/cm2. 

The mean daily loss from the three operating lysimeters thus compares quite closely to the energy 
budget estimate. However, the June 14 totals from the individual lysimeters were 8.14, 7.37 and 5.05 
mm, respectively. The scatter among the lysimeters suggests that the good agreement on this one-day 
comparison may be due to chance. 

Further discrepancies become apparent when the hourly energy budget components are plotted 
throughout the day in Figure 1. 
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BERNARDO, NM 
June 14, 1975 

4 8 12 

TIME OF DAY (hr) 

16 24 

Saltcedar evapotranspiration from an energy budget analysis (LE) and from lysimetric 
measurements (LE' ). Note that G, LE and LE' are reversed in polarity in order to save 
space. 

The convection term, H, is not shown, but since Equation 1 governs the energy budget, it can be scaled 
from the Figure if desired. The mean value of the lysimeters (labeled LE') is plotted for the hourly 
periods that are available. The curve for Q*, G and LE are smoothed through points representing half
hourly integrals; LE' is drawn as a bar graph, indicating the amounts lost each hour. 

The smooth progression of the Q* curve confirms that clear skies prevailed throughout this day. 
The relatively unimportant soil heat flux remained small for any given hour within the day. The energy 
budget estimate of LE is in phase with net radiation. The oscillatory character of LE indicates possi
ble measurement errors; a smooth curve might more accurately represent the actual evapotranspiration 
rate. 

The mean water loss from the lysimeters (LE') differs substantially from LE throughout the day, and 
there was considerable scatter among the three lysimeters in any given hour. The LE' pattern shows 
lower water use than LE through the middle of the day; the peak losses from the lysimeter occur from 
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1530 to 1630 hours. LE' also shows substantially greater losses throughout the night hours. 

Further conments on the lys imeter accuracy can be deduced from the genera 1 progression of the 
energy budget. The relatively large values of LE' at night occur during the time that available energy 
(Q* + G) is negative. The energy to sustain LE' must be extracted from the air, so that H must be 
directed toward the surface, and at a relatively high rate. Likewise, the abrupt jump of LE' in the 
mid-afternoon hour, and its subsequent rapid decrease, is not easily explained. Because of these fac
tors, and because of the large variability among the three lysimeters, one cannot place undue confidence 
in hourly values of LE'. 

CANOPY DIFFUSION RESISTANCES 

The direct measurement of water loss from the lysimeters yields a useful estimate of the water use 
of saltcedar. It does not, however, relate the losses to environmental and plant factors, and this 
makes it difficult to extend the results to other areas. The energy budget analysis is more general, 
since it partitions the available energy (Q* +G) into latent and convective energy, and thus estimates 
LE with respect to the energy environment. 

The generality of the energy budget approach may be extended by considering the role of the diffu
sion resistance of stomata in limiting the flow of water vapor from the plant into the atmosphere. The 
diffusion resistance quantitatively expresses the restriction that the stomata place upon the free flow 
of vapor between the interior of the leaves and the atmosphere. The resistance of the stomata to vapor 
flow is related to soil and plant parameters, such as availability of water, the evaporation rate, and 
the conductivity and water potential of the plants and soil. The diffusion resistance directly affects 
the water loss. Recent work (Monteith, 1965) suggests that this concept will lead to a useful means of 
predicting ET. 

The basic model. We shall consider the plant diffusion model further. It was first proposed by 
Monteith (1965) as a modification of the potential evapotranspiration model of Penman (1948). Since 
evapotranspiration is controlled by both the evaporative demand of the air and the physiology of the 
plant, Penman's equation was modified by Monteith to include a plant canopy resistance, rc• in the 
potential evapotranspiration equation: 

where 

s(Q* + G) + pCp(e* - eal/ra 
LE = s + y(ra + rc)/ra 

C~: ~~!~o;:~~~!t~l~~ ~!~s~i;1 ~~~~1}min); 
e~ = ambient vapor pressure (mb); 
e =saturation vapor pressure at air temperature (mb); 

L = latent heat of vaporization (cal/g); 
Q* = net radiation (cal/cm2/min); 
G =change in soil heat storage (cal/cm2/min); 

ra = aerodynamic or boundary layer resistance (sec/em); 
rc = canopy resistance (sec/em); 
s = slope of saturation vapor pressure curve at air temperature (mb;oC); 
y = psychrometric constant (mb/°C) 
p =density of air (g/cm3). 

(4) 

This plant diffusion model quantifies the role of stomatal behavior in controlling water losses, with 
the canopy resistance term, rc. representing the role of the plant. This variable appears to be the 
key to a successful physical model of evapotranspiration (Running, Waring and Rydell, 1975). Equation 
4 was used with apparent success by Van Hylckama (1975) for predicting ET at the Buckeye lysimeter site 
over a three-day period. He did not give details of his analysis, however. 

Simplifications. The basic method for estimating rc is to solve Equation 4 when rc is the only 
unknown, with LE being measured by other means, such as a lysimeter or the energy budget technique. 
In plant communities with compact, rather smooth, canopies, the aerodynamic resistance ra may be large 
with respect to rc· This situation requires a special evaluation of ra through measurement of the wind 
profile. If the canopy is rough, however, ra becomes small and Equation 1 can be rewritten, neglecting 
the ra term. This is clearly demonstrated in Federer's review (1975) of the few sets of resistance 
measurements available from plant communities that have rough, porous canopies. When ra is negligible 
Equation 4 reduces to the simple form of Fick's Law of Diffusion, where the rate of water vapor trans
fer is proportional to the gradient in water vapor concentration: 

CnP (e* - ea) 
LE = -L-

y rc 

This simplified equation has been used to model the water flux from Douglas-fir (Running, et al., 
1975). This modification of the general evapotranspiration model (Equation 4) demonstrateshoila 
model may be simplified when some of the physical parameters become insignificant for a particular 
ecosystem. 
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The wind profile measurements were analyzed to see if r was negligible for the Bernardo experi
mental site. Van Savel (1966) outlines the procedure for cafculation of ra from wind profile theory, 
assuming adiabatic conditions exist in the lower levels of the atmosphere. This assumption is rather 
closely met under the condition at Bernardo, i.e., when the wind is strong and the evaporation rate is 
substantial. The calculations also require an estimate of roughness length (z0 ) and displacement 
height (D) for the stand in question. Van Savel's expression is not strongly dependent upon the actual 
z0 and D values chosen; an error in z0 of 100 percent will not cause a large error in the estimate of 
ra. 

Calculations of ra for the saltcedar stand, using assumed values of z0 = 50 em and 100 em, re
vealed that r0 was generally only a few percent of rc throughout the daytime hours. As a consequence, 
it makes little difference whether rc is estimated from Equation 4, or from Equation 5. 

Resistance values. The daylight values of rc, calculated from Equation 4, are plotted in Figure 2. 
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Figure 2. The trend of canopy diffusion resistance rc, with respect to vapor pressure deficit, 
VPD, and latent energy, LE. 

The LE curve is reproduced to show that rc interacts with the vapor pressure deficit to control water 
losses. For example, Equation 5 predicts that LE will increase directly with the vapor pressure defi
cit if the canopy resistance were to remain constant. The vapor pressure deficit normally peaks later 
than net radiation, in the late afternoon, when Ta has reached its maximum. If r~ remains constant, LE 
will shift into the late afternoon, out of phase with Q*. In this illustration, nowever, there was an 
increase in canopy resistance during the afternoon hours that compensated for the increased vapor pres
sure deficit of the air. 

The calculated values of r9 in Fi'gure 2 must of course show this relationship, since rc is esti
mated from vapor pressure defic1t and LE. Any errors of LE will distort the rc values, and there will 
be no evidence to indicate the error. The confirmation of the behavior of rc and the usefulness of the 
diffusion resistance model will have to wait for further experimentation. 

There are essentially no studies of the diffusion resistance of saltcedar. Hughes (1972) examined 
data from the Bernardo lysimeters, and estimated mean monthly canopy resistance values from Equation 4, 
using climatological data. He obtained values that varied from approximately 0.3 sec/em in July and 
August up to 4.5 or 5.0 sec/em in May and October. The time base of our single daily cycle and his 
monthly mean values is too great to warrant direct comparison. 

Predictions with the model. Even though the energy budget analysis is for only one day, we can 
use the lysimeter data and our vapor pressure data to examine the consistency of the mean daily 
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resistance value for the period 0830-1830 on each of four days, using the lysimeter estimate of LE', 
the mean vapor pressure deficit, and Equation 5. The first of the four days is June 14, which has 
estimates of both the energy budget LE and the lysimeter LE (6.5 mm and 6.7 mm of water, respectively). 
After trimming the day to the 10-hour period 0830-1830, the energy budget estimate becomes 5. 7 mm, and 
the lysimeter estimate is reduced to 4. 7 mm. 

The mean vapor pressure deficit for the 10-hour period on June 14 was 34.3 mb. From Equation 5, 
we estimate the mean canopy resistance for this period as 1.60 sec/em from the energy budget LE, and 
1.95 sec/em from the lysimeter data. The different values of rc indicate the failure of LE and LE' to 
agree during this period. · 

We can get an indication of the variability associated with the lysimeter estimates of LE' by now 
calculating rc for June 15, 16 and 17 for the same 10-hour period each day, using the mean vapor pres
sure deficits for those days. The results, summarized in Table 2, show that the four days vary as much 
as 12 percent about the mean value of 1.90 sec/em. 

Table 2. Mean canopy resistance, based upon vapor pressure deficit and mean lysimeter 
evapotranspiration. Means are taken over the 0830-1830 period each day. 

Date LE' (mm) VPD(mb) rc(sec/cm) 

6/14 4.70 34.3 1.95 
6/15 4. 72 29.5 1.68 
6/16 3.46 27.8 2.14 
6/17 4.15 28.1 1.84 

While the surface resistance may vary from day to day because of physiological or environmental fac
tors, the variability found here may be at least partly caused by errors. In any event, the differences 
between days are not particularly large, and indicate that a mean daily value of diffusion resistance 
may be useful in estimating latent energy exchange. 

CONCLUSIONS 

The energy budget analysis reported here is of more limited duration than is desired in order to 
fully understand the evaporation losses from saltcedar. The data from the lysimeter analysis is a 
valuable supplement, however. 

Water use by saltcedar at the Bernardo site almost equalled the available energy during the mid
June period of our measurements. Evaluation of the resistances that govern the transfer of vapor into 
the atmosphere indicated that the aerodynamic or boundary layer resistance was negligibly small with 
respect to the stomatal resistance of the canopy. Evaluation of the canopy resistance term was simpli
fied by neglecting the aerodynamic resistance. 

The canopy resistance dropped to values of about 1.0 sec/em during mid-day periods of high ET. 
The resistance values climbed in the late afternoon, and as a result the ET rate did not respond 
directly to the vapor pressure deficit or ET potential of the atmosphere. The reasons for this 
afternoon resistance increase are not immediately apparent, as the saltcedar was amply supplied with 
water from the relatively shallow water table. 

The canopy resistance values offer possibilities for the prediction of ET. A mean resistance of 
1.9 sec/em for ten daylight hours of June 14 predicted the ET from the lysimeters on three other days 
within 12 percent. If the resistances could be defined in terms of easily measured variables, their 
use would be enhanced. 

The experiment did not provide enough information to confirm the usefulness of diffusion resis
tances for estimating ET although the technique appears promising. However, the results obtained are 
in general accord with the limited amount of work reported elsewhere. These results will contribute 
to our understanding of water use by saltcedar, and will ultimately help us to develop the best possi
ble alternatives for management of riparian communities. 
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CHLOROFLUOROCARBONS AS HYDROLOGIC TRACERS 
A NEW TECHNOLOGY 

by 

J. H. Randall and T. R. Schultz 

The nationwide research undertaken to study environmentally dispersed chlorofluorocarbons intro
duced into the atmosphere from aerosol cans and refrigeration systems has indicated that these compounds 
are potentially ideal hydrologic tracers, especially Freon-11 (Cl 3CF). The major advantages of Cl3CF as 
a tracer are its non-polluting conservative nature, extremely low toxicity and sorptivity on clays, 
quantifiable build-up in the atmosphere, and a detection limit of about l0-14 grams. Quick and inex
pensive detection of Cl3CF can be done using a field-operable gas chromatograph with a pulsed electron
capture detector system. The presence of Cl 3CF in ground water, indicating an age of less than 30 years, 
will permit delineation of recent recharge areas. The absolute age of the recharging water is propor
tional to the atmospheric concentration of Ct3CF at the time of recharge. The simple quantifiable 
increase of Cl~CF in the atmosphere should therefore yield more accurate ages than those determined by 
tritium analyHs. 

INTRODUCTION 

Initial interest in chlorofluorocarbons was among atmospheric scientists. Lovelock (1971) was first 
to report detectable atmospheric concentrations of these compounds. Since then several researchers 
(Cicerone and Stolarski, 1974; Turco and Whitten, 1974; Crutzen, 1974; Wofsy, et al., 1975) have postula
ted that stratospheric photodissociation of chlorofluorocarbons produces free chlorine that reacts with 
ozone, thereby depleting the ozone layer. An extensive survey of the global chlorofluorocarbon build-
up and mechanisms of ozone destruction was reported by Rowland and Monlina (1975). 

As a result of the intensive atmospheric research, Thompson et al. (1974) demonstrated the feasi
bility of chlorofluorocarbons as hydrologic tracers. Their research investigated both artificial intro
duction of a specific chlorofluorocarbon and "naturally occurring" trichlorofluoromethane (Freon-ll, 
Cl3CF) to trace surface and ground waters. 

The emphasis of current research has been with Cl 3CF as an environmental tracer. The major demon
strated advantages of Cl 3CF can be summarized as follows: non-polluting (a problem with large concen
trations of chloride); extremely low toxicity, thereby minimizing if not eliminating any health hazards; 
low sorptivity on clays due to its low surface energy (a problem with organic dyes); quick, economical, 
field-operable detection with equipment less expensive than for most other tracers; low detection level; 
a steady known build-up in the atmosphere (tritium's variability in time and space is a major problem); 
and no loss through decay as with radioactive isotopes. 

INTRODUCTION OF CHLOROFLUOROCARBONS INTO THE ENVIRONMENT 

The following generalized description should apply to most chlorofluorocarbons that become environ
mental tracers, but will be restricted to Cl3CF and Cl2CF2 (Freon-12, dichlorodifluoromethane). E. I. 
duPont de Nemours and Co., the largest manufacturer of these two compounds, began commercial production 
during the early 1930's (Rowland and Molina, 1975). These compounds plus other chlorofluorocarbons 
produced in smaller quantities are used as propellants in aerosol cans, working fluids in refrigeration 
systems, blowing agents in plastic foams, and as industrial solvents (E.I. duPont, 1970). Tables 1 and 
2 list estimated production and uses of several of these compounds. 

Tropospheric introduction of Cl 3CF and Cl2CF2 is a function of their intended usage. The residence 
time between manufacture and use of aerosol propellants is short. Rowland and Molina (1975) estimate 
that 90% of the propellants are released within 6 months. In refrigeration systems the residence time 
is longer and more difficult to estimate, probably several years. The residence time for blowing agents 
and solvents has been estimated to be near that of aerosol propellants. 

Tropospheric introduction of these compounds is not uniform, being greatest around urban areas in 
industrial nations. Hester (1974) measured decreasing ground-level Cl 3CF concentration gradients with 
distance out of the Los Angeles Basin. The decrease 80 miles east of the downtown area was about 25%. 
The concentration range with time was from 3 X 10-9 toll X 10- 9 cm 3/cm 3 (volume Cl 3CF/volume standard 
atmosphere). However, global trophospheric mixing is rapid (on the order of months) and uniform. This 
has been demonstrated using radioactive 85Kr, produced only from nuclear reactors and atmospheric bomb
tests, as a Cl3CF analog (Telegradas, 1975). The distribution of 85 Kr indicates decreasing gradients 
from the equator toward the poles with only a 20% reduction in concentrations in the southern hemisphere. 

The introduction of chlorofluorocarbons into the hydrologic cycle occurs when they are partitioned 
during precipitation between the gas and liquid phases. The partition or distribution coefficient is 
identical to Henry's law constant. Henry's law (pi=XiKi) states that the partial pressure of the gas 
(pi) is directly proportional to the mole fraction (Xi) of the solution, where Ki (partition coefficient) 

The authors are graduate associates in research, Department of Hydrology and Water Resources, University 
of Arizona, Tucson, Arizona, 85721. 
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Compound 

F-ll 

F-12 

F-22 

F-ll3 

F-ll4 

F-ll5 } 
F-13Bl 

Table 1. Production 1 of fluorocarbons: 1958-19732 

(Adapted from IMOS Task Force, 1975). 

F-ll F-12 

3F-22 3F-142 
World world 

Year F-ll4 u.s. Total u.s. Total 

1958 51 51 131 131 
1959 60 60 157 157 
1960 72 89 166 191 

1961 91 ll4 173 208 
1962 22 ll 124 158 207 258 
1963 36 12 140 184 217 284 

1964 43 13 148 206 228 315 
1965 50 22 170 246 271 385 
1966 56 17 170 268 286 432 

1967 59 322 182 307 310 497 
1968 55 317 204 364 326 565 
1969 71 239 435 368 661 

1970 73 244 478 375 725 
1971 80 0.2 258 532 390 801 
1972 80 300 628 439 931 
1973 325 _§.2[ 487 1034 

Totals 4810 7575 

McCarthy estimated totals 5400 8400 

Production in millions.of pounds 
2 Data from U.S. Tariff Commission, 1961-1973, also from Stanford Research 

Institute, 1973, McCarthy, 1974; du Pont de Nemours & Company. 
3 Sales. 

Table 2. Broad end uses of fluorocarbon production1 2: 1972 
(Adapted from IMOS Task Force, 1975). 

3Sales 
Aerosol Foaming Fi re-fighting 

Production propellents 

285 300 215 

415 439 220 

80 80 
45o 
420 20 

410 0.6 

Refrigerants 

19 

132 

80 

10 

5 

0.2 

Solvents 

50 

agents agents 

50 

45 

4 

1 Production in mill ions of pounds. 
2
oata From U. S. Tariff Commission Reports, 1972; also from duPont de Nemours & Company. 

3Sales 5% less than production because of inventory buildups. 
4Estimated figures based on footnote2• 

is proportionally constant. This linear relationship holds for concentrations considered in thfs appli
cation. There are two possible mechanisms of incorporation in precipitation, rain-out and wash-out. 
Rain-out involves solution of the gas during drop formation. Wash-out involves solution of the gas as 
the rain drop falls. Based on other trace gases (SOx and NOx) in precipitation, rain-out is predominant 
(Moyers, 1976). If rain-out is the predominant mechanism, then the C1 3CF concentration in precipitation 
will be in equilibrium with the global atmospheric distribution rather than near surface anomalies in 
urban areas. This allows easier estimation of atmospheric Cl3CF concentrations at unknown points. 
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ANALYTICAL TECHNIQUES 

Cl 3CF is separated and quantitatively measured by a gas chromatograph with pulsed electron-capture 
detector. The technique was first described (Lovelock, 1957) and used by Lovelock (1971) to detect 
chlorofluorocarbons in the troposphere over Ireland. The system being developed at the University of 
Arizona is a modification of one developed by Leppo and Thompson (Leppo, 1975). Figure 1 illustrates 
the basic components of the instrument. The major advantages of the system are that it can be used for 
sample concentration, analytical quantification and is field operable. 

CARRIER GAS 

CLEANING 
TRAP 

SAMPLE BACKFLUSH 
CONTAINER VALVE 

Figure 1. Schematic of analytical instrument for chlorofluorocarbon measurement. 

A mixture of 95% Argon and 5% methane is used as a carrier gas in the chromatographic system. 
The chlorofluorocarbon impurities, which can be detected in trace quantities in virtually all commer
cially available gasses, are trapped on a Poropak R column imersed in a dry-ice acetone bath. In the 
concentration/backflushing mode, the cleaned carrier gas is bubbled through a 30-150 ml water sample 
for 10-15 minutes to strip the volatile components. After passing through a water trap the volatile 
species are trapped cyrogenically on a Durapak Low K column. In the analytical mode, the CCl3F sample 
on the trapping column is removed by heating the loop and transferred to the precolumn (Durapak Low K) 
where it elutes quickly, leaving the less mobile constituents on the column. After the CCl3F pulse 
has entered the analytical column (Durapak Low K), the system is switched back to the sample concentra
tion/backflushing mode. Thus, while the CCl3F is being further separated on the analytical column, the 
precolumn is cleaned by backflushing with carrier gas and the next sample is degassed into the trapping 
column. This reduces the time required for each analysis because a new sample can be injected imme
diately after the CCl3F peak has been recorded instead of waiting until all the volatile species in the 
water sample have eluted from the analytical column. 

The present theoretical detection limit of the pulsed electron-capture detector is near 10-14 grams 
per second of Cl3CF. The quantity detectable in the water sample is dependent upon the sample size 
because the component of interest is concentrated during analysis. 

The most serious limitation of the technology is contamination. For environmental tracers such as 
Cl3CF, a sample must be collected and analyzed without coming in contact with the atmosphere. This 
problem has been solved for water samples collected from the saturated zone by using a collection 
vessel that becomes part of the chromatographic system, thereby reducing the number of hand! i ng steps. 
The contamination problem does not exist for artificially introduced chlorofluorocarbons because one 
not found in the environment would be chosen as a tracer. 

UNIVERSITY OF ARIZONA CHLOROFLUOROCARBON RESEARCH 

AGE DETERMINATIONS 

Current research at the University of Arizona involves the use of environmental Cl3CF as an ab
solute age determinator. Cl3CF is not found in nature, but has steadily built up in the atmosphere 
since its introduction in the 1930's (Kirk-Othmer, 1974). Rowland and Molina (1974) reported that the 
increase in Cl3CF production has been exponential during the past two decades (c.f. Figure 2). The 
equation of the curve in Figure 2, as determined by linear regression, is: 

p 
ln ~ = 0.17(Y-1940) 
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Figure 2. Annual World Production of Trichlorofluoromethane (CC1 3F). 
After Rowland and Molina (1974), based on estimates by 
R. L. McCarthy (E. I. du Pont). 

where ~ll is the megaton production of Cl3CF during any given year, Y; 0.00112 is the megaton production 
of Cl3Cf in 1940, as extrapolated from Figure 2; and 0.17 is the slope of ln Py vs. Y. 

The total amount in the atmosphere at any given time, Ay. is given by; 

y 

where t = (y-1940). 

Ay = I P iY 0.00112 (exp (0.17 t) - 1) 
0 

Therefore, the ratio of the total atmospheric Cl3CF content for any two years is: 

A2 exp (0.17 t 2) - 1 

A] = exp ( 0. 17 t 1 ) - 1 

If it is assumed that the precipitation is in equilibrium with atmospheric Cl3CF, then the Cl3CF ratios 
in the sample to be dated (w2l and a sample of known age (wl) is given by: 

w2 exp (0.17 t 2) -

w1 exp (0.17 t 1) - 1 

If the date of a single sample is desired, the sample concentration must be adjusted by the Henry's law 
constant: 

wi 
K= A .• 

i 1 

Absolute ages are being applied to several portions of the hydrologic cycle as described in the following 
sections. 
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GROUND WATER 

About 30-40 million gallons per day of treated sewage effluent are being delivered to the Santa Cruz 
River bed in Tucson. The aquifer(s) above and below the discharge point has numerous wells of varying 
depths making this an ideal case study area for monitoring and modeling pollutant movement and esti
mating recharge volumes. 

Water samples are being collected areally and with depth from wells located near the Santa Cruz 
River, both above (for control) and below the discharge point of the City of Tucson's Sewage Treatment 
Plant. The samp 1 es are being analyzed for Cl3CF and the co111110n ions inc 1 udi ng nitrate and ch 1 ori de. 
The Cl3CF distribution will be compared to the nitrate and chloride distributions using a finite-state 
mixing-cell model (Campana, 1976) to account for mixing of recharging and native waters. The model will 
be calibrated using measured and historic water chemistry data. The results will be valuable to the 
City of Tucson and Pima County water resources planners for prediction of water quality changes as 
effluent recharge and ground-water pumping increase in the area. 

Accurate verification of a new technique requires comparison with an accepted one. Tritium, 
introduced into the atmosphere from bomb tests during the last 20-25 years, has become an accepted 
tracer for studying the movement of recharging waters. Widespread use of tritium tracing-techniques 
has not occurred because of expense and complexity of analytical measurement. 

The Edwards Limestone near San Antonio, Texas has been chosen for verification of the Cl3CF age
dating technique. The Edwards Limestone has confined and unconfined zones with flow in some sections 
through large solution conduits. Until recently, an accurate flow model has not existed for the Edwards. 
Campana (1975) successfully simulated the Edwards flow regime using a finite-state mixing cell model 
calibrated with tritium data from 1963-1972. · 

The concentration of Cl3CF in well and spring water samples will be inputed to the flow model. Com
parison of the Cl 3CF and tritium age distributions will test the applicability of the Cl 3CF technique in 
carbonate aquifer systems. 

Verification of the Cl 3CF technique will also include a test in a porous-media flow regime (probably 
alluvial). Several aquifer systems have accepted flow models that would be suitable, although one has 
not been singled out. These models have accounted for dispersion with numerical schemes different from 
the mi xi ng-ce ll method. 

UNSATURATED ZONE 

The rate of deep seepage is a critical variable in arid regions where the water table may be 
several hundred feet below land surface. This rate of movement should be quantifiable using chloro
fluorocarbons as tracers. 

Because of the extreme sensitivity of the Cl3CF detection system, contamination from atmospheric 
sources either during installation or with subsequent sampling cannot be over-emphasized. We hope to 
minimize this contamination by power augering to several feet above the desired sampling depth and then 
completing the access hole with a grouted drive point. Atmospheric gasses will be excluded from the 
drive point assembly during final installation by displacement with some inert, clean (Cl3CF free) gas 
that is easily detected. After completion of the access hole, the drive point system will be evacuated 
and the concentration of inert gas will be monitored until the detection limit is reached. At that time, 
it will be assumed that almost all contamination has been removed. 

Soil gas samples from an area of assumed zero deep seepage (desert floor) and an area of recent 
recharge (Rill ito River in Tucson) will be collected with depth. Any Cl 3CF in the samp 1 es should be in 
equilibrium with the Cl 3CF in the soil moisture. The behavior of the Cl 3CF will be investigated in the 
upper few meters of soil where atmospheric "mixing" can take place. Once below this zone, the remaining 
Cl 3CF will remain in equilibrium with the soil moisture. Knowing the inputs of Cl3CF below the "mixing" 
zone, seepage rates will then be estimated based on the distribution with depth of the atmospheric Cl 3CF. 
The input function of Cl3CF will be modified to account for losses (if any) in the upper few meters of 
the soil. 

AREAS OF FUTURE RESEARCH 

An independent "absolute" method of determining chlorofluorocarbon concentrations in precipitation 
for any year would be beneficial. This would be analogous to determining 14 C concentrations in dated 
tree rings to adjust the 14 C dating scale. It has been suggested (Moyers, 1975 and others) that polar 
ice may incorporate Cl3CF which would allow more precise determination of historical concentrations. 
Davis (1975) has suggested several other independent checks on the atmospheric build-up of chlorofluoro
carbons. For example, measuring Cl3CF concentrations in dated wines and civil defense sealed water 
containers. 

AGE DETERMINATIONS 

Several other halocarbons (carbon plus a halogen) have been considered as environmental tracers. 
Cl2CF2 is present in concentrations at least 2 times that of Cl 3CF. Until recently the accurate quanti
fication of ClzCFz appeared to be possible only with mass spectrometry, however recent advances (Anon, 
1976) allow ClzCFz to be detected with the same instrumentation as previously described. The ratio of 
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Cl 3CF to Cl2CF2 may be useful for tracing and age detenninations. The ratio of the two compounds would 
be unique for any 9iven time due to their different production rates (both increasing). If there are un
detennined losses (such as sorptivity) within the system, the ratio of the two would yield an age 
detennination independent of absolute concentrations assuming similar behavior of the two compounds. 
Carbon tetrachloride (CCl4) may be a possible tracer because it has approached a nearly constant con
centration in the atmosphere. It should be possible to utilize a ratio of CC1 4 to some other chloro
fluorocarbon, such as Cl3CF. 

SURFACE AND GROUND WATERS 

For some applications an artificially injected tracer is necessary, e.g., stream flow measurements. 
The use of fluorescene dyes (Wilson, 1968) and slugs of NaCl are accepted techniques for gaging streams, 
though not widely used. Dye and salt techniques have several disadvantages: pollution, loss of tracer, 
and inability of measuring large flows because of the prohibitive quantity of tracer necessary. 

To date only one chlorofluorocarbon compound (perfluoro-1, 3-dimethylcyclohexane) has been tried 
successfully (Thompson, 1974). In addition to a potentially better gaging technique, the possibility 
exists for several new applications. Remote gaging stations could be set up for continuous or ephemeral 
streams. In the case of ephemeral streams the stations could be turned on only during flows. It 
appears feasible to gage the Amazon River with this technique. Theoretically, the measurement would 
require releasing only one liter per hour, more feasible than kiloliters per hour in the case of flu
orescene dyes. 

Investigation of mixing of large water bodies is possible with either environmental or artifi
cially introduced tracers. Deep mixing in Lake Mead could be determined by measuring Cl3CF concentration 
gradients and incorporating them into available hydrodynamic m6dels. Ocean currents are being studied 
effectively with the use of Cl3CF by the Naval Research Lab (Smith, 1976). 

Chlorofluorocarbons have the potential for tagging surface or ground water pollutants so that 
multiple pollution sources can be identified. This could work in the following way. Several industrial 
polluters would be required by the EPA to inject a chlorofluorocarbon, different than for the other 
companies, into their liquid effluent. This would allow tracing of a pollution problem and deter
mination of the offender. 

ATMOSPHERE 

Chlorofluorocarbons have been demonstrated as effective conservative tracers in the troposphere 
(Lovelock, 1971; Hester, 1974; and others). With the intense interest concerning destruction of the 
stratospheric ozone layer, modeling with chlorofluorocarbons as the tracer, is sure to increase. 
The areal distribution of chlorofluorocarbons as well as better descriptions of their incorporation in 
precipitation will aid their application as an environmental t~acer. 

The detection, measurement, and application of chlorofluorocarbons as a new hydrologic tool has 
been described. The source and movement of chlorofluorocarbons within the hydrologic cycle was indi
cated. Current applications at the University of Arizona are in subsurface flow regimes of the Tucson 
Basin and Edwards Limestone. These applications rely on chlorofluorocarbons ability as an age deter
minator for saturated and unsaturated flow. Future applications are expected to encompass artificial 
injection of suitable tracers in surface and subsurface water, age detenninations based upon chloro
fluorocarbon ratios, and the tagging of pollutants. The attributes of Cl3CF were emphasized: non
polluting, low toxicity, low sorptivity, quick and economical field-operable detection, known atmospheric 
build-up, and no radioactive decay losses. 
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APPLICATION OF CARBON-14 GROUND-WATER AGES IN CALIBRATING 
A FLOW MODEL OF THE TUCSON BASIN AQUIFER, ARIZONA 

Michael E. Campana 

ABSTRACT 

In the absence of pure piston flow, the carbon-14 ages of ground-water can be related to ground
water residence times only in the context of a flow model. To do this, a three-dimensional digital 
computer model of a portion of the Tucson Basin Aquifer was constructed using the theory of finite-state 
mixing cell models. The model was calibrated against the spatial distribution of adjusted carbon-14 
ground-water ages, and once a reasonable fit was obtained, the ground-water residence times were cal
culated. The model also provides a first approximation to three-dimensional flow in the aquifer as well 
as an estimate of the long-term average annual recharge to the aquifer. 

INTRODUCTION 

This paper applies the theory of finite-state mixing cell models or FSMs (Simpson and Duckstein, 
1975; Campana, 1975) to construct and calibrate a flow model of a portion of the alluvial Tucson Basin 
Aquifer of southern Arizona. The FSM is calibrated against the steady-state distribution of adjusted 
carbon-14 decay ages (Wallick, 1973). It is not necessary to assume that flow in the aquifer is of the 
pure piston variety; within a given cell, the FSM can simulate either perfect mixing (the simple mixing 
cell or SMC) or some regime between perfect mixing and pure piston flow (the modified mixing cell or MMC). 
In a given FSM, each mixing cell must use the same mixing rule, either SMC or MMC. 

The principle behind FSM theory consists of subdividing a hydrologic system into mixing cells. 
This subdivision is based upon hydrologic and other information. The individual mixing cells can be 
of any desired size, and can be arranged in one-, two-, or three-dimensional networks. In the case of 
mass transport, which is considered in this paper, an estimate of the flow distribution in the system 
must be made, as well as inputs to and outputs from the system. The model is then iterated, and during 
each iteration, a simple mass balance is applied to each cell in order to simulate the movement of mass 
throughout the system. Each iteration corresponds to a length of time. The FSM is calibrated by ad
justing the various parameters of the FSM until the modeler is satisfied with the agreement between the 
real-world data and the simulation results. 

HYDROGEOLOGY OF THE TUCSON BASIN 

The Tucson Basin is an elongated structural valley of about 2600 km2 filled with unconsolidated 
alluvial deposits and older semi-consolidated and consolidated alluvial sediments (Davidson, 1973). The 
average thickness of the basin fill is about 1000 meters, with a maximum thickness of perhaps 3700 meters 
(Wallick, 1973, p. 30). The deposits include the Pantano Formation and Tinaja beds of Tertiary age and 
the Fort Lowell Formation of Quaternary age. 

The aquifer in the Tucson Basin is essentially a single unconfined aquifer, although it is par
tially confined at some of the present depths of development (Davidson, 1973). Transmissivities in the ' 
aquifer range from about 12 m2/day to 6200 m2/day (Anderson, 1972) although in most places they are less 
than 620m2/day. Recharge to the aquifer comes primarily from two sources: infiltration from ephemeral 
streams during flow events and mountain front recharge. The total recharge is about equally divided 
between these two sources. In addition, the aquifer receives underflow across its southern and northern 
boundaries, and discharges underflow across its northwestern boundary (Davidson, 1973). The general 
direction of ground-water flow in the aquifer is from south to north. 

THE TUCSON BAS IN FSM 

The study area is in the north-central part of the basin, in the general vicinity of the city of 
Tucson. The FSM of the area contains 26 mixing cells arranged in a three-dimensional cell network. 
Earlier models by the author attempted simulation using a two-dimensional network; however, it was 
essential to consider the three-dimensional flow of ground water in the study area in order to obtain a 
reasonable agreement between the observed and calculated decay ages. The FSM is composed of an upper and 
lower tier of cells. 

The upper tier of cells consists of 17 cells (Figure 1), assigned the numbers 10 through 26. 
The locations of these cells were chosen primarily on the basis of the available C-14 decay age distri
bution and the hydrogeology of the area (Davidson, 1973). All the C-14 decay age data were taken from 
the cells in the upper tier, although not all the cells in this tier were represented by an observed 
C-14 decay age. The C-14 decay ages were calculated by Bennett (1965) and adjusted by Wallick (1973). 
The cells in the upper tier are assumed to represent the aquifer to a depth of 150 meters below the 
water table. 

The author is a former Research Associate, Department of Hydrology and Water Resources, University of 
Arizona, Tucson, Arizona 85721 . 
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Figure 1. Upper tier of cells in the Tucson Bastn FSM. 

The lower tier consists of 9 cells, numbered 1 through 9 (Figure 2). 
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Figure 2. Lower tier of cells in the Tucson Basin FSM. 
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These cells represent the aquifer from 150 meters below the water table to 600 meters below it. The 
initial arrangement of the cells was based on the hydrogeology of the area, and subsequently modified 
during the calibration process. 

Cell volume represents water volume, and is obtained by multiplying the total cell volume by an 
estimate of the cell porosity. During calibration, the cell volumes were adjusted and these adjustments 
amounted to changes in the porosities of the various cells. Table 1 lists the cells of the FSM, along 
with their final volumes (VOL), the volume of water flowing into each cell at each iteration (the 
boundary recharge volume or BRV), and the ratios BRV/VOL. 

Table 1. VOL, BRV, and BRV/VOL for each cell in the Tucson Basin FSM. 

Cell VOL BRV BRV/VOL 
number (km3) (km3) {%) 

1 1.23 .0019 .15 
2 3.05 .0013 .04 
3 . 95 .0004 .04 
4 2.47 .0013 .05 
5 2.73 .0010 .04 

6 1. 23 .0005 .04 
7 2. 71 .0005 .02 
8 2.65 .0003 .01 
9 1.85 .0002 .01 

10 1.48 .0086 .58 

ll 1.87 .0197 1.05 
12 2.00 .Oll3 . 57 
13 1.36 .0175 1.29 
14 .93 .0008 .09 
15 1.05 .0123 1.17 

16 1.42 .0025 .18 
17 1.36 .0073 .54 
18 .80 .0014 .18 
19 2.10 .0015 .07 
20 .23 .0069 3.00 

21 .12 .0126 10.50 
22 .12 .Olll 9.25 
23 .30 .0234 7.80 
24 1.42 .0015 .ll 
25 .22 .0120 5.45 
26 .99 .0269 2.72 

The flow distribution within the model was initially assigned using the geohydrologic maps con
tained in Davidson (1973) and Anderson (1972). These maps were less useful in assigning flow distri
butions among the cells in the lower tier and between the upper and lower tiers. Data pertaining to 
the vertical movement of water and flow at great depths are limited. Davidson (1973) contains some in
formation on the vertical movement of water in the aquifer, and this was useful in assigning an ini
tial flow distribution between the two tiers. The initial flow distribution within the lower tier to 
some extent mirrored the distribution within the upper tier, except for the fact that the total amount 
of flow within the lower tier during a given iteration is much less than the total flow within the 
upper tier. In any event, the final flow distribution for the entire FSM was determined by the cali
bration process. 

The initial estimate of average annual recharge to the model was determined from Davidson (1973). 
Most of the recharge consisted of infiltration from the Santa Cruz River, Rillito and Tanque Verde 
Creeks, and Pantano Wash and mountain front recharge from the mountains to the north and east of the 
study area. The average annual recharge to the area was one of the parameters adjusted during the 
calibration of the FSM. No effort was made to account for artificial withdrawals of water from the 
aquifer. Although pumpage in the area has been great over the past few decades, the time span covered 
by the model is large compared to the time of pumpage. Discharge from the aquifer in the study area 
represents natural discharge of ground water. In addition, no changes in the volumetric storage in the 
aquifer were allowed; during any iteration, the aquifer discharged as much water as it received from 
recharge areas, and the amount of recharge remained constant from iteration to iteration. 

OPERATION AND RESULTS 

The Tucson Basin FSM was iterated on an annual basis until each cell in the FSM reached a steady
state concentration of C-14. These steady-state concentrations were then converted to decay ages 
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(Tl/2 = 5568 years) and compared wtth Wallick's (1973) adjusted C-14 decay ages. Model runs were made 
until a satisfactory agreement was obtained between the observed and calculated decay ages. Once this 
agreement was obtained, the mean ages (residence times) of the water were calculated. Calibration was 
accomplished using the SMC mixing rule; however, once the best agreement was obtained, the FSM was run 
once more using the MMC mixing rule. Mean ages were calculated for the MMC rule as well. The simu
lation results are given in Table 2, which also contains infol'11111tion on approximately how long it took 
each cell to acquire a steady-state concentration of C-14. 

Table 2. Observed decay ages and simulation results for the Tucson Basin FSM. 

Calculated decay Mean age of Approximate 
Observed age (years) water (years) time to reach 

Cell decay aJea steady state 
Number (years SMC MMC SMC MMC (years) 

1 2336 2335 3018 3017 38000 
2 2588 2587 3253 3252 42000 
3 4163 4162 5166 5165 36000 
4 2463 2462 2895 2894 32000 
5 2516 2515 2897 2896 26000 

6 5263 5263 6346 6345 37000 
7 6109 6109 7879 7878 42000 
8 8918 8917 13255 13254 50000 
9 8538 8537 14358 14357 50000 

10 171 170 172 171 2000 

ll 0 95 95 96 95 2000 
12 175 175 177 176 3000 
13 191 190 193 192 3000 
14 1848 1759 1758 2258 2257 33000 
15 161 276 275 278 277 3000 

16 1333 1332 1668 1667 39000 
17 1281 1035 1034 1282 12/ll 42000 
18 3018 3131 3130 4090 4089 42000 
19 3598,3680 3379 3378 4834 4833 42000 
20 639 854 853 1078 1077 30000 

21 0 296 295 362 3,61 25000 
22 0 421 420 523 522 26000 
23 0 367 366 471 470 37000 
24 4176 4208 4207 6201 6200 45000 
25 0 179 178 202 201 21000 
26 1841 635 634 900 899 40000 

aRaw decay age obtained by Bennett (1965) and adjusted by Wallick 
age given. 

(1973). Adjusted 

DISCUSSION 

With the exception of cell 26, agreements between the observed and calculated decay ages are very 
good. The excellent agreement between the decay ages in cells 11, 15, 21, 22, 23, and 25 is not apparent 
until one considers that because of cumulath'e sampling, analytical and computational errors, any C-14 
decay age of 500 years or less can be considered to be of age zero (Long, 1975). Wallick (1973) sus
pected that the zero observed decay ages in cells 21, 22, 23 and 25 indicated that the waters from 
which these samples were taken were recharged after 1954, and he suggested that the samples be analyzed 
for bomb tritium. The presence of bomb tritium in these samples would confirm the post-1954 recharge 
hypothesis. The poor agreement between the observed and calculated decay ages in cell 26 may indicate 
that there is more water flowing into this cell from cells 1 and 24 than is depicted by the FSM. 

With the exception of cell 11, the calculated decay age in each cell is less than the mean age of 
the water, regardless of the mixing rule. This was expected, since each cell in the FSM is relatively 
well-mixed, even in the case of the MMC; only in the case of pure piston flow should the decay age equal 
the mean age (Simpson and Ouckstein, 1975). In cell ll, the MMC mean age is identical to the ,..,.,C decay 
age, and in cells 10, 12, 13 and 15 the differences between the ages are slight. None of these cells 
exhibits pure piston flow; the fact that they are on or close to major recharge boundaries may account 
for the small differences between the ages. 
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INTERPRETATIONS OF THE TUCSON BASIN FSM 

If one starts on the north, east or south sides of the FSM and moves toward the center of the model, 
there is a general tendency for the ages, both decay ages and mean ages, to increase. The age increases 
are logical, since the recharge areas are located primarily around the model periphery and the recharged 
water must travel farther to reach the center of the study area. This pattern of increasing ages is 
disrupted somewhat if one starts on the west side of the area at cell 10 (the aquifer immediately beneath 
the Santa Cruz River) and moves toward the center of the study area. The ages increase sharply in cells 
19 and 24, then decrease slightly as one moves past these cells. In fact, the oldest ages in the upper 
tier of cells are found in cells 19 and 24. From this observation, one would suspect that the Santa 
Cruz River has not been effective in recharging the central part of the study area. Indeed, the FSM was 
programmed to minimize recharge from the Santa Cruz River to this part of the FSM; the rationale behind 
this minimization were the old observed decay ages in these cells and the ground-water contour maps of 
Anderson (1972, Plate 3) and Davidson (1973, Plate 1). These maps indicate that ground-water flow 
beneath the Santa Cruz River parallels the bed of this stream. Therefore, if one accepts the model as a 
valid representation of the system, then averaged over the lifetime of the model, about 50,000 years, 
the reach of the Santa Cruz River overlying cell 10 has not contributed a great amount of recharge 
to the interior regions of the study area. Unlike the Santa Cruz River, the model indicates that Rillito 
Creek, Tanque Verde Creek and Pantano Wash are reasonably effective in recharging the interior of the 
study area. 

The model also provides some insight into the vertical movement of ground water in the study area. 
During each iteration (year), 0.0038 cubic kilometers of water moves from the lower tier to the upper 
tier, which is less than 8 percent of the total flow moving within the cell network during each year. 
The amount of water moving down from the upper tier of cells to the lower tier is approximately 0.0017 
cubic kilometers per year, about 3 percent of 1he total. Although just ll percent of the total flow is 
moving in the vertical plane (between the upper and lower tier) each year, this seemingly minor amount 
was quite critical for the good results of the model. The model also yielded an estimate of the long
term average annual recharge to the study area, approximately 0.05 cubic kilometers (40,000 acre-feet). 

ASSUMPTIONS 

Numerous assumptions were made in the Tucson Basin FSM. The SMC mixing rule assumed that each 
year, the contents of each cell were completely mixed with any incoming material. Given the slow move
ment of ground water in the aquifer, this assumption is not very realistic. The MMC mixing rule is 
perhaps a better approximation of the mixing in the aquifer, although in most of the cells the MMC 
mixing rule approached the perfect mixing regime of the SMC. It was also assumed that the C-14 decay 
age distribution was a steady-state one, an assumption that appears to be reasonable. However, the major 
assumption of the Tucson Basin FSM is that the hydrologic conditions represented by the model have re
mained constant throughout the lifetime of the model, about 50,000 years. The hydrologic regime of the 
Tucson Basin has probably changed during the past 50,000 years. In fact, as recently as 90 years ago, 
the Santa Cruz River in the vicinity of Tucson was essentially a perennial stream (Hastings and Turner, 
1965, p. 1). Smith (1910, p. 98) reported that in certain portions of the study area, springs existed 
and the aquifer discharged to streams. Yet despite the fact that the assumption of long-term hydrologic 
constancy is most likely invalid, the model seems to work reasonably well, perhaps because it may 
represent the "average" hydrologic regime of the past 50,000 years. 

CONCLUDING REMARKS 

The Tucson Basin FSM has not been validated; this can be done by collecting C-14 decay ages from 
those cells not represented by such ages. Sampling for bomb triti urn and possibly chlorofluorocarbons 
might be useful in validating the model. With more data, a model using a finer cell network could be 
constructed. 

Despite the fact that the model does not specifically include pumpage, its portrayal of three
dimensional flow in the study area should be useful in guiding future investigations into the nature of 
three-dimensional ground-water flow in the study area. The FSM might also be useful in constructing a 
three-dimensional hYdraulic model. Such a hydraulic model might be based on a partial differential 
equation describing flow in the aquifer, since the FSM presented here is not a "true" hYdraulic model. 
The mean ages of the waters in the various cells of the FSM could prove useful in predicting contaminant 
transport in the aquifer or in helping to calibrate a more rigorous mass transport model. All of the 
information yielded by the FSM should be of assistance in efficiently managing and exploiting the ground
water resources of the Tucson Basin, upon which the well-being of the inhabitants depends. 

In a broader sense, the Tucson Basin FSM demonstrates that environmental tracers can be used to 
calibrate flow models of aquifers, and in doing so, can extract useful information on the hydrologic 
properties of the system. Environmental tracers are simply chemical species existing naturally in an 
environment. These tracers do not have to be radioactive, as are C-14 and tritium, but can be stable 
tracers such as OXYgen-18 and deuterium. Nor must one deal with steady-state tracer distributions as 
was the case with the Tucson Basin FSM. Transient tracer distributions can be accomodated, and this 
has been demonstrated with a two-dimensional flow model of the Edwards Limestone of south-central Texas 
calibrated against the transient distribution of tritium (Campana, 1975). Finite-state mixing cell 
models should also be able to simulate contaminant movement in aquifers. In addition to aquifers, 
other hydrologic systems appear to be amenable to representation by FSMs. 

Perhaps the most interesting aspect of finite-state modeling of environmental tracer distributions 
was illustrated by the climatological implications of the Tucson Basin FSM. Such FSMs should prove of 
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some assistance in unraveling the paleoclimatology and paleohydrology of a particular region. Data 
for constructing and calibrating these models lji)Uld be drawn not only from environmental tracer infor
mation but from historical climatic data as well as from disciplines such as dendroclimatology. This 
novel use of finite-state models remains totally unexplored, although the author believes it merits 
further investigation. 

In conclusion, the Tucson Basin FSM provides hydrologists alid water resources planners with useful 
information on a portion of the aquifer in the Tucson Basin. This information has an intrinsic value in 
managing the water resources of the area, although it can be used to design sampling programs or to 
construct other more sophisticated models. More importantly, the Tucson Basin FSM illustrates how FSMs 
can be used to extract more information from environmental tracer distributions than was previously 
possible. 
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EVALUATION OF RECHARQE THROUGH SOILS IN A 
MOUNTAIN REGION: A CASE STUDY ON THE 

EMPIRE AND THE SONOITA BASINS 

by 

U. Kafri and J. Ben-Asher 

A conventional water balance method, employing long-term average values of rainfall, runoff and 
evapotranspiration yields near-zero recharge values for the Empire and the Sonoita basins. These 
results, however, are not in agreement with those obtained from an analysis of the local ground water 
regimes. A different approach for calculating recharge, based on the typical characteristics of these 
arid basins, is proposed. In particular, both basins are characterized by intense thunderstorms of 
short duration in the summer which occur usually towards the evening, and shallow, sandy-gravelly soils 
with a relatively high permeability overlying fractured rocks in the elevated mountain regions. These 
factors may cause a considerable amount of water to infiltrate through the soil profile, thereby escap
ing evapotranspiration during the following day. The proposed model deals with separate thunderstorm 
events using mean values of rainfall intensity and frequency corresponding to elevation. This model was 
coupled with a numerical solution of ~he flow equation which was used to solve the one dimensional water 
flow through a soil profile. The solution includes sink terms and was solved for the simultaneous pro
cesses of infiltration, moisture redistribution and evapotranspiration. The results obtained show 
almost no recharge in the low valleys, but significant recharge in the mountains. The amount of re
charge increases with elevation and decreases with the depth of the soil profile. 

INTRODUCTION 

The present study is a part of a more general study on ground water evaluation and influence of 
future exploitation on ground water and surface water regime in the Cienega and the Sonoita Basins. 

Most of the ground water recharge in the studied area seems to occur in the elevated mountain re
gions. These regions consist mainly of hard rock formations, partly covered by shallow soils. The ex
posed formations have a recharge capability of their own which is currently under study. The present 
study deals with the recharge contribution through the soil covered portion of the mountain regions. 

The conventional approach of calculating recharge by subtracting 1 ong term averages of runoff and 
evapotranspiration from the total rainfall results in apparently no recharge. This result does not 
agree with observations of ground water flows in the corresponding basins. 

In order to overcome this discrepancy, the interaction between the constant environmental parame
ters, namely the soils and rock formations, and the time dependent variables, namely, rainfall and 
evapotranspiration, is investigated on a short time scale, rather than on the conventional long time 
scale. More specifically, the objective of the present study is to evaluate the recharge through a soil 
profile during a single summer thunderstorm event. 

BACKGROUND 

GEOLOGY 

The geology of the studied area was described in detail, among others by Creasey (1967}, Drewes 
(1971, 1972a, 1972b), Hayes and Ramp (1968), Rohrbacher (1964) and Simon (1972, 1974). 

In general the area is part of the "Basin and Range" province. The geologic column consists of 
Precambrian igneous and metamorphic rocks, unconformably overlain by Paleozoic shallow marine carbonates, 
sandstones and shales. Above these are Mesozoic shallow marine sandstones, shales and carbonates asso
ciated with volcanic rocks. The young Cenozoic tectonics starts to differentiate the area into elevated 
mountains and intermountain basins, which are continuously filled with clastic debris of the rising 
mountains. The young alluvia 1 formations are thus confined to the "basins". A genera 1 schematic 
section across the mountain and the valley regions is given in Figure 1. 

The hydraulic properties of the aquiferous formations, exposed in the mountain regions are in gen
eral as follows: the hard carbonates, mainly the Paleozoic limestones and dolomites show an emphasized 
joint and fractured pattern accompanied by solution channels partly filled with secondary calcite, which 
suggests a considerable water flow through them. Similar formations elsewhere have hydraulic conduc
tivities (K) within the range of 10-1000 m/day. The igneous formations are partly fractured and weath
ered. Ground water flow seems to be confined to the fractured zones. The clastic formations, in anal
ogy to other regions, have hydraulic conductivities within the range of 1 m/day for the medium to 3000 

m/day for the coarse grained clastics. The K values of coarse gravels can amount to 10,000 m/day. 

The authors are Research Associates in the Water Resources Research Center, 
University of Arizona, Tucson, 85721. 
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Figure 1. A schematic geological cross-section. 

The described formations are partly exposed and partly overlain by a relatively shallow soil cover. 

SOIL COVER 

The type and distribution of the soils in the study area are discussed in detail by Richardson 
(1971) and Richardson and Miller (1974). In general, the various soil types can be grouped into two 
main groups: a) The low valley and lowland deep soils, namely the Sonoita -Bernardino- White House -
Hathaway- Canelo- Caralampi Associations, and b) the mountain shallow soils, namely the Faraway
Barkerville- Tortugas - Lampshire Associations. 

The schematic section (Fig. 1) across the mountain and the valley region illustrates the distribu
tion and the thickness changes of the soi 1 cover. 

In the valleys and lowlands the soils are continuous, and relatively thick, over 150 em. In the 
mountain regions the soils are 10-50 em thick and they appear in a rather patchY distribution according 
to the local relief, forming lenticular pockets and covering some 50% of the surface area. 

Permeability according to Richardson (1971) and Richardson and Miller (1974) is low, between 0.06 
and 0.2 inch/hour for the deep valley and lowland associations. It is moderately high, 2.0 - 20 inch/ 
hour, for the shallow mountain associations. 

RAINFALL 

Rainfall variation and distribution in the area are discussed in detail in Sellers and Hill (1974). 
The annual rainfall variation shows two distinct rainy seasons which differ from each other in origin 
and intensity. The winter rains in southeast Arizona are responsible for some 35% of the annual rain
fall and are mainly originated by Pacific fronts. The summer rains, which are related to moisture 
penetration from the Gulf of Mexico, amount to some 65% of the annual rainfall. The later are oro
graphic, convection type thunderstorms of high intensity and short duration, starting in the late after
noon and early evening. 

Duckstein et al. (1973) show for the summer rains in this region that there exists a linear rela
tionship between elevation, and both mean number of thunderstorm events per season and mean amount of 
rainfall per event. Using the equations derived by them the results for the relevant elevations in the 
st1Jdied area are summarized in Table 1. It is evident from this table that variations of rainfall per 
event are very small within the given elevations, and the number of events accounts mainly for the total 
summer rainfall differences for the various elevations. 

204 



Table 1. Number of events, rainfall per event 
and total sumner rainfall vs. elevation. 

ELEVATION NUMBER OF EVENTS RAINFALL PER EVENT TOTAL SUMMER RAINFALL 
h E(N) E(R) E(Z) = E(N) ·E(R) 

feet inches IIIli inches Rill 

10,000 43.6 .30 7. 7 13.22 335.8 
9,000 40.5 .29 7.4 10.79 274.1 
8,000 37.4 .28 7.1 9.83 249.7 
7,000 34.2 .26 6.8 8.87 225.3 
6,000 31.1 .25 6.5 7.91 200.9 
5,000 28.0 .24 6.2 6.95 176.5 

THE MODEL 

OBJECTIVE 

The purpose of the model, as stated before, is to simulate the particular situation which prevails 
in the studied area. It combines the existance of shallow and permeable soils, overlying fractured and 
permeable rocks, intense and short rainfall events and a time-span devoid of evapotranspiration. The 
model analyzes a single typical thunderstorm event assuming that the amount of water which drains below 
the soil profile and the root zone escapes evapotranspiration and may, thus, be considered as net re
charge to the ground water system. 

DESCRIPTION 

The basic element represented by the model is a single soil pocket, a series of which overlie the 
bedrock relief in the mountain region. The geometry of such an element, 10 to 50 em deep, is schemat
ically illustrated in Fig. 2. The different pockets in the area are assumed to be completely separated 
in the sense that there is no flow from one element to another. The soil in the element is assumed to 
be a stable, isotropic and homogeneous porous medium. The initial water content is taken to be uniform 
all over the element, sufficiently low to prevent any considerable initial water flow in the system. 
The hydraulic properties of the soils in the study area are given in Figs. 3 and 4. 

-0 em 
- 10 
-20 
-30 
-40 

ZONE -50 

Figure 2. A schematic geometry of a single soil element. 
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Figure 3a. Moisture release curve for the soil (after Sammis, 1974). 
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Figure 3b. Diffusivity as a function of moisture content. 
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Figure 4. Hydraulic conductivity as a function of soil moisture. 
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The differential equation that governs the one dimensional vertical flow in the system can be ex
pressed in terms of the diffusivity fonn as follows: 

~ = L (D( 8 )~)- aK(8) -S 
at az az. az (1) 

where 8 is the soil water content (cm3/cm3), tis a given time (minutes), D(8) being the soil water dif
fusivity (cm2/min.), K(8) being the soil hydraulic conductivity (em/min.), z is the vertical coordinate, 
regarded positive downwards and Sis a sink function (t-1). Since hysteresis is not taken into account 
in the present study, both D( 8) and K( 8) are assumed to be a function of 8. 

The above equation was solved by Diner (1970), excluding the sink term for the following initial 
and boundary conditions: 

8(z,O) = ljl(z) ; OH~Z 

LOWER BOUNDARY CONDITIONS 

Since the model assumes a homogeneous and isotropic medium its lower boundary, namely, the soil
bedrock interface is expressed in two different ways, representing two different boundary conditions. 
The two cases, both found in the studied area are: 
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where Kr and Ks are the hl'draul ic conductivities of the bedrock and the soil, respectively. 

In the first case (Kr ~ Ks) the boundary conditions at Z represent a surface under which the ver
tical drainage is controlled only by gravity. The two phase hl'draulic conductivity function acts as 
two different layers. The first- phase represtflts the lower eydraulic conductivity of the bedrock which 
prevents water drainage from the overlying soil profile until the moisture content in the lowennost 
soil profile reaches the breakthrough point and a considerable flow through the ~oundary is initiated 
at time t1. The vertical drainage is, therefore, negligible at Z2 Z for O~t~tl· Being· controlled only 
by gravity, and following the breakthrough time t1 to the end of the process at t.ime T, the boundary 
conditions at Z are given by: 

:~ (Z, t) = 0 ; t1~~T 

To simulate the first boundary condition where·Ks~Kr the model was applied separately for each particu
lar soil thickness examined, i.e., 10, 15 and 20 em, and the vertical drainage was obtained at the bot
tom. 

In the second case it is assumed that the soi 1-bedrock interface does not 1 imi t the downward flow, 
the bedrock and the overlying weathered zone which is transitional to the soil, are having the same 
hydraulic characteristics as those of the soil. The interface represents herein only a lithological 
transition and the lower boundary of the root zone. The driving forces of the vertical flow at the 
lower boundary are cont~olled by moisture content gradient and the gravity. This case was simulated 
by defining the boundary conditions at z=Z, deep enough to avoid any considerable effect on the region 
of interest. The model was applied to a depth of 50 em and the flow was calculated for the relevant 
10, 15 and 20 em, depths. The flow was considered as the volumetric net change Of soil moisture in the 
profile after the deduction of evapotranspiration for the corresponding time interval. 

RAINFALL INTENSITY 

The downward flow velocity at the surface (z=O) is given by the rainfall instantaneous intensity 
expressed as: 

V(z=O) = -D(e) ;~ + K(e) + E(e) at z=o. (2) 

where E(e) is the surface evaporation function. This function can be neglected since it was shown 
(Diner, 1970) that the effect of E(e) compared to transpiration is negligible. The variations in rain
fall per event for the different elevations (Table 1) are small and they are insignificant when ex
pressed as rainfall intensity. An average rainfall was chosen and intensities were calculated for the 
durations of 30, 60, and 120 minutes being 0.0266, O.Oll3 and 0.0056 (em/min) respectively. Although 
the first duration is most frequent (Sellers and Hill, 1974) the two others were also examined. 

RUNOFF 

Runoff is not taken into account in the model assuming that there is no lateral flow from one soil 
element to another. The infiltration capability of the soil in the study area (0.2 em/min.) is higher 
than the given rainfall intensity (0.0226 em/min.) and therefore it is assumed that runoff is not ini
tiated from the soil elements which is in agreement with the relative low runoff/rainfall ratio in the 
study area. Any lateral runoff from adjacent bedrock exposures to the bottom of the soil element is 
additional to the rainfall which falls directly on the element and might therefore increase the calcu
lated recharge. 

EVAPOTRANSPIRATION 

The rate of water uptake by roots from a volume unit of soil l)er time unit, S(z,e,t) (cm3 water/cm3 

soil per min) is a function of root density at each depth p(z) (cm3 roots/cm3 soil), the hydraulic 
characteristics of the soil f(e) (dimensionless) and evaporation capability of the atmosphere throughout 
daytime, expressed as a time dependent function a( t) having the same units of S(mi n-1). For the present 
study it was assumed that 

as: 

S(z,e,t) = f(e)-p(z)·a(t) (3) 

The integration of S(z,e,t) over the entire depth results in the actual evapotranspiration given 

Et(t) = fz a(t)·f(e)·p(z) dz 
0 

(4) 

The root density function assumed that the water uptake is proportional to the root density in a given 
depth. According to Gardner (1964) and to field observations the root density was assumed for different 
types of vegetation to be some 60, 30 and 10% for the upper, middle and lower thirds of the soil pro
file. The bedrock is considered to be devoid of roots. 

f(e) is assumed to be a step function of the form: 
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=-0 e*~ e 

where e* is the volumetric water content at the wilting point. 

(5) 

The transpiration is a function of atmospheric conditions as long as e is above the critical e* 
value. In this case and for these soils e* was found to be 0.06 (Sammis, 1g74). The step function 
seems to be realistic being also in agreement with the water retention curve obtained by Sammis (lg74) 
and Mehuys et al. (lg75) which approaches a step function (Fig .. 3a). The sink intensity, a(t), is 
time dependent. It is considered zero during the thunderstonn when relative humidity exceeds 100% and 
durin9 the following night. During the successive 12 hours of day time a(t) was detennined from equa
tion (4) replacing the instantaneous actual, by the potential evapotranspiration. 

The total typical summer day potential evapotranspiration was chosen to be 6mm/day. The actual 
evapotranspiration obtained from the matenal balance of the model was 4.5 mm/day. 

The model was applied for 1440 minutes the first half simulating the night hours and the second 
half of the day time when evapotranspiration is effective. 

FIELD MEASUREMENTS 

In order to compare the model's soil moisture content with field data, soil samples were taken in 
the study area from various depths and their moisture content was determined. The sampling was carried 
out 36 hours following a rainy winter evening of some 10 11111 rainfall and a winter day of low evapotrans
piration. The corresponding higher rainfall and lower evapotranspiration, about one fourth of the sum
mer amount, were imposed on the model. The moisture content of both field samples and model results was 
compared. 

DRAINAGE THROUGH A SOIL PROFILE, Ks~Kr 

The results of this case where the soil hydraulic conductivity is higher than that of the bedrock 
show that there was no drainage from the 20 em thick soil profile. The results obtained from the 10 and 
15 em thicknesses are represented as drainage rate curves accompanied by an evapotranspiration histogram 
in Fig. 5. The cumulative drainage in mm for the different thicknesses and rainfall intensities is given 
in Table 2. The results can be summarized as follows: 

(a) Regarding the 10 em profile most of the drainage occurs during the night and the early morning 
when evapotranspiration is still small. 

(b) Drainage starts in the early evening, earlier for the two higher rainfall intensities. After 
a while the drainage rate becomes approximately the same for the different intensities. 

(c) During the day the drainage rate decreases sharply due to increase of evapotranspiration. 

(d) The cumulative drainage amounts to 2.10 mm for the most frequent half hour rainfall duration, 
with a somewhat higher value for the hour duration and somewhat lower for the two hours duration. 

(e) Regarding the 15 em profile, there is a longer time lag to the start of drainage which occurs 
only in the morning. Most of the water in the soil profile does not escape evapotranspiration and drain
age accordingly is drastically reduced to relatively small amounts which increase with rainfall intensi
ty. 

DRAINAGE THROUGH A SOIL PROFILE Kr~Ks 

This represents the case of higher bedrock hydraulic conductivities than those of the soil. A cumu
lative drainage curve calculated for a depth of 10 em is compared to a cumulative curve for the same 
depth where K ~K, accompanied by an evapotranspiration curve (Fig. 6). It is evident from this com
parison that ilt~ough the drainage rate is different for both cases in different time interval the final 
cumulative result is similar. The change of moisture content with time at the bottom of the 10 em pro
file for both cases is illustrated in Fig. 7. Both cases differ from each other by their build up of 
moisture content. Where K5 ~Kr• a higher moisture content is gained above the interface due to its flow 
limiting nature, compared to the other case where K ~K . The temporary decrease in flow due to the 
limiting nature of the boundary is compensated by tte ~igher moisture content which increases the flow as 
a result of the higher hydraulic conductivity. The final, cumulative result is thus similar in both 
cases. 

SOIL SAMPLES MOISTURE CONTENT 

The results of the soil moisture content of the field samples and the results obtained from the 
model are given in Table _3. Three out of foor results are similar to that obtained in the model. 
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Figure 5. Drainage and evapotranspiration from a soil 
profile following a rainfall event. 

Table 2. Cumulative drainage per event from different thickness 
of soil profile and different rainfall intensities (mm). 

DRAINAGE THROUGH 

10 em 15 em 20 em 
thickness thickness thickness 

1.92 .08 0 
2.17 .ll 0 
2.10 .14 0 
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Figure 7. Moisture content at the bottom of a lOcm soil profile as a function of time. 
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Table 3. Measured moisture content from some field samples. 

NO. 

1 
2 
3 
4 

DEPTH 
(em) 

10 
10 
10 
10 

LOCATION 

Empire Mts. 
Empire Mts. 
Empire Mts. 
Empire Mts. 

CONCLUSIONS 

% Moisture 
% MOISTURE Content Computed 

CONTENT by Model 

11.4 
18.7 11.7 
9.8 

10.1 

(a) There is no recharge from the sumner type rainfall through soils exceeding a depth of 15 em, 
which includes all of the lowland and part of the mountain soil cover. 

(b) One can calculate the total recharge through a soil profile during the summer by multiplying 
the net recharge throughout one event by the number of events for a given e 1 eva ti on (Tab 1 e l) . The 
results show a small recharge of 4-6 mm through the 15 em profile and a considerable one of 59-92 mm for 
the 10 em profile. 

(c) The percentage of recharge through a 10 em soil profile out of an average rainfall per event 
is calculated to be some 31%. In the mountain region the soils, 10-50 em thick, cover some 50% of the 
total surface area. Assuming a radial symmetry of a soil element (Fig. 2) it is evident that the ratio 
between the 10 em surface area and the total area of the element is approximately 2Ar/R, where Ar is 
the width of the 10 em deep soil segment and R is the radius of the element. Using these figures one 
can arrive at a rough estimate of the overall recharge contribution, out of the total rainfall, through 
these soils as follows: 0.31 x 0.50 x 0.40 x 100 = 6.2% 

This summer contribution of 6.2% to the water balance is considerable, having the same magnitude of the 
runoff values obtained in the study area from rainfall/runoff relationship. 
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RESOLUTIONS OF ANALOG RAINFALL RECORDS 
RELATIVE TO CHART SCALES 

by 
Donald L. Chery, Jr., and Dave G. Be1ver 

Five rainfall distributions, four l-in rainfall depths and one 3-in rainfall depth were plotted 
on charts with five different combinations of time and depth scales. The plotted events were read on an 
analog-to-digital converter by four different researchers. Each reading of a plotted record was com
pared with the known simulated rainfall-rate distribution. The correspondence of the rainfall rates 
read from the charts with the actual rainfall rate distribution is measured by an integral squared error 
and correlation coefficient. Th'e results showed a general correspondence between error and the chart 
scale and a strong influence of maximum record~ rate and rate distribution on the error. For the chart 
scales evaluated, error did not become more directly associated with scale, except when recorded rates 
were less than about 10 in/hr. Error was directly related to the number of points read in any given 
trace by the relation E = 16.3N-0·426. 

INTRODUCTION 

The Southwest Watershed Research Center (SWWRC) in Tucson, Arizona, collects analog recordings from 
over 200 rain ga9es placed on two major and on four minor watersheds (Chery and Kagan, 1975; and 
Hershfield, 1971). The charts on these gages are usually changed weekly. Over 10,000 analog rain gage 
charts are received in the Tucson office each year for processing by the Data Processing Secti9n. 

A single gage usually records between 15 and 100 precipitation events annually. With a conserva
tive estimate of an average of 25 events/gage/yr. the SWWRC Data Processing Section annually converts at 
least 250,000 analog recordings of precipitation to a digital form for further processing by digital 
computer programs. Similar analog records are being collected and processed at many other Agricultural 
Research Service (ARS) locations. The 1976 ARS Watershed inventory listed 538 recording rain gages be
sides those of SWWRC. Hershfield (1971) reported 101 of these gages were digital recording gages, which 
leaves 437 more gages with similar analog recordings. Besides ARS, many other agencies and institutions 
have rain gages making similar analog recordings. 

The SWWRC rain gages record on charts with two different depth measuring scales and four different 
time scales (Chery and Kagan, 1975), which probably encompass most recording scales used in gages oper
ated by other agencies. The wei ghii19 rain gages were described in the Fie 1 d Manua 1 for Research in 
Agricultural Hydrology (Holtan, 1962). 

The sampling of precipitation for these types of gages may have errors introduced at three critical 
places. First, the sampling properties of an B-in diameter orifice (50.26 in2), usually 36 in above 
ground level, as compared with precipitation falling on an area many times more extensive is question
able. Second, error is introduced by the transducer and linkage (usually mechanical) to the recording 
pen. Third, error is involved in the resolution of the scales on the recorder charts and in converting 
the analog recording to a digital record. 

In this analysis we examine the third source of error by plotting a known sequence of rainfall 
rates on the same charts used on the field instruments, and analyzing the digital record obtained from 
these simulated rainfall recordings. 

PROCEDURE 

The evaluation was made by selecting a set of rainfall distributions, plotting them on the five 
chart time-depth scales, converting them from an analog-to-digital record with a chart reader, and then 
making comparative analyses between the actual plotted rates and the final digitized record. 

TEST RAINFALL DISTRIBUTIONS 

Previously, four rainfall-rate distributions were selected for model evaluation (Chery, 1976). 
The fifth distribution was derived from an event with one of the highest rainfall rates in SWWRC records 
(June 5, 1960, as recorded by gage P64.034). The distribution rate of these five events is shown in 
Figure 1. The number associated with each event in Figure 1 identifies the rain gage and date of the 
storm events used for the test. Location 47 is 15 mi west and Location 64 is 150 mi east of Albuquer
que, New Mexico. These watersheds are described in a reference edited by Hobbs (1963). 

The authors are Research Hydraulic Engineer, USDA, Agriculture Research Service, Western Region, South
west Watershed Research Center, 442 E. 7th Street, Tucson, Arizona 85705, and Hydrologic Assistant, 
University of Arizona, Soils, Water and Engineering Department, Tucson, Arizona. 
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The p-recipitation distributions were plotted at an expanded scale; times and depths were carefully 
measured, and the di st ri buti ons were norma 1 i zed in both time and accumulated depth by dividing by the 
respective total storm duration and depth. From the normalized plots, three durations (15, 30, and 90 
min) of distributions 1 through 4 were prepared, maintaining a constant l-in total accumulated depth. 
For the fifth distribution, the three time distributions (15, 30, and 90 min) were prepared for a 3-in 
total accumulated depth, which closely matched the measured event. These events were then read at in
tervals of l/50 of the total time, and the rate was computed for each of these intervals. These rates 
1vere then plotted on each of the five different depth-time scale charts. 

The sequence of rates was numerically integrated and the accumulated depth versus time was plotted 

on field rain gage charts with a Hewlett-Packarctlf 9l25B calculator plotter. Since the vertical lines 
on the charts are segments of arcs and the recordings reverse (the recording line goes to the top of the 
chart and then reverses direction and moves downward on the chart for increasing precipitation depth-
see Holtan (1962) for detailed description of these reversing recording mechanisms), a special program 
was written to do the plotting. This program used the relations illustrated in the definition sketch of 
Figure 2. \vith a given time-depth pair (t,d), the program translates the pivotal origin t units, sub
tracts d from a reference location (Y) of the pivotal origin and calculates the angle e as the arcsin 
(y/r); where y is (Y-d), and r is the pen radius of the rain gage. The plotting coordinate (x,y) is 
calculated as ( t + rcose, Y -d). The curved vert i ca 1 axis dis torts the recordings of ra i nfa 11 traces. 
To test whether this distortion caused differences in the way the same event was read in the analog-to
digital conversion, the same record was plotted at several different positions on the chart. Plots be
gan at 0, 2.5 and 5 in on the 6-in charts and at 0 and 1 in on the 1.5-in charts. Figure 3 shows a 
reproduction of sample plots. 

1. Use of a trade name does not imply endorsement by the U. S. Government but is used for the 
reader's benefit. 

216 



Time (Hours) 

Figure 3. Sample rainfall plots for 6 and 1.5 inch charts with 30 and 90 minute duration events. 
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Fiqure 2. Definition sketch for rainfall plotting program. 
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DIGITIZATIOH PROCEDURE 

The charts with the simulated rainfall traces were processed by the Southwest Watershed Research 
Center's normal analog-to-digital conversion process. For a description of this process see Chery and 
Kagan (1975). The only change in the usual procedure was that we requested that each record be read by 
several persons. Each chart was read by four persons, except for the weekly charts, which were read 
manually by one person. The reading of the chart was done by trained operators with from 3-months to 
6-yr experience in chart processing. 

The analog-to-digital conversion was done by a Benson LehnerY Oscar F coupled with a Model F deci
mal converter. These machines and their operational procedures were described by Osborn (1963). 

ANALYSIS OF DATA 

The readings of the simulated charts produced rates that grouped about the actual rates (Figure 4). 
To evaluate these deviations, an integral squared error (E), as defined b~ March and Eagleson (1965), 
and a conventional correlation coefficient (p) between the read rates (r J and the actual rates (r ) 
were calculated for all the readings of each plotted simulated rain raterdistribution. These a 
statistics are defined by the foHowing equations: 

[t (ra-rr)2 r/2 
E = X 100 

I:~ a 

nl:rarr- I:raErr p = -~....!--......!:!__...! ____ _ 

. ({nl:r/- (I:ra)2}. { nl:r/- (I:rr)2})1/2 

Where n is the maximum count of r
11 

or rr used in the .period for which comparison is made. These sta
tistics were calculated for each of the different event positions, each different time interval, and 
each chart type as a whole (all events indluded). 

RESULTS AND DISCUSSION 

The results of the integral squared error and correlation coefficient calculations are listed in 
Table 1. To evaluate these measurements of error with respect to time and depth scales of the charts, 
an initial chart resolution parameter was calculated as the inverse of the product of the depth scale 
(inches of rain/inch of chart) and time scale (min/in of chart), normalized with respect to the smallest 
value. This parameter was intuitively thought to represent the influence of chart scale on accuracy. 
The calculation of the resolution parameter was done so that an increasing number would be associated 
with increasing resolution. The chart scales and calculated resolution parameters are given in Table 2. 

Table 2. Chart scales and resolution parameters. 

CHART 

ID No. 

Time per Depth per Time Depth Chart Chart 
Revnl uti on (T) Traverse(D) Scale Scale Resolution. Depth Resolution 

(hr) (in) (min/in) {in/in) Parameter 1 Factor Parameter 2 

192 6 1001.76 1.00 

24 6 125.22 1.00 8 8 

12 6 62.61 1.00 16 16 

4 24 1.5 125.22 0.333 24 1.5 12 

6 1.5 31.30 0.333 96 1.5 48 

As plots of error versus resolution parameter 1 were prepared, it became evident that chart number 4 
had errors greater than did chart number 3 as shown in Figure 5. Resolution parameter 1 was apparently 
not a good index of the information that could be obtained from a chart. The number of points that 
could be read on any given trace is a function of the time scale of the chart. The comparison of errors 

2. Use of a trade name does not imply endorsement by the U. S. Government but is used for the 
reader's benefit. 
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Table 1. Integral Squared Error (E) and Correlation Coefficient (p) Values for the Indicated 
Rain Gage Chart and Simulated Rainf•ll Event. 

Chart 
T 0 

6/1.5 

24/l. 5 

12/6.0 

Event 
No's Our rm 
1 15 7.92 

2 

4 

5 

5 

2 

4 

5 

2 

30 3. 96 
90 1.32 
15 6.00 
30 3.00 
90 1.00 
15 30.60 
30 15.30 
90 5.10 
15 13.00 
30 6. 50 
90 2.17 
15 64.20 
30 32.10 
90 10.70 
15 64.20 
30 32.10 
90 10.70 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 

E 
-Total 

Trace Chart 
Ave. Ave. 
3.15 
2.80 
3.72 3.23 
3.34 
2.37 
3.10 2.94 

10.73 
10.50. 
4. 99 10.04 
4.72 
3.08 
3.52 3. 77 

41.78 
41.89 
42.97 42.22 
41.90 
42.17 
44.04 42.70 
6.54 
4.32 
3.40 4.75 
5. 75 
4.50 
3.11 4.39 

14.15 
11.62 
9.96 12.90 

10.02 
6.61 
4.74 7.13 

46.42 
46.34 
40.98 44.58 
5.48 
4.46 
3.67 4.54 
4.62 
3.72 
3.12 3.86 

~ota1 
Trace Chart 

Ave. Ave. 
0.925 
0.931 
0.887 0.914 
0.842 
0.903 
0.869 0.871 
0.799 
0.882 
0.968 0.866 
0.901 
0.957 
0.945 0.934 
0.689 
0.924 
0.944 0.854 
0.686 
0.918 
0.915 0.840 
0.591 
0.839 
0.906 0.779 
0.546 
0.798 
0.874 0.734 
0.816 
0.817 
0.876 0.786 
0.597 
0.787 
0.889 0.758 
0.172 
0.423 
0.891 0.496 
0. 770 
0.834 
0.884 0.829 
0.777 
0.812 
0.841 0.808 

Chart 
T 0 

12/6.0 

24/6.0 

196/6.0 

Event 
No's 
3 

4 

5 

5 

2 

4 

5 

2 

4 

Our 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
90 
15 
30 
60 
90 
30 
60 
90 
30 
60 
90 
30 
60 

____9lL 

E 
-Total 

Trace Chart 
Ave. Ave. 

12.48 
11.81 
6. 47 10.50 
7.02 
5.58 
3.95 5.52 

44.28 
49.75 
45.77 46.81 
41.90 
42.17 
44.04 42.70 
5.97 
5.50 
3.35 4.91 
5.38 
4.07 
3.17 4.22 

13.32 
12.86 

5.49 10.85 
7.14 
6.18 
4.11 5.66 

41.06 
47.90 
43.41 44.12 

7.87 
10.03 
8.00 
7.19 8. 27 
6.30 
5. 33 
5.45 5.69 

17.43 
17.22 
15.34 16.67 
10.56 
10.55 
12 00 11.04 

.JL 
Total 
Chart 
Ave. 

Trace 
Ave. 

0.828 
0.834 
0.953 
0.808 
0.868 
0.933 
0.663 
0.839 
0.918 
0.722 
0. 749 
0.851 
0.711 
0.769 
0.893 
0.758 
0.796 
0.840 
0.816 
0.818 
0.965 
0.766 
0.817 
0.925 
0.104 

-0.010 
-o .034 
0.057 
0.163 
0.202 
0.431 
0.728 
0.687 
0.311 
0.585 
0.586 
0. 728 
0.144 
0.151 
0 214 

0.869 

0.870 

0.820 

0. 774 

0.798 

0.798 

0.860 

0.844 

.0198 

0.213 

0.575 

0.633 

0.027 

for charts 3 and 4 (Fig. 5) indicated that chart resolution was not improved by tripling the depth-meas
uring sensitivity if the time scale is decreased by half. The net effect of the disproportionate scale 
is greater error as shown in Figure 5 and Table 1. Thus, a reordering of the resolution parameter by 
redefining the influence of the depth scale. Instead of weighting the 0.333 in/in depth scale as 3, 
we arbitrarily weighted it as 1.5 and calculated another set of chart statistics (resolution parameter 
2), as listed in Table 2. 

This revised hierarchy of ranking the charts is supported by the descending order of average number 
of points read from 15-, 30-, and 90-min traces versus resolution parameter 2 (Figure 6). 

The results of all the integral squared errors and correlation coefficients are plotted in Figure 
7. The upper row of plots are correlation coefficients and the lower row are integral squared errors. 
All plots show a general tendency (as shown by the encompassing envelope lines -- points for the unusual 
number 5 event excluded in the integral squared error plots) for increasing errors (correlation coeffi
cient decrease) as resolution parameter 2 decreases. This tendency is more pronounced in the short-dur
ation events. The more pronounced error in the 15-mi n duration plots is associ a ted with the 1 imi ted 
number of points that can be read from a trace of that duration, and will be more fully discussed later 
in the discussion. 

There are still situations (Figure 7A, 8, 0, and E) where greater errors were obtained from chart 
number 4 than would be expected by its ranking. This situation may result from less operator experience 
with this type of chart (only 38 gages of over 200 gages regularly processed) but, probably more im
portantly, it may be due to the disproportion between the depth and the time scales. The depth scale 
has the most resolution (0.333 in of rain/in of chart) and the time scale has the lowest (125.22 min/in) 
aside from the weekly charts. The consequence of this disporportion is that the rates obtained from 
the reading process fluctuate more widely about the actual rates, and thus produce a greater error 
value. 
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Figure 5. Chart resolution parameter number 1 versus integral 
squared error (E) and correlation coefficient (p). 

50 

401 

100 "' "' c 
:0 
"' ~ 

..... 
0 

... 
Ql 

..CI 

5 
c 
Ql 

"' "' ... 
Ql 
> 
<( 

10 

100 

30 .. , ... 

1!1 Mill. 

10 20 30 40 !10 

Chart resolution parameter 2 

Figure 6. Average number of readings per event versus chart 
resolution parameter 2. 



"' "' "' 

a. 

.. 
"-' 

3· 

2• 

(A) 

---- D 
.... 0 " .... 
K & 

0 

X 

---,.,... ...... 8 

6 

(El 
X 

X 

X 

---

15MIN. 

15 MIN. 

'-..._ o a-, ___ _ 

" 

~"" 
,!( II -/ " v/V' 

I o/ 
'I I X 

I 
I 

I 
I 

X 

w 

X 

_ ..... 

Resolution parameter 2 

30 MIN. 

~--

X 

• X 

----

10 MIN . 

/9_....-.-
/ " • 6 

D 

X 

• 

6 

• 
• 

~..Q.... 

-----v 0 

0 ----------

II£ T 11,50,10 MIN. 

NET 15,30,10 MIN. 

I 

--- - ....... 

00 ·- -- -- ·- • 

Figure 7. Mean integral squared error {E) and mean correlation coefficient (p) versus chart resolution parameter 2 for all 
events. 



The magnitude of the rates and ~istributions of high rates in a recorded event affect the error in 
the reading of the events. The correlation coefficient only reflected the influence of high rates on 
error in the short (15 min} duration event. The integral squared error consistently reflected the in
fluence of rainfall rate. Event number 5, with the highest maximum rainfall rate, consistently had the 
highest E values. Event number 3, with the second highest maximum rate, was consistently second highest 
in integral squared error. The correlation coefficient showed correlation decreased as the chart scale 
resolution decreased. 

The direct relation of error to maximum rainfall rate for the 15- and 30-min duration events is il
lustrated in Figure 8. Though not indicated on Figure 8, the 15-min duration points distinctly arranged 

0 ..... . 
6 ,JO ... . 
D IOIIMI. 

- -·· .... --JO•••· 

Maximum Rate ( in/hr} 

Figure 8. Integral squared error (E) versus maximum rainfall rate for the 15 and 30 minute 
durations of all 5 test events. 

themselves according to chart. Chart 5 (48} (chart resolution parameter 2 is in parenthesis beside each 
chart identification number} had the lowest error and then in ascending order by error were charts 3 
(16}, 2(8}, and 4(12}. However, the error is not uniquely related to maximum rate. In Figure 8, one 
can see that for similar distribution of rates (event 5} the maximum rate can be from 64.2 to 32.1 to 
10.7 in/hr with the integral squared error remaining the same, between 40 and 50 percent. Another event 
with a high maximum rate (event 3} demonstrates this same performance. As the maximum rate is decreased 
from 30.6 to 15.3 in/hr, the error for the entire event remained similar, between 10.5 and 15 percent. 
Not until the maximum rates for event 3 decreased to 5.1 in/hr did the error significatly decrease, al
though it was still higher than the error for event 2 with a slightly higher peak rate of 6 in/hr. 

Evidently, error is associated not only with the maximum rate of input recorded on the chart, but 
also with the distribution of the rates. By comparing the higher error of the 30 min event 5 with that 
of the 15 min event 3 (both had nearly the same maximum rate} and the 90 min event 3 with the 30 min 
event 2, we can infer that increased frequency of input rates (size and number of rate distribution 
peaks} is associated with increased error. 

In essence, the amount of error is associated with the number of points that can be measured on a 
recorder trace. Obviously, for a chart with a given time scale, there is a limited number of points 
that can be read to describe an event (see Fig. 6}. Associated with the number of points that can be 
read for a given duration is the minimum length of time into which the recording can be resolved. 
Table 3 lists the mean number of readings for each chart type and event duration, as well as the time 
interval that would elapse between readings if the readings were evenly spaced. This table indicates 
the tendency of chart-readers to increase the average duration between points as the length of the re
corder trace increased for charts 1 and 4, a tendency which might explain the variation in an with event 
length. This tendency could be described as an operator bias. Where a definite procedural policy 
requires a reading every 2 min, as in the processing of chart 5, only slight increases (from 1.91 to 
2.07 to 2.17 min duration} were observed. 

Obviously, the chart scales were too gross to record with any fidelity the complexities and high 
rates of event 5. Excluding event 5 from the group of events, an average of the integral squared errors 
for all the remaining events was calculated and plotted versus the number of points read (Fig. 9}. 
There was a definite power relation between the error and number of points read, which we calculated as 

E = 16.3N-0.426 

with p = -.934 

where E is the integral squared error 

is the number of points read. 
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Table 3. Time and depth intervals associated with average number of readings obtained for each type of 
chart. 

Chart ID 

2 24/6 (8) 

3 12/6 (16) 

4 24/15 (12) 

5 6/15 (48) 

15 min 
Number 

of 
Intervals 0 n 

4.84 

6.44 

5.43 

7.81 

1.10 

1.53 

1.00 

0.59 

Event Duration 

Time 
Interval 

3.13 

2.30 

2.74 

1.91 

7.80 

10.21 

8.70 

14.38 

30 min 

1.60 

2.14 

1.49 

1.13 

Number of readings 

Time 
Interval 

15.0 

3.74 

2.86 

3.40 

2.07 

9 Chart 1 
() Chart 2 
0 Chart 3 
6 Chart 4 
0 Chart 5 

14.76 3.62 

17.89 5.98 

17.74 3.92 

41.36 5.71 

6.ll 

4.77 

5.10 

2.17 

Figure 9. ~~~t!n~~~;~~o~~~ared errer versus the number of readings for events 1-4 at 15, 30, and 90 

The span of points in the plots a!jain grouped themselves i.n the same hierarchy as calculated by re
solution parameter 2. Chart number 3 (resolution parameter 2 = 16) had the same number of readings in 
90 min as chart number 4 (resolution parameter 2 = 12), which indicated that on the longer duration e
vents, chart number 3 was not read as well as it possibly could have been. 

The plot of Figure 9 also indicates a drastic decrease in error improvement, after more than 20 
points are read. This leveling-off of the error may indicate that there is an average threshold of er
ror beyond which not much improvement can be expected. Figure 4 indicates that there is a tendency to 
underread the high peak rates and overread the lower ones, and to oscillate about the real rate on the 
rises and recessions of the distributions. This oscillation about the real rates always contributes to 
some value of error, which Figure 9 shows will be between 4 and 5 percent (for the net of four rainfall 
distributions excluding the unusual event 5 distribution). 

That the error in reading any trace is associated with the number of points read is evidence simi
lar to that found by Chery and Lane (1972) in evaluating methods of calculating flow into ponds. Those 
evaluations showed "that at least 20 divisions per event should be taken to assure that the error will 
not be greater than -1 percent" (Chery and Lane, 1972, p 435). 

CONCLUSIONS 

Error can be associated with chart scale combinations, but more importantly, greater error will be 
associated with both the peak values and distribution of high rates. Not until peak rainfall rates 
fall below about 10.0 in/hr does error become principally associated with chart scales. 

Also important is the association of error with the number of points read. If the duration of an 
event and the chart scale are known, a minimum number of points could be specified that would produce 
an acceptable level of error. Such limits on the number of points could be checked by a precipitation
data checking program that would note readings falling below a specified limit. This information may 
also be useful in establishing operational procedures on other types of analog-to-digital conversion 
equipment, in which points can be read at preset frequencies, as the cursor is moved along the analog 
trace on the chart. 
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Chart 4 has a poor proportion between depth and time scales. When possible, this situation could 
be improved by changing the time scale of these gages from 24 hr/revolution to 12 or 6 hr/revolution, 
or by replacing the gage with a 6 in-24 hour gage. 
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CONSTRUCTION, CALIBRATION AND OPERATION OF A MONOLITH WEIGHING LYSIMETER* 

by 

Theodore W. Sa11111is, Don W. Young, and Charles L. Constant 

Construction of a hydraulic monolith weighing lysimeter was undertaken, however, due to inherent 
design and/or construction errors this proved to be an inadequate device for the accurate determination 
of evapotranspiration from Larrea divaricatta (creosote bush). 

Prior inability to stabilize the lysimeter with respect to barometric and temperature fluctuations, 
and eventual failure within the hydraulic transducer package led to the eventual abandonment of the 
hydraulic load cell design, and adoption of an electronic strain gage transducer package. 

This paper deals with the detailed design and construction phases of the original lysimeter, the 
inherent difficulties encountered, and with the modification and conversion of the lysimeter to the 
electronic transducer assembly. Accompanying test data with respect to sensitivity, response time and 
differential loading characteristics support the premise that the electronic load cell design has 
inherent maintenance and operational advantages over the hydraulic transducer lysimeter. 

INTRODUCTION 

Evapotranspiration losses have become an ever-increasing problem to the various water management 
and use agencies within arid and semi-arid regions. Extensive research projects to determine ET losses 
from indigenous vegetation have been undertaken in the Southwestern regions of the U.S., notably in 
Arizona, New Mexico and Southern California. The result of such research has met with more or less 
success depending on the case and methods employed. 

Determination of ET losses for a large area involves two major divisions: 0) evaluation of ET of 
specific vegetative types, and (2) computation of total ET losses based on the density of cover over an 
area by vegetative types. Recent refinement of remote sensing techniques has greatly facilitated 
density estimates, however, accurate and reliable measurement of actual ET from specific vegetated 
plots has proven to be a problem (Abd El Raham, 1965). 

The monolith lysimeter appears to be the only reliable, direct method of ET data acquisition. 
Other techniques being employed to estimate ET require a standardization source with which to compare 
over the range of interest (Garstka, 1974). As a great deal of valuable research of this nature is 
being conducted within the southwestern regions, it was felt that the construction of a monolith weighing 
lysimeter wauld contribute greatly toward the direct determination of precise ET rates, and in the 
interpretation of existing and future research results employing indirect techniques of"measurement. 

Through analysis of soil topographic maps and aerial photographs, several suitable site locations 
for construction of the lysimeter were located. Further ground level inspections narrowed the number 
of sftes to two on the bases of their soil type, nearness to existing hydrologic and storage installa
tions, and proximity to electrical power facilities. Test holes were dug with a backhoe in the vicinity 
of the sites to determine soil stratification and the presence of rocky and/or consolidated material. 
Mechanical soil sample analyses yielded an average composition of 79.5% sand, 10.4% silt and 10.2% clay 
by volume. On these bases, the present site was selected within the IBP Silverbell validation range 
located approximately 19 miles west-northwest of Marana, Arizona. 

Selection of a representative creosote bush within the site was on the bases of its size, shape, 
condition and relative proximity to neighboring shrubs, since adequate distance (min. 3 meters) was 
required during the construction phase for heavy equipment operation. 

Original design of the lysimeter was taken from that of Hanks and Shawcroft (1965) as modified by 
Fritschen et al. (1972). Further modification of Fritschen's design was required to suit a creosote 
bush and to meet the surface runoff measurement requirements. 

With the aid of a local steel fabricating company components for the lysimeter were designed and 
manufactured. The lysimeter basically consists of four major components: an inner shell, an outer 
shell, a bottom floor plate, and a transducer assembl~ (originally this was a hydraulic assembly and 
later converted to an electronic strain gage assembly). The inner and outer shells were each fabricated 
from 12 gauge steel as two halves of a right cylinder (1 meter deep x 4 meters in diameter) which could 
be bolted together and later welded in the field. This was necessitated by transportation difficulties 
which would have been encountered in attempting to deliver two cylinders each over four meters in 

*Research funds provided by International Biological Program (IBP) Grant No. 624 to the Department of 
Hydrology & Water Resources, University of Arizona, Tucson, 85721. 

The authors are Research Associate, Lecturer & Research Associate, and Research Associate II, respec
tively, with the Department of Hydrology & Water Resources, University of Arizona, Tucson, 85721. 
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diameter to the job site. For similar and construction reasons, the bottom floor plate was fabricated 
in the shop in sections 4.6 m long x 30.1 em wide (15ft long x l ft wide) by welding 4.6 m long x 
15 em wide x 5 em deep, 4.8 mn thick (15ft x 6" x 2", 3/16") tubular steel planks edge to edge. 
Continuous weld was used on one side and l" on 12" weld on the other. Solfd bar stock steel 20.3 em 
wide x 5 em deep (8" x 2") was used for the leading and trailing ends of the floor plate to give greater 
strength in the weld between the inner shell and the plate for emergency lifting purposes. 

This yielded thirteen sections of bottom floor plate which would be installed one by one under the 
lysimeter. The leading edge of the solid stock was outfitted with a cutting wedge of 6. 35 mm {l/4") 
steel set at a 50° angle to facilitate pushing through the soil column. Also, a water cock was fitted 
to one end of the cutting wedge and holes cut in the cutting face to aid in the process. 

A transducer supporting plate, also fabricated in two sections, and the instrument well top cover 
together with the previously mentioned items were delivered on site on April 29, 1974. 

The University contracted with a local construction firm for the actual installation of the lysim
eter and excavation began on May 2, 1974. The two halves of the inner shell were set around the 
selected creosote bush on the soil surface and bolted together. After excavation of a trench 1.5 meters 
deep x 0.6 meter wide (5' deep x 2' wide) around the outside of the inner cylinder using a backhoe, the 
soil column was shaved to allow the shell to slide down around it. The inner shell was carefully 
leveled and blocked in place. It had been surmised that a soil column of 4 meters in diameter by l 
meter deep would contain approximately 95%+ of the plants root structure (Cannon, 1870). This appears 
to be substantiated since only fine root hairs were encountered while shaving the soil column. Work 
done in the adjacent vicinity by Dr. John Thames (1972) of the Department of Watershed Management, 
University of Arizona, showed that creosote depth rarely penetrated below one meter in depth. 

Further excavation on one side of the plot was accomplished to yield a construction pit approxi
mately 4.5 meters x 6 meters (15' x 20' ). This area would later be used to bury the instrument well. 

After careful setting and alligning the bottom !-beams along the sides of the trench, and building 
the necessary cribbing to support the custom made 36 ton hydraulic jacks, we were ready to embark 
upon what became the most difficult of all the phases of the project -- installation of the bottom 
floor plate. 

Two bottom planks at a time were laid edge to edge on the supporting !-beams and field welded to 
form a plate 4.6 meters long x 60.1 em wide x 5 em deep (15' x 2' x 2"). The first section contained 
the cutting wedge which was placed beveled edge up and was forced between the !-beams and the bottom 
of the inner cylinder under hydraulic pressure ·by the two 36 ton jacks blocked against the back of the 
trench bank. Each subsequent plank was welded and placed behind the previous one and likewise jacked 
forward. 

Due to misallignment and shifting of the cribbing supporting the jacks and unequal hydraulic 
pressures and various other maladies, we were able to gain only about two centimeters per day on the 
advance of the floor planks under the inner shell. This process continued on through the summer months 
until July when about 4/5 of the way under the lysimeter a consolidated rock strata, heretofore 
undiscovered, was encountered. We were unable to wash away the restrictive formation with the water 
induction system built into the cutting edge, nor were we able to push the plate forward with the jacks 
as we had maximized the hydraulic pressure system and blown seals on the jacks on several occasions. 
It became obvious very quickly that a new tack was required. 

Fritschen (1972) had met with similar difficulties in encountering boulders up to 0.9 meter in 
diameter and 1.5 meters in length by undermining the soil column and removing the rocks. The nature of 
the material encountered on our project ruled out undermining since, l) the strata was consolidated 
which would have inhibited breaking up into manageable size chunks, and 2) we feared removal of the 
strata would cause a collapse of the soil column above. 

The only recourse appeared to be to pull the inner shell, the remaining 56 em (22") onto the bottom 
plate. In doing so, friction would be greatly reduced since the jacks would have to overcome only the 
resistance of the cylinder and soil column sliding over the top of the plate rather than the resistance 
of the plate moving through the soil column. By reversing the jacks and attaching them to a steel 
cable around the inner cylinder this was accomplished with a minimum of soil column disturbance. 

Once we had the inner cylinder onto the floor plate they were welded together along the bottom 
periphery of the inner shell in a continuous water tight weld. Before welding could be accomplished, 
however, the inner cylinder had to be returned to a cylindrical configuration since stresses set up 
during installation of the bottom floor plate had warped the shell out of round by as much as 25 em 
(10") at points of maximum deflection. To accomplish this approximately 25 centimeters (10") of soil 
was removed by hand from around the periphery of the inner cylinder, the shell manipulated back into 
a cylindrical shape (plus or minus one inch-- at points of maximum deflection) by means of mechanical 
"come-alongs", and finally, repacked with native soil to give a continuous and consistent soil column 
throughout. The supporting !-beams were tack-welded to the outer edges of the floor plate and 25 ton 
jacks placed on each corner. The inner cylinder, now containing the entire soil column and the floor 
plate, was then carefully jacked vertically approximately one meter in progressive stages while 10 em x 
15 em (4" x 6") hardwood cribbing was placed underneath the outer corners. 
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As mentioned previously, our original design called for a hydraulic transducer package to be 
installed under the lysimeter. This was subsequently accomplished, however, it became immediately 
evident that certain inherent designed problems existed within the hydraulic transducer package, and in 
the manifold and manometer measuring systems. At first it was believed that the problem was entirely 
a matter of effects due to extreme temperature fluctuations experienced in the desert biome. Numerous 
steps were taken in an attempt to dampen out the temperature effects we were experiencing, however, we 
were still left wfth a cyclic (sine wave} diurnal output tracing which we were unable to explain. We 
now feel that the diurnal fluctuations we were recording coincide, in fact, with the normal diurnal sine 
wave tracings of barometric pressure. 

Many months were spent toward correcting this problem, however, nothing appeared to alleviate the 
diurnal tracings we were receiving off the HP 7155A recorder. Due to the extreme sensitivity of the 
hydraulic transducers we have estimated that even a very small amount of air, which probably came out of 
solution upon temperature stabilization of the tubes, could have been responsible for the changes in 
head due to changes in local barometric pressure. 

During an attempt to increase head in the transducer unit we experienced a blow out in one of the 
internal tubes, which caused a back siphonage from the remaining tubes through the connecting manifold. 
The lysimeter dropped and bottomed out on the transducer support plate, necessitating having to pick up 
the lysimeter for repairs to be made. 

Several months previous we had been in contact with Transducers, Inc., a California based electro
nic strain gage manufacturing firm, over the possibility of using such devices for future application 
if another lysimeter was to be built. Based on the information furnished by them it was felt that 
electronic strain gage transducers were a feasible alternative to the hydraulic system. Since our 
existing lysimeter had to be pulled and the transducer package replaced anyway, it was decided to go 
ahead and install the electronic transducers under the lysimeter rather than merely replacing the 
somewhat questionable hydraulic package. 

Since several other design modifications were desirable (i.e., additional access ports), and it was 
questionable whether the 28 ton lysimeter could be successfully lifted by a crane out of the hole, it 
was decided to dig up the entire outer cylinder to gain access to the lysimeter so it could be hydraul
ically jacked up the required distance, much as had been done during the initial construction phase. 
Through the- use of a backhoe the outer cylinder was removed and access gained to the inner shell. By 
means of hydraulic jacks the lysimeter was rai nsed approximately 56 em {22"), the butyl transducers 
and transducer support plate removed, and forms set to pour the 91 em dia. x 45 em deep (36" x 18") 
steel reinforced concrete transducer support pads. 

It was absolutely critical that the electronic transducers be installed within~ 1% of level to 
assure their correct operation. Thusly, it was important that the concrete support pads be poured and 
exactly levelled for the transducer bottom support plate. The top support plates had to be levelled 
and shimmed against their respective 8" WF !-beams which had to be welded to the underside of the lysim
eter. After allowing for an adequate concrete cure time of the support pilings, the electronic trans
ducers (3) were attached to their respective base support plates and the lysimeter gently lowered onto 
them (Figure 1 ). 

It was considered desirable to extensively modify portions of the equipment/instrument well and the 
outer cylinder to facilitate future access to the underside of the lysimeter and to the three transducers 
should their replacement ever be required. This was readily accomplished in the field through the 
addition of sections of CMP to the existing outer cylinder, and connection of the instrument well by 
means of a passage to one of the three access ports corresponding to the three transducer positions 
(Figure 2). 

After connection and testing of the new transducer package the lysimeter was backfilled, returned 
to natural grade and restored as nearly as possible to natural conditions. 

Field test data shows the modified lysimeter has a sensitivity of detecting a change of 0.19 mm of 
water over its surface area (12.56 m2 ), or in other words, is capable of detecting + 2.36 kg. This 
compares favorably with the specifications supplied by Transducers, Inc. which state that the electronic 
system is stable at the 1.0 mv single output level which would be equivalent to a theoretical sensitivity 
of~ 2.36 kg. We consider this to be a realistic practical sensitivity attainable with a monolith 
lysimeter. 

In addition to this high degree of sensitivity (for a non-beam balance lysimeter) we have also 
eliminated any differential loading problems which tended to exist with the multiple hydraulic tube 
design. Loading can take place virtually at any point or points within the surface area of the lysim
eter and the integrating circuitry automatically compensates giving a consistent and exact weight in 
each case. 

The response time calculated with the hydraulic transducers lysimeter was approximately 300 seconds. 
The response time for the electronic strain gage transducer lysimeter is instantaneous. 

The electronic transducer package is not sensitive to temperature within the range encountered in 
the field. The hydraulic transducer lysimeter appeared to be highly responsive to temperature changes 
and caused real problems when temperatures fell below freezing. Another problem not encountered by 
the electronic transducer is that in a hydraulic system, a very sensitive differential pressure 
transducer is needed to convert changes in pressure to an electrical output for continuous recording. 
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This instrument is subject to all the inherent problems in electronic instability plus the instability 
of the hydraulic system. Wind movement tended to set up pressure waves that caused the output from 
the pressure transducer to contain large amounts of noise. Also, it was necessary to constantly change 
,the dummy head to remain within the range of measurement for the pressure transducer. 

The only practical problem associated with the electronic strain gage transducer design is that at 
the high gain amplification required by the electronic package there is a tendency for the 0 output (no 
load position) to drift slightly. This introduces error in the reading from one time interval to the 
next. The method to correct this problem has been to re-zero the output from the electronics using a 
load simulator box supplted by Transducers, Inc., before each reading. 

The biggest advantage of the electronic transducer system compared to the hydraulic system is that 
if any part of the electronic strain gage system fails for any reason, the individual transducer can be 
removed from under the lysimeter using a simple hydraulic jack, and the transducer returned to the 
factory for repair. In a hydraulic system if any part of the system fails the lysimeter becomes inopera
ble until a large amount of time and money are spent in trying to repair it. 

All in all, we definitely feel that the present lysimeter design with the electronic strain gage 
transducers is vastly superior to the hydraulic transducer systems. 

Detailed design and construction plans and notes are available from the authors upon request. 
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A MUL TIOBJECTIVE APPROACH TO MANAGING 
A SOUTHERN ARIZONA WATERSHED 

by 

Ambrose Goicoechea 1, Lucien Duckstein2, Martin M. Fogel 3 

ABSTRACT 

The case study of an Upper San Pedro River watershed is developed to show how a multiple objective 
approach to decision-making may be used in watershed management. The effects of various land treatments 
and management practices on water runoff, sediment, recreation,, wildlife levels, and commercial poten
tial of a study area are investigated while observing constraints' on available land and capital. The 
example involves the optimization of five objective functions subject to eighteen constraints. In an 
iterative manner, the decision-maker proceeds from one noninferior solution to another, comparing sets 
of land management activities for reaching specified goals, and evaluating trade-offs between individual 
objective functions. This technique, which involves the formulation of a surrogate objective function 
and the use of the cutting plane method to solve the general nonlinear problem, hopefully provides a 
compromise between oversimplified and computationally intractable approaches to multiobjective watershed 
management. 

INTRODUCTION 

In many water-related applications of mathematical pro9ramming, it is often necessary and desire
able to represent the aspirations of the decision maker (OM) in terms of a collection of objective func
tions, and not just a single objective function. This is certainly the case in the,analysis of river 
basin planning problems and water resource systems in general. In this paper multiobjective theory is 
applied to a land use management study of the San Pedro River Basin along the Charleston Watershed, 
located some 20 miles southeast of Tucson, Arizona. 

The main tool in the present multiobjective approach to land use management is a mathematical pro
gramming model. The formulation of a programming model allows the decision maker to investigate the 
physical and economic responses of the system to the various land treatments under consideration, as in 
Eisel (1972). Much of the activity generated in the past regarding modeling and optimization has been 
limited to linear programming models and understandably so, given the convenience of the straight-for
ward sim~lex algorithm (Dantzig, 1963). However, the management of wildland is complicated by the non
linearity associated with the cost of application of the land treatments, in that the set-up cost is 
initially high. Increases in water runoff and sediment will also be high right after the land treatment 
is applied and will level out to quasi-steady state values thereafter. A realistic consideration of the 
ecosystem will also have to allow for the stochastic nature of many parameters (e.g., animal species, 
land treatment costs, and so forth). Effective manipulation of these parameters calls for linear pro
gramming under uncertainty (Dantzig, 1963) or chance-constrained programming (Charnes and Cooper, 1963). 
In this study of the San Pedro River Basin, the mathematical model is restricted to a deterministic non
linear programming model. To deal with the non-linearity, either in the constraints or objective func
tions, use will be made of the cutting plane method (Kelly, 1960; Griffith and Stewart, 1961; Monarchi, 
1972). 

THE MANAGERIAL MODEL AND ITS ELEMENTS 

MULTIOBJECTIVE ANALYSIS 

The adoption of a vector of objective functions in watershed management introduces new judgemental 
and computational dimensions in the fields of modeling, and mathematical programming. The major, under
lying theme behind most strategies, however, is that of systematically eliminating large number of fea
sible solutions from further contention for the 'best' solution. Two approaches to the multiobjective 
problem are various weighting techniques and the constraint method (Geoffrion, 1967; Benayoun et al., 
1971; Haimes, 1970; Cohon and Marks, 1973). An example of the latter approach is the sequential SEMOPS 
technique of Monarchi (1972), where the OM uses a surrogate objective function and modified <-constraint 
method to arrive at a satisfactum solution. The present paper has benefited greatly from such approach 
and method of solution. 

In the weighting technique, the solution of a multiobjective linear problem, i.e., the generation 
of the non-inferior set, proceeds first by transforming the vector-valued objective function into a 
scalar-valued function. The solution of the transformed problem gives a point in the non-inferior set. 
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The parameters used in the transformation are then varied systematically to yield further points in the 
non-inferior set. However. as Cohon and Marks (1973) po1nt out. the weighting technique may fa11 when 
the non-inferior set is not convex. Furthermore. computational-considerations favor the £-constraint 
method (Haimes. 1970) since parameterization on the right-hand side of the constraints is preferible to 
parametrically varying weighted coefficients in the objective function. Along this line. a recent con
tribution is that of the surrogate worth trade-off (SWT) method (Haimes and· Hall. 1974). Some aspects 
of its development are criticized in the appendix in the hope that it gains further attention. as it 
may offer some interesting possibilities. 

Returning to the example. a guideline for wildland management is the lll.lltiple use policy that pre
scribes management for ' ••• outdoor recreation. range. ti~er. watershed. w11d11fe. and fish purposes' 
(U.S. Congress. 1960). Other elements of the lll.lltiple use philosophy require ' ... permanent good for 
the whole people ••• ' and ' ••• the greatest good for the greatest number in the long run' (U.S. Con
gress. 1960). This analysis of the San Pedro River Basin in the Charleston watershed (Figure 1) is 
concerned with the extent of application of land treatments for purposes of increasing water runoff. 
commercial and recreational benefits. and still maintain certain goal values on sediment and wildlife 
levels in the area. while operating with specified capital and land constraints. These management 
goals need to be translated into mathematical objective functions and constraints to specify our non
linear programming model. 

TYPE 

-RIPARIAN 
PINE-MIXED CONIFER 
(percent canopy) 

0. -30"· 
31-60% 
61 -100% 
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AREA(sq.mi.l 
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5 .6 

OAK WOOOLAI'Ll-CHAPARRAL 
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Figure 1. San Pedro River Basin study area vegetation. croplands. urban. and mining areas 

VEGETATION TREATMENTS 

A map of the Charleston watershed is presented along with a description of the vegetation types in 
the area in Figure 1. Opportunities for water yield improvement through manipulations of the Riparian 
and Phreatophite communities along the San Pedro River are difficult to assess. although some estimates 
are available (Ffolliott and Thorud. 1974). 75% removal of Riparian stands by mechanical means is con
sidered for ultimate conversion to grasslands. Treatment of limited portions of Chihuahuan desert in
cludes 100% removal of vegetation followed by rock-rake and drum roller to compact treated areas (Cluff, 
1971). Desert grasslands occupy some 169.000 acres below the Woodland-Chaparral zone of the Huachuca 
mountains at about 5.500 feet elevation. Limited application of the compacted earth (C.E.) treatment 
described above is considered. 75% removal of Woodland-Chaparral stands by mechanical means is fol
lowed by conversion to grassland cover. Treatment of the Pine-Mixed Conifer areas includes 75% logging 
of commercial stands along with partial removal of some understory trees and shrubs. Estimates of vari
ations in water runoff. sediment. wildlife level. recreational and commerical benefits have been accu
mulated for the various combinations of vegetation type and land treatment. 
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OUTDOOR RECREATION 

Some of the methods available for recreation 1!valuation include gross expenditures method, cost, 
market value, and willingness to pay method. In the willingness to pay method a multiple regression 
model is used with willingness-to-pay per household visit as a function of income of the household, fre
quency of visits to the area, and the length of stay in the area. Demand schedules are then simulated 
to estimate yearly monetary benefits {Knetsch and Davis, 1966). The user-benefit method appears to be 
quite realistic in that it begins with the estimation of an economic demand curve expressing demand for 
the whole recreation experience. Estimates of consumer benefits for hunting, fishing, and general rural 
outdoor recreation are then developed consistent with that demand curve. The lack of information con
cerning the quantitative effects of specific land use management techniques on outdoor recreation and 
environmental benefits, however, complicates the formulation of l!hese elements as objective functions or 
constraints. The user-day procedure {Ad Hoc Water Resources Council, 1964) for estimating costs and 
benefits is attractive because of its simplicity and is used in this analysis. Estimates of recreation 
user-days were then made for areas under the various 'improved' and 'present' land use management 
practices. 

ECOSYSTEM STABILITY 

Traditionally, multiobjective analysis in watershed management has dealt with water runoff, sedi
mentation, commercial benefits, etc •..• but has failed to recognize and effectively deal with the animal 
wildlife aspect of management as an element in the general vector optimization problem. The soils, 
vegetation cover, and associ·ated animal species are an interdependent complex of the watershed ecosys
tem, and is considered to be in a quasi-steady state for analysis purposes. Atte111>ting to predict eco
system response {e.g., adaptation of animal species to treated areas, variations in population size, 
relative dominance of species, and so forth) to land-use practices is, by any account, a formidable task. 
One approach calls for the identification of species and population characteristics ·for each vegetation 
type in the watershed. Now, whereas it is relatively simple to assess changes in water runoff of sedi
mentation as a result of a land treatment, it is extremely involved to assess changes in the wildlife of 
the area. Economic considerations, at least, would not permit a complete account of all the species in 
a given ecosystem. And if a limited list of species is arbitrarilY considered there remains to decide 
what trophic levels in the food chain are to be ignored in preparing such list. Also, because it is a 
limited and arbitrary list of species, it will undoubtedly reflect human preference for certain species. 
A tool capable of recognizing and integrating the many and diverse elements in the ecosystem is general 
system theory (Wymore, 1967). If watershed management and wildlife conservation activities are to be 
considered jointly, system theory can provide guidance as to what type of information is needed, and a 
mathematical vehicle for simulating ecosystem response to land use practices. 

MATHEMATICAL FORMULATION 

ASSUMPTIONS 

The time horizon for this non-linear programming problem is a 30-year period which corresponds to 
the expected effective life of potential soil treatments. The division of this 30-year period into 
shorter time increments is necessary because water runoff rates, sedimentation rates and so forth will 
not remain constant over the entire period. Therefore, the 30-year period is divided into three 10-year 
subperiods. In the notation to follow, the subscript i = 1, 2, 3, ••. , 11 will identify a land treat
ment, and J = 1, 2, and 3 will denote decision periods. 

Description of variables, 

In reference to our river basin shown in Figure 1, the managing agency must decide whether to con
tinue with present management practices or implement new ones, and the extent of application of these. 
Let 

sq. mi. of grassland with current management practices in decision period J. 

sq. mi. of grassland with compacted earth {CE) treatment {to increase runoff) in period J. 

sq. mi. of Chihuahuan desert with current management practices in period J. 

sq. mi. of Chihuahuan desert converted to grasslands {to increase runoff and grazing) in 
decision period J. 

sq. mi. of Chihuahuan desert with compacted earth {CE) treatment {to increase runoff) in 
period J. 

sq. mi. of Riparian stands with current management practices in period J. 

sq. mi. of Riparian stands with 75% removal and conversion to grasslands {to increase runoff 
and grazing) in period J. 

sq. mi . Oak Woodland with current management practices in period J. 
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x9j • sq. m1. of Oak Woodland stands with 75% removal and conversion to grasslands (to increase 
runoff and grazing) in period J. 

x10j = sq. mi. of Pine-Mixed Conifer with current management practices in period J. 

x11 j =sq. mi. of Pine-Mixed Conifer with 75% logging (to increase runoff and economic benefits) 
in decision period J. 

The xij are decision variables in decision period J for J = 1, 2, and 3. 

Objective functions, 

The noncommensurable objective functions in our vector optimization problem include the following 

water runoff, 

zl (~) = r j wij x1j - 1~345 
sedimentation, 

Z2 <Kl = 1 3 siJ xij - 6,635 

animal wildlife unbalance, 

z3 (~) = j (<a 1j - a2j) x2j + (a3j - a4j) x4j + (a3j - a5j) x5j 

(a6j - a7j) x7j + (a8j - a9j) x9j + (alOj - a11j) Xnj) 
recreation, 

z4 <xl = 1: l: rij xij- 11,830 
- i j 

commercia 1 , 

z
5 

(X) = l: l: cij xij - 5,699 
- 1 j 

(1) 

(2) 

(3) 

(4) 

(5) 

where objective functions (1 ), (4) and (5) are to be maximized, and (2) and (3) are to be minimized. In 
subsequent studies, the signs of (2) and (3) mey be changed, so that a vector maximation problem be ob
tained. Wi.i Represents the water runoff (in 1000 acre-foot/sq.mi.) associated with pair i of vegetation 
type and land treatment throughout period J, Sij is the sediment rate in acre-foot/sq.mi., au is the 
animal biomass in lb-years/sq.mL, rij is the recreational benefit in $1000/sq.mi., and Cij stands for 
commercial benefits, in $1000/sq.mi. resulting from logging and grazing (after subtraction of cost of 
logging operations and seeding). 

Constraint set, 

The above objective functions are to be optimized under specified land and capital constraints. 
Land Constraints: 

xlj + x2j s 264.8 

x3j + x4j + x5j ~ 147.0 

x6j + x7j ~ 10.0 

x8j + x9j ~ 126.6 

x10/ x11 j::: 5.6 

for J = 1, 2, and 3. 
Capital Constraints: 

d2j (115-39 In x2j) x2j + d4j x4J + d5j (115-39 In x5j) x5j 

+ d7J x7J + d9j x9J + d11 J x11 J ~ oj 

(6} 

(7) 

(8) 

(9) 

(10) 

(11) 

for J = 1, 2, and 3. The function h· (X) in inequality (11), h (X)< D, is a convex function as can 
be verified by noting that the Hessdn Matrix of hj (X) is posi~ive - ·s;;.iidefinite for achieveable 
values of Xij· The parameter dij represents the cost of land treatment (in $1000/sq.mi.) associated 
with pair i of vegetation type and land treatment of the beginning Of period J, and Dj is the capital 
available for period J. 
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SOLUTION PROCEDURE 

CUTTING PLANT METHOD 

Mathematically, the non-linear progranming problem may be stated as follows: 

mi•nimize: Z(~) 

subject to: gk(~) -0 (12) 

where ~En and Z and the g's are differentiable convex functions. The basic concept behind hhe cutting
plane algorithm is that of replacing the original convex set (e.~ •• the feasible region) RcE by a poly
tope P~R. to which the simplex method can be applied in a sequential manner (Kelly, 1960). Towards that 
end the original set of constraints is replaced by a set of half-spaces. 

Some computer programs have successfully applied this technique and demonstrated it in the litera
ture (Griffith and Stewart, 1961; Monarchi, 1972). 

Development of the trade algorithm: 

1. A domain o1 e: En of admissible solutions is given, defined by the set of constraints 

gk(~) ~ 0, 

xd ~ o, ~ = (Xl' x2 , ... , xn) 

for k = 1 , 2, .. , , 1 , and d = 1 , 2, ... , n, 

(13) 

2. There are five objective functions z 1 (~). z 2 (~), ... , z 5 (~), Form the total objective function c1 (~) 
as defined in (1) through (5) above. 

zl - zl MIN Zz - z2MIN Z3 - z3MIN 
Cl(~) = Zf- zlMIN - Z~- z2MIN - Z~- Z3MIN 

where * 
zi = optimum value of the i-th objective function, 

z5 - z5MIN 
+ ... + zg - Z5MIN 

ziMIN = minimum value of the i-th objective function. 

(14) 

3. Carry out successively the optimization with respect to each individual objective. The maxima (or 
minima) obtai ned for each of the objectives form a vector u1 : 

ul 

max z1 (~) 

~ e: Dl 
min z2 (~) 
~ e: Dl 

max ~ 5 (~) 
~ e: Dl 

4. Carry out the optimization with respect to the total objective function c1(x). The resulting 
solution vector x1 is then used to generate vectors W and v1: 

z1 (~1 ) G1 (~ 1 ) 

z2 (~1 ) G2 (~1 ) 

vl 

(15) 

(16) 

the decision maker now poses the following question: "Have all the objective functions zi (JS1 ) satis
factory values?" To answer this question the decision maker makes use of the elements in vector W.. 
In the case of an affirmative answer the multiobjective problem has been solved and vector W rep~
sents a desired solution. Vector v1, then, also represents a desired solution but in terms 6f goal 
percentages achieved. 
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5. Otherwise, select the objective function Zi(x1) with the most satisfactory goal .value achieved, Gi 
(x1), and specify a value •i such that Zj(Xl) >&..__(If the i-th goal 1s to be maximized). For the 
actual value of ei the decision maker makes usi of the information contained in vectors u1 and w1. 

6. Define the new solution space D2 with the constraints 

gk(!!) ~ 0, 
xd :: o. (17) 

zi <!!l - .i :: o, 
and repeat steps (2), (3) and (4) to generate a total objective function c2 (x) and vectors U?' w2, and 
v2. This time, however, c2(x) will contain one term less since one objectTve-function now forms part of 
tne new constraint set D2. Proceed to step (5) until a satisfactory vector ~ = (e1, e2, ... , e5) is 
achieved. 

EXAMPLE SOLUTION AND RESULTS 

The study area is the Charleston watershed, Figure 1, located some 20 miles southeast of Tucson, 
Arizona. Five objective functions and eighteen constraints (linear and non-linear) on land, capital, 
and extent of treatment make up the non-linear model used in the analysis. Associated with each land 
treatment and vegetation type there is a collection of data parameters representing water runoff, 
sediment, wildlife, recreation, and commercial levels over three 10-year periods. These tabulated 
parameters are shown on Table (1 ). Obtaining the necessary economic and physical data proved difficult 
and in some instances they simply were not available for the area in question. It was then resorted to 
tabulated data for watershed areas with similar physical characteristics (Branson and Owen, 1970; 
Bartlett, 1974; Cluff, 1971). A computer program was then used to generate the results shown on Table 
(2). 

TABLE 1 - PHYSICAL DATA PARAMETERS 

PARAMETER. ' PERIOD 1 ' PERIOD 2 . PERIOD 3 ' PARAMETER ' PERIOD 1 ' PERIOD 2 ' PERIOD 3 
J•l J•Z. . :1'•1 

w,. .64 .64 .64 r,r 3.0 6.0 9.0 
wu 13.44 8.96 4.48 ru .o .o .o. 
wJr • 64 .64 .64 ru L~ 3.0 . 4.5 
w~r 3.84 2.56 1.28 r .. r 18.0 15.0 9.0 
)llsz 6. 72 4.48 2.24 r,_l .0 .0 .o 
w,, l.t8 1.28 1.28 r,J 15.0 30.0 45.0 
w,, 38.40 25.60 12.80 r,z 27.0 22.5 13.5 
waJ 1.28 1.28 1.28 rss 6.0 12.0 18.0 
wu 5. 76 3.84 1.92" r,r 18.0 15.0 9.0 
w,.1 1.92 1.92 1.92 r,,z 9.0 18.0 27.0 
wnr 9.60 6.40 3.20 rnz 45.0 37.5 22.5 

s,r 5.0 s.o 5.0 e,s 7.2 5.04 2.88 
•zr 35.0 20.0 1~.0 ezs .o .0 .o 
SJI 1.0 1.0 1.0 Cg 1.44 1.44 1.44 
s..,z 32.5 20.0 1'1.0 C43 6.72 3.840 .96 
8a1 35.0 20.0 1n.1J en .o .0 .o 
•u 10.(} 10.0 10.0 eu 3.6 3.6 3.6 ., 54.() 36.0 18.(} eu· 15.2 8.0 .80 
8 es 5.0 s;o 5.0 ea~ 3.6 2.52 1.44 
"f.t 40.0 30.0 15.0 Cp 63.2 56.0 48.8 s,, 2.0 2.0 2.0 e,•r .0 .o .o 
5ur 24.5 22.5 17.5 . c,r 28.00 28.00 28.00 

a,r 37422.0 24948.0 12474.0 dzz .64 .64 .64 a., 18711.0 12474.(} 1\237.0 d.,] 6.40 6.40 6.40 
•v 53004.0 35336.0 17668.0 dsr .64 .64 .64 
"-!I 44sn.n 29928.0 14964.0 du 6.40 6.40 6.40 
au 21861.0 14574.0 7287.0 d9J 6.40 6.40 6.40 
au 35265.0 23510.0 11755.0 du:r 35.20 35.20 35.20 a·,, 26460.0 17640.0 8820.0 D ll<-#) 500.00 400.00 300.00 ... 33360.0 22240.0 11120.0 
au 19218.0 12812.0 6406.0 
a,., 27432.0 18288.0 !1144. 0 a,,, 1684R.n 11232.0 5616.0 

238 



TABLE 2 ~«JOEL SOL UTI ON RESULTS 

VARIABLE RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 RUN 8 (s~i.) 

x2, 1 .00 .00 .00 .00 .00 .00 5.97 .00 
x2 ,2 .00 .00 .00 .00 .00 .00 4.64 .00 
x2,3 .00 .00 .00 .00 .87 .00 .00 .00 

x4,1 35.22 .00 78.12 .00 .00 .00 .00 .00 

x4,2 32.00 14.02 62.50 .00 22:61 13.40 5.17 .00 
x4,3 24.87 .00 6.37 .00 25.68 17.23 34.92 .00 
x5, 1 .00 .00 .00 .00 .00 .00 .00 .00 
x5,2 .00 .00 .00 .00 .00 .00 .00 .00 
x5,3 .00 .00 .00 .00 .00 .00 .00 .00 
X7 ,1 10.00 .00 .00 10.00 10.00 10.00 10.00 .00 
X7 ,2 .00 .00 .00 .00 .00 .00 .oo .00 
x7,3 .00 .00 .00 .00 .00 .00 .00 .00 
x9,1 32.90 78.12 .00 .00 .00 .00 .oo 7.11 
x9,2 30.50 48.47 .00 .00 .00 .00 .QO 23.36 
x9,3 22.00 .00 .00 .00 5.01 29.64 11.94 25.68 
x11, 1 .00 .00 .00 .00 .00 .00 .oo .00 
xll ,2 .00 .00 .00 .00 .oo .00 .00 .00 
x11 ,3 .00 5.60 .00 .00 .00 .00 .00 1.99 

ACHIEVED GOAL LEVELS (PERCENTAGES) 

Gl, Runoff 100.0% 40.4 39.9 58.9 67;8 67.0 83.0 10.7 
G2, Sediment 14.5 14.0 6.5 93.5 75.0 75.0 75.0 75.0 
G3, Wildlife 11.1 .o 40.0 94.6 81.3 79.0 73.6 72.9 
G4, Recreation 41.1 .0 100.0 43.7 50.8 40.0 40.0 40.0 
G5, Commercia 1 65.7 100.0 2. 7 6.0 4.2 20.9 6.7 41.2 

Optimization of the individual objective functions yielded vector u1: 

586.36 X 103 acre-foot, runoff 
.00 acre-foot, sediment 

ul .00 lbs-years, wildlife 
1200.00 $dollars, recreation 
6627.20 X 10

3 
$ do 11 a rs , commercia 1 benefi ts 

That is, the runoff function alone, for instance, was optimized to yield 586.36 x 103 acre-ft. of water 
over a 30-year period. This value represents additional water over that period that would result from 
the implementation of the various land treatments. The extent of these land treatments is shown on 
Table (2), runs 1, 2, and 3. From U we also observe that if the runoff and commercial functions were 
to be maximized independent of the oher three functions undesireable increases in sediment and reduc
tion in wildlife and recreation benefits would result. Optimization with respect to the total objec
tive function in run 4 yields vectors w

1 
and v

1
: 

345.36 X 10
3 

.589 
-240.00 3 . 935 

w1 -88.05 x 103 , and v
1 

.946 
-630.00 X 103 ,437 

44.00 X 10 .006 
I 

and results in the treatment of the Riparian vegetation alone during the first period, e.g., x7 , 1 = 10.0 
sq. mi. At this point we see that although G? and G3 have very acceptable levels, they are acnieved at 
the expense of low levels on runoff and commercial benefits. In an effort to arrive at a compromised 
solution, the next optimization in run 5 leads to constraining the sediment goal level to 0.75 (e.g., 
E2 = -932.86 to yield: 

397.55 X 103 
.678 

-932.86 .750 

w2 
-309.93 X 10~ , and v = .813 
-398.34 X 103 2 .508 
278.34 X 10 .042 
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Now the runoff goal level has noved up to a nore ·comfortable position, 67.8% but the commercial 
benefits are still very low, 4.2%. Since recreatiqnal and commercial benefits are fn conflict with each 
other (ours is a pareto-optimal solution vector), we compromise recreational benefits to 40% (e.g., E4 = -718.65 x 1Q3) in run 6 to yield: 

392.86 X 103 .670 
-932.86 3 .750 

w3 -~B.e5 x 103 , and v3 • .790 
-718.65 X 103 .400 
1385.10 X 10 .209 

and the commercial benefits increase to 20.9%. So far, the wildlife level has remained comfortably 
high, and it may be of interest to see how it trades against the other goals. The total objective func
tion of runoff and comme§cial benefits are then maximized in run 7 with wildlife constrained to 73% 
(e.g., E 3 = -447.50 x 10 ) to yield: 

486.67 X 103 .830 
-932.86 3 . 750 

w4 -447.50 x 1 o3 , and V 4 . 730 
-718.65 X 103 .400 
444.02 X 10 .067 

Relaxation of the constraints on wildlife unbalance allows for 83% of the maximum runoff. However 
a quick look at the resource allocation vector x in run 7 reveals that this increase has been made 
possible through the application of the compacted earth (CE) treatment to portions of the grasslands, 
e.g. • 

x2 ,1 = 5. 97 sq. mi. 

x2,2 = 4.64 sq. mi. 

x2,3 = .00 sq. mi. 

where the water runoff yield may be as much as six times higher than, say, that .for Chihuahuan desert 
vegetation. The cost per acre of the CE treatment is also high, and at that level of application (5.974 
sq. mi.) the cost is $60.0/acre, approximately, in contrast to $10/acre for the other lower-yield land 
treatments. But, since the capital was available our pptimization nodel used it within the constraints 
in the system, 

Assumming that the goal levels achieved so far for sediment (75%), wildlife (73%), and recreation 
(40%) are acceptable, there remains to trade runoff against commercial benefits. Optimization of the 
commercial objective function alone subject to the above constraints in run 8 yields: 

62.74 X 103 .107 
-932.86 3 .750 

w5 -447. 50 x 1 o3 , and v5 . 730 
-718.65 X 103 .400 
2730.40 X 10 .412 

that is, x' = (.830, .067) vs. x" (.107, .412). Further analysis can now yield convex combinations 
of the twa vectors. 

SUMMARY 

A water resources system was nodelled as a multiobjective problem with five objective functions 
and eighteen constraints to investigate the physical and economic responses of the system to the various 
land treatments considered. An attempt has been made to provide the OM with a realistic set of ob
jective functions, including those for sediment and wildlife levels, to nonitor effectively the impact 
of his decisions on the environmental quality of the area. The use of a surrogate objective function 
in the TRADE method enables the OM to generate an initial solution vector without having to generate 
weighting coefficients for the individual objectives; once this initial solution is generated, it is 
expressed in terms of goal percentages achieved to assist in the decision-making process. The explic
itness of methodology in TRADE will hopefully achieve a compromise between the rudimentary "nodel-DM" 
dialog of the constraint method and the large computational requirements of, say, the SWT method. 

Experience gained in the use of the cutting plane method (Monarchi, 1972) proved extremely helpful 
in solving the nonlinear problem. It proved particularly effective in dealing with the logarithmic 
form of the capital constraint as convergence was quickly obtained to the desired degree of accuracy. 
Computer runs of 30 seconds per iteration on the CDC 6400 of the University of Arizona Computer Center 
were typical in the present investigation. 
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APPENDIX: THE SURROGATE WORTH TRADE-OFF METHOD 
AS A POTENTIAL APPROACH TO THE PRESENT PROBLEM 

The surrogate worth t~de-off (SWT) method (Haimes and Hall, 1974) represents a recent worthwhile 
effort based on the £-constraint method to analyze the multiobjective situation. Briefly, it begins by 
finding the minimum values of each objective function subject to the system of constraints, and proceeds 
to formulate the multiobjective problem in the £-constraint form. Use of the generalized Lagrangian 
function of the system is then made to arrive at the Lagrangian multipliers of form >.1 . = -af (XJ/ at. 
(X) referred to as the trade-off function between the i-th and j-th objective function~ HaiJs-and Hall 
t~en suggest the use of a regression model for constructing this function. This computational procedure 
is a very extensive one, particularly when one realizes that the system has to be solved repeatedly for 
many values of the constraint E, and may not always be practical. Should the system be nonlinear, 
computational requirements may prove very demanding. Also, the regression coefficients may be, in some 
instances, very sensitive to theE levels considered. An alternative to consider for a given point in 
the functional space (i.e., for a level of attainment of f 1(X*) and f;(X*)), might be to just cons1."der 
two straightforward solutions to the s~stem to optimize filX); the first time with f 1(X)< E as a con
straint, and the second time with f.(XJ< E', where E 1>E. This would entail less than-oiie-tenth of the 
amount of activity suggested and wiil-reveal the magnitude of>. .. in the immediate vicinity of the 
decision vector X*. Next, the evaluation of a surrogate worth tanction, Wi.i is suggested for estimating 
the desirability-of Aij• where -10 < Wii < 10. Although w11 is useful in ~ne analysis, it should be 
pointed out that it's evaluation is-highly subjective. Furthermore, in addition to being a function of 
the relative value of the objective functions, it should probably also be made a function of the level 
of attainment of these functions (e.g., a function of the absolute values attained for the functions). 
Otherwise, the optimal decision solution associated with Wij = 0 will not be unique, as evidenced in the 
example provided in that paper. 
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PLANNING MODELS OF AN IRRIGATED 
FARM WITH LIMITED WATER 

by 

Herbert G. Blank 

INTRODUCTION 

This paper results from the dissertation prepared by the author (Blank, 1975) while a graduate 
student at Colorado State University. The dissertation presented an irrigation planning model in
corporating probabalistic rainfall. The purpose of this paper is to briefly summarize the model 
and to present some of the results of the work in a form which may be useful to irrigation planners 
and managers. 

A general research problem is to reco11111end to a farmer having limited resources, which crop or 
crops he should grow. This decision depends not only on government restrictions and the farmer's 
limited resources of capital, land, labor, fertilizer and water, but on the farmer's regard for risk. 
This risk, measured by yearly variation in income, may be caused by such uncontrollable variables as 
crop prices or climatic events such as hail, frost, or flooding. It may also be caused by lack of 
precipitation combined with lack of irrigation supply or insufficient delivery capacity to meet the 
crop demands. The farmer's objective may vary from maximizing his expected return to minimizing the 
statistical variance of that return. 

Solution of the general crop planning problem would require developing a model having inputs from 
a number of disciplines, including agronomy, economics, statistical hydrology, etc. From the general 
problem various specific problems can be formulated, based on the particular characteristics of the 
application site and the purpose the model is expected to fill. 

A specific problem dealt with in this study is to develop an irrigation planning model to recom
mend to a farmer which crops to grow given the following assumptions: 

1. The farmer has a set of crops which can successfully be grown with his climatic conditions 
on his soil type. 

2. The single variable input affecting yield is quantity of water. Fertilizer application 
amounts are assumed independent of amount of water applied. Quality of water from various sources 
is assumed not to affect yield. 

3. The seasonal water supply is limited and the rate of delivery within the season is limited. 

4. Precipitation is a random variable contributing significantly to the water supplied to the 
crops. 

5. Other variables are deterministic, taking on their expected values. 

6. The farmer's objective is to maximize expected return, providing the variance of this return 
due to random precipitation remains at some "acceptable" level. 

Other researchers have dealt with certain aspects of the foregoing problem. Mobasheri (1968) 
related seasonal water inputs to yield in a linear program for determining optimal crop acreages. 
Delucia (1969), Anderson and Maass (1971, revised 1974) and Young and Bredehoeft (1972) developed 
multiple crop models in which water inputs in various time periods are related to yield. Hall and 
others (Parsons, 1970) in a study of irrigation in India also included limited fertilizer, manpower, 
animal power, storage and transportation. Smith (lg73) included random precipitation by formulating 
a chance constrained linear program, the results of which were used as input to a multiple year 
simulation. 

The current study deals with the multiple time period, multiple crop case and includes random 
precipitation in the analysis. The main contribution of the study is that it determines an optimal 
precipitation planning policy (PPP). That is, it determines what percentage of the mean seasonal 
precipitation amount the farmer should include in his analysis to choose what crops to plant. 

Due to availability of data and in an effort to complement a previous study (Young and Bredehoeft, 
lg72), the application site selected for the current study was a representative farm in the South 
Platte Valley near Ft. Morgan, Colorado. Under current water availability conditions, the current 
practice is to irrigate to field capacity at each irrigation. This study looked at a future time 
when water is limited and the price of water approaches its marginal value. Under these conditions, 
the farmer's decision, after the crops have been planted, is to optimally allocate his water resource 
among his mix of crops. It may be desirable under water shortage conditions to irrigate one crop at 
a critical growth stage while shorting another crop. Another possibility is that it may be more pro
fitable not to irrigate a crop since the increase in return (marginal return) is less than the cost 
of the water (marginal cost). 

In order to make the water allocation decision quantitatively, the farmer must possess a pro
duction function for each crop enabling him to evaluate potential yields and returns under different 

The author is an International Development Intern with the Agency for International Development 
stationed in Sana, Yemen. 
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water management alternatives. Included in the pre-season crop pattern optimization of this study is 
a recommended water allocation throughout the season based on random precipitation with other climate 
variables assuming their expected values. 

OVERVIEW OF TltE OPTIMIZATION MODEL 

The following, which may be classified as a "passive" programming approach, represents the overall 
optimization strategy. 

1. Determine optimal timings and amounts of irrigation for the single crop case as a function of 
water shortage in any period or combination of periods. This is accomplished by a dynamic program. 
From these results a production function is obtained relating water applied in each time period to 
monetary return. 

2. Solve a deterministic linear program for each discretized precipitation planning policy. The 
planned for precipitation amounts are subtracted from the crop water use coefficients in each time 
period. 

3. Test the results of each precipitation planning policy by a simulation program which calcu
lates the expected return and variance under each policy. This program incorporated the linearized 
production function generated in 1. 

4. Continue to vary the planned for precipitation amounts until the optimal precipitation plan
ning policy is determined. The recommended crop acreages are determined by using the optimal pre
cipitation planning policy in the deterministic linear program. 

SINGLE CROP OPTIMIZATION 

In order to establish the multiple crop model, data from the single crop case are required. Vari
ous authors have developed models which determine optimal times and amounts of irrigation for a single 
crop when the seasonal supply is limited. Hall and Butcher (1968) developed a three state variable 
dynamic program for determining optimal application times and amounts for a single crop having a limit
ed irrigation supply. Minhas et al. (1974) adopted an ET prediction model, developed a multipli
cative yield relation for wheat, and solved an optimization problem of maximizing yield while meeting 
a seasonal water availability constraint. Delucia (1969) and Dudley, et al. (1971) formulated dynamic 
programming models incorporating random precipitation. 

For this study, a model is required which determines optimal irrigation timings and amounts when 
the capacity of the delivery system is 1 imited and the single crop competes with other crops for this 
limited water supply. Thus, for a given water shortage in any time period and any possible combination 
of such shortages, the model must determine the optimal irrigation policy and the forecast yield and 
return. The optimal policy is thus determined as a function of the shortage in each of the time per
iods over the season. 

The single crop optimization is formulated as a dynamic program having state variables soil 
moisture and state of the plant. For each level of water shortage and each combination of shortages 
in various time periods, the dynamic program allocates the available irrigation water in order to 
maximize the return for the crop. Included in the return function are terms representing the variable 
cost of water, the gross return of the crop and a fixed cost per irrigation. The program thus simu
lates the situation when the crop competes for water with other crops. 

MULTIPLE CROP OPTIMIZATION 

The analysis of the single crop case does not include random precipitation, but rather only spe
cific values of possible shortages of water in each time period. In order to include precipitation 
in the multiple crop case, continuous functions relating water inputs to return are required. These 
functions are obtained from the results of the single crop optimization. In general, linear functions 
used to approximate non-linear relations are adequate only over a restricted range. In this study, 
linear functions were obtained which appeared to be adequately representative of all the crops and 
shortages encountered in the Ft. Morgan situation. These functions are intended to be most accurate 
for a range from the mean precipitation amount (when adequate water is available to irrigate all crops 
fully), down to a seasonal precipitation shortage from the mean of 8 em. This shortage occurs less 
than 10% of the time. For greater shortages, additional data points could be generated and possibly 
non-1 inear functions fitted. 

A linear program was formulated to select crop acreages which maximize return for a given precipi
tation level. Effective precipitation amounts are subtracted from the water use coefficients. Con
straints include seasonal availability of water, capacity constraints on quantity of water delivered 
in each time period, land availability, and maximum and minimum acreage constraints dictated by local 
market conditions. 

THE PRECIPITATION PLANNING POLICY 

The approach of this study for handling random precipitation is to introduce a concept referred to 
as the "precipitation planning policy." A farmer adopting a 10% precipitation planning pol icy would 
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plan for 10% of the mean precipitation amount to supplement his irrigation supply in each time period 
and would allocate his fixed seasonal irrigation supply during the season according to the precipita
tion to date and a forecast of 10% of mean precipitation for the remainder of the season. 

Under a 0% precipitation planning policy, rainfall would be neglected and, with irrigation water 
limited, a "conservative" mix of crops would be selected, one whose water requirements would always be 
met, but whose return would presumably be relatively low. Alternatively, under a 100% precipitation 
planning policy, the farmer would plan for the mean precipitation event and would select a crop mix 
consisting of higher valued and higher water using crops, but could face reduced yield when less than 
mean precipitation amounts occurred. 

GROWTH JII)DELS 

All irrigation optimization models implicitly require as input a simulation model to predict re
turn, or equivalently yield, from a crop under any given irrigation and precipitation regime. A sim
ple, accepted input-output relation between water inputs and yield would be useful; however, in 
actuality other variables affect yield. In this study an intermediate variable was introduced to link 
inputs to outputs. This variable should assist in the transferability of the model. 

Photosynthesis, the mechanism by which plants manufacture carbohydrates, may be viewed as the pro
cess which results in the final yield. Photosynthesis occurs when carbon dioxide, water and sunlight 
are all available to the plant. For most crops, including corn, carbon dioxide enters the plant 
through open stomata, while water vapor leaves through these stomata at a rate determined by atmos
pheric conditions and moisture availability. Water vapor that the plant loses through the open stomata 
makes up the major portion of the total water transpired by the plant. When the stomata close, the 
flow of both carbon dioxide into the plant and water vapor out of the plant are restricted. 

Transpiration may thus be used as a proxy measure of plant growth. By maximizing transpiration 
for a given set of atmospheric conditions, photosynthesis ·is also maximized since when transpiration 
occurs the stomata are open and carbon dioxide is also entering the plant at the maximum rate for the 
given atmospheric conditions. Advancing one step further, it can be postulated that lack of trans
piration, hence reduced carbon dioxide availability and reduced photosynthesis, would have greater 
effects on the final yield in some growth stages than in others. 

Hanks (1974) used a growth index based on transpiration while in this study an index based on 
evapotranspiration ET is used. Evapotranspiration values are more readily obtainable than trans
piration values and the differences in yield prediction would be negligible using a transporation 
index rather than the ET index. 

Two production functions were tested in this study relating ET in various time periods to 
yield. The functions are the aditive relation 

y 
max 

iEl Ai ( :~ i ) 
maxi 

and the multiplicative relation 

in which 

n 
IT 

i=l 

i = growth stage index 
Y = predicted yield 

Ymax = maximum attainable yield 
ETi = ET in growth stage i 

ETmaxi = maximum attainable ET in growth stage 

number of growth stages 
parameters fitted to available data. 

(l) 

(2) 

Both of the foregoing relations were tested and incorporated into the single crop optimization model. 

ET PREDICTION MODELS 

. In or~er to pre~ict yiel~ for any irrigation regime and with a growth model based on ET, a model 
wh1c~ pre~1cts ET IS essential. In fact, any model which predicts crop water requirements must keep 
a so1l mo1sture balance of the form 

SMi+l = SMi + IRRi + Pi - ROi - Di - ETi (3) 

in which 
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i = time index 
SMi = depth of available soil moisture at time 

IRRi = depth of irrigation at time i 
Pi = effective precipitation at time i 

ROi = run-off at time i 
Di = drainage (deep percolation) at time 

Eli = evapotranspiration at time i; all units in em. 

Run-off and deep percolation may be neglected if the sum of irrigation and precipitation amounts in a 
time period do not exceed the infiltration rate of the soil, and if they do not bring the soil moisture 
level above field capacity. Thus, updating soil roisure reduces to establishing an ET prediction 
model. Jensen and Heerman (1970) and Kincaid and Heerman (1974) employed the Penman equation to predict 
daily ET. The quantity of data required limits the feasibility of this method for a planning model. 
For the requirements of this study, a simple model proposed by Varon, et al. (1972) was adopted. This 
method predicts ET based on soil roisture and stage of growth. Climate variables are included in 
the growth stage parameters with the assumption that at the given site the parameters are relatively 
insensitive to year to year climate variations. 

The basic hypothesis of the Varon model is that the negative of the rate of change of soil moisture 
is proportional to the available soil moisture. The solution of this differential equation gives 

in which 

-b. t w
0
e 1 

initial available soil moisture in the ith 
time period (em) 
available soil roisture after t days (em) 

soil moisture decay constant in the ith 
time period (dimensionless). 

The coefficient bi has the interpretation 

in which 

ETmax I FC 

ETmax = daily ET which occurs at field capac.ity 
determined by climate and stage of growth 
(em) 

FC available depth of soil roisture at field 
capacity (a soil property) (em). 

(4) 

(5) 

Assuming no precipitation or other source of water, ET after t days is given by 

ET (6) 

Combining the ET predicition model with either the additive or the multiplicative production 
function results in a model to predict yield under any irrigation regime. An advantage of the yield 
prediction model developed in this study is that it can be directly integrated into an optimization 
model. Another advantage is that there are few parameters to fit: one parameter for each growth 
stage for each crop in the ET prediction model, and one for each growth stage for each crop in the 
production function. A disadvantage in determining these parameters, however, is that results from 
extensive field trials are required. With experience from a number of trials on different soils and 
climates, an estimation procedures could be developed. 

YIELD PREDICTION RESULTS 

Parameters of the ET prediction and the yield prediction models were determined for corn from 
field trials conducted at the Colorado State University Agronomy Farm. Corn was grown in four blocks 
with each block receiving a different irrigation schedule. The central sprinkler line was designed to 
irrigate most heavily along the center of the block with application amounts declining linearly so that 
outer rows were virtually unirrigated. Soil moisture measurements were made by neutron probe prior to 
each irrigation at 12 positions across each block with rain gages measuring irrigation and precipitation 
amounts. Thus, 48 trials were obtained for which various timings and amounts of irrigation water were 
applied, a soil moisture balance was kept and yields were measured. 

Previous results (Danielson and Twyford, 1974) have identified early silking as a critical growth 
stage for corn. On the basis of this work and the available data, growth stages were defined as pre
sented in Table 1. 

A program was written to determine best fit coefficients for the ET prediction model described 
in the previous section. Data from five trials were used to obtain representative values of the co
efficients. The program used as input soil moisture levels by layers and incorporated a simple drain
age model. A Fibonacci search routine was used to determine optimal values of the coefficients. The 
results, summed for the entire root zone, are presented in Table 1. The yield prediction coefficients 
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of Eq. 1 and Eq. 2 were determined by a standard linear regression program. The additive equation 
showed a higher R2 value and was used in further work. These coefficients are also presented in 
Table l. 

From the results obtained a simulation model can be formulated to determine percentage of maximum 
yield for any given irrigation treatment. An example of such a model considering at most four irri
gations on specified dates and neglecting precipitation is presented in Table 2 and Table 3. Values 
of field capacity, ET coefficients, yield coefficients and maximum ET values are those used for the 
Ft. Collins, Colorado case. 

OPTIMIZATION RESULTS 

The simulation model discussed in the previous section was included in a dynamic program to maxi
mize return for a representative farm near Ft. Morgan, Colorado, for which economic data were available 
(Conklin, 1975). Optimal irrigation amounts and timings were determined when .water was limited in 
various time periods. Also, various sensitivity analyses were performed to determine the effects of 
water cost and labor cost on the optimal irrigation amounts and return. The marginal value of irri
gation water for corn (that cost above which the cost of the last unit of water excedes the return 
from that unit) was determined to be between $10 and $15 per acre foot. 

Secondary data sources were used to generate ET prediction and yield prediction models for the 
other crops (sugar beets, pinto beans, and alfalfa) considered in the study. 

For the 280 acre representative farm, the deterministic 1 inear program was formulated as previously 
described. When precipitation amounts were varied from 100% of the mean to 0%, the results showed re
turn to decrease along an S shaped curve. Acreage of individual crops generally ranained constant 
but the method of corn production varied from full irrigation at the 100% level to non irrigated at 
the zero precipitation level with other crops generally maintaining full irrigation. 

For various precipitation planning policies, with the crop acreages determined by the deterministic 
linear program, the simulation program was run to determine actual expected r-eturn and standard devi
ation using a 20 year historical record of precipitation. An expectation versus variance curve was gen
erated which tended to show that as the PPP approached 100%, the expected income decreased and standard 
deviation increased. Near a PPP of 10% the expected return is maximized and the standard deviation is 
essentially the same as for a PPP of 0%. 

CONCLUSIONS 

There are many assumptions and limitations of the results of a study such as has been performed. 
However, the question of how to allocate a limited resource such as water is a vital one and mandates 
the attempt at such a studY. When downstream users rights must be met, the water manager is faced 
with limiting water aiversions, or in the case of the South Platte Valley, of limiting groundwater 
pumping. One tool of the water manager, in order to predict the economic effects of such a limitation, 
is the simulation model. This study has demonstrated the development of such a model and has incorp
orated the simulation model into several optimization models. These models recommend allocation of 
the water within the season based only on preseason knowledge and select optimal crop acreages. The 
percentage of mean precipitation was determined which, when included in the crop planning model, re
sults in return being maximized over the long range. This value is not meant to be used as a standard, 
since its value is determined by many variables, but rather as a warning to researchers who may wish 
to arbitrarily include the mean precipitation event in their analysis. 

Table 1 

RESULTS OF ET AND YIELD PREDICTION MODELS FOR CORN BASED ON FIELD TRIALS 
AT COLORADO STATE UNIVERSITY 

Growth Stage 

Early Vegetative 

Pollination 

Maturity 

1 2 
Growth wo 
Stage 

1 33.2 

2 

3 

Dates ET Coefficients 

May 15 - July 16 .015 

July 17 - July 23 .019 

July 24 - Sept. ll .014 

Table 2 

ET CALCULATION 
3 4 5 6 

t bi wo+t ET 

31 .015 20.82 12.38 

31 .015 

7 .019 

25 .014 

25 .014 
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Yield Coefficients 

7 
IRR 

0 236 

.159 

0 573 

8 
w' 

0 



Column 5 is obtained from Eq. 4 
Column 6 is Col 2 - Col 5 
Column 7 is the irrigation 111110unt 
Column 8 is the minim1111 of (Col 5 + Col 7) and 33.2 
Col1111n 2 is Col 8 from the previous row. 

1 
Growth 
Stage 

1 

2 

3 

2 

Table 3 

YIELD CALCULATION 

3 4 
ET ETmax ai 

24.89 .236 

4.13 .159 

19.44 .573 

C!ol 2 is total from Table 2 Col 6 

5 
Term 

Col 4 is Col 2 x Col 4 I Col 3 as per Eq. 
Y/Ymax is the sum of Col 5 
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A METHOD FOR MAXIMIZING 
THE PRESENT VALUE OF A GROUNDWATER RESOURCE 

by 

Reuben N. Weisz* and Charles L. Towle, Jr.** 

ABSTRACT 

In the past, researchers have applied a variet;y of analytical techniques for maximizing the pre
sent value of net benefits derived from a stock resource--simulation, calculus of variations, stochas
tic dynamic programming, and optimal control theory. This paper presents a more operational approach 
-- linear programming. Applying linear programming to this t;ype of problem requires a set of internal 
accounting constraints that prevent the additivity assumption of linear prograinming from being vio
lated. A simplified, broadly drawn example from Southwest agriculture is used for demonstrating the 
model's structure and output. 

INTRODUCTION 

Resource economists and hydrologists have long shared an interest in the optimal rate for using 
groundwater over time. Optimal use of groundwater will in this paper be defined as maximization of 
the present value from the stream of net benefits resulting from decisions regarding the economic 
activities that should be undertaken during the planning period and their levels; all inputs except 
water are assumed fixed at their optimum levels and independent from water use in their impact on net 
benefits. 

Optimization of net benefits with regard to usage rates of groundwater is especially important to 
Southwest agriculture, the industry that has historically been the greatest consumer and most marginal 
user of groundwater. In many areas of the Southwest, agriculture is wholely based on irrigation from 
groundwater sources. The price of groundwater to agriculture was relatively constant through the 
1950's and 1960's (Martin and Archer, 1971) because technological changes and decreases in the rela
tive price of energy balanced out the cost of pumping from increasing depths. Recent uncertainty over 
future prices for energy have, however, heiglltened interest in improved long-term groundwater manage
ment to improve the efficiency with which this resource is used. 

PREVIOUS WORK 

Past· researchers interested in the usage rates of groundwater have applied two broad types of 
techniques.];! These are a simulation approach and a control theory approach, including the calculus 
of variations and, in the discrete time interval case, dynamic programming. Most of the work has been 
in the latter area and on a theoretical rather than an empirical level. 

The simulation approach is typified by a very detailed model of the hydrologic environment. Star• 
ing with specification of the initial hydrologic and economic state, a linear program subroutine is 
used to find the crop mix that.optimizes profits for the first time period. Then, the water quantities 
needed to support this mix are computed and applied in the hydrologic model to compute the second 
year's lift and, hence, pumping costs. With these figures the program can return to the LP subroutine 
and begin the cycle again. Note that the simulation approach does not optimize over time but rather is 
used to make outcome comparisons among policy alternatives. 

Control theory in its most typical form usually results after much involved analysis in decision 
rules for optimal management of a resource that equates marginal social value of production with a 
series of marginal "user costs." The application of control theory requires making many limiting 
assumptions about production (benefit) function forms and the existence of partial derivatives and their 
signs. While the procedure and results are quite interesting to economists, we feel they are somewhat 
lacking in operability and applicability. Reuben Weisz and Ross Carder (1975) have made an extensive 
survey of the qualities practitioners look for in models. Two of the most frequently mentioned quali
ties of models for user, subject, and sponsor acceptance are understandability, even if it be only a 
superficial appreciation of the variable flows, and communicability. It is our conviction that con
trol theory , for all its mathematical elegance, would score quite low on these counts. 

*Formerly, Ass1stant Professor, Department of Agricultural Economics, The University of Arizona, Tucson; 
currently, Resource Economist with USOA, Washington, D.C. 

**Graduate Research Assistant, Soils, Water and Engineering Department and Agricultural Economics De
partment, University of Arizona, Tucson. Approved for publication as Publication No. 180, u. of A., 
College of Agriculture. 

Jj For the convenience of the readers a complete bibliograplly on this subject is given at the end of 
this report. 
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For this reason we undertook this demonstration of a solution to the problem of maximizing pre
sent value of net benefits from a fixed stock of groundwater using linear programming techniques. 
Linear programming is a popular, easily understood technique, that yields copious results. Packaged 
computer programs that can handle large-scale linear programming applications are readily available 
at most electronic data processing centers. 

PRESENT WORK 

In our approach to the problem we have adopted an outlook quite similar to that of Maurice Kelso 
{1961). Kelso, in fact, cites the linear progra11111ing approach as the one that could most readily be 
applied to determining the optimal plan for rates of groundwater usage over time (Kelso, 1961, p. 
1119). Further theoreti ca 1 underpinning for our approach comes from Anthony Scott's "The Theory of 
the ~line Under Conditions of Certainty" (1967). 

The use of linear programming in the manner suggested here appears to be quite new to groundwater 
management. We were somewhat surprised to find that this approach had not been presented earlier in 
the literature. This may be because at first blush the basic additivity requirement of linear pro
gramming seems to be violated. In a model for maximizing benefits from several different economic 
activities, the first impulse of the modeler might well be to use only economic-activity variables in 
the objective function; but if the activity levels only indicate, say, the amount of land assigned to 
each cash crop in each time period, and the object row coefficients of the activity levels specify 
the net profit per acre, how does one insure that a unit of water used for benefits in one time period 
does not affect the va 1 ue of net benefits from 1 a ter time periods? Seemingly, the acreages grown 
(and, hence, water quantity used) in one time period would affect the pumping life and, therefore, 
pumping costs and profit per acre in subsequent time periods, violating additivity. To get around 
this difficulty the methodology presented here uses two categories of activity levels, acreages of 
crops and quantities of water, in the objective function. Crop acreages and water use are then linked 
in the constraint set in such a manner that additivity is not violated. 

DESCRIPTION OF TEST CASE 

Because the model equations and their coefficient values will be described together to conserve 
space, it is first necessary to describe our test case. Our philosophy was to keep the test case as 
simple as possible so that we could better understand the model's internal workings. The test case 
concerns a geologically isolated aquifer wholely managed by one entity, say, the farm operator, who 
wishes to maximize net benefits from his stock of groundwater over a two-year planning horizon. We 
see no conceptual problem preventing us from expanding the planning horizon past this short period of 
time. 

The geometry of this idealized aquifer is known; the aquifer begins at 200 feet, has a constant 
cross section of one acre, and a pumpable depth of 100 feet. It is further assumed that this 100 acre
foot volume can yield 100 acre-feet of water. Water quality is constant throughout the pumping volume. 
The well is in place, and it can pump out the entire aquifer in one year if so desired. No recharge 
reaches the aquifer, and there is no flow from the aquifer. Water is purely a stock resource. 

The farm operator owns 10 cultivable acres that may be planted entirely or in part in either of 
two crops -- a high-revenue-per-acre crop requiring large water applications and a low-revenue-per
acre crop requiring low amounts of water for cultivation. In the basic case the former crop yields 
net revenues of $63 per acre before water costs are deducted and requires 6 acre-feet of water per 
acre of crop, while the latter crop nets $42 an acre and requires 3 acre-feet of water per acre. 
These values do not relate to any particular crop but are typical of those seen in Southern Arizona 
agriculture. The revenues are assumed in this simple case to remain constant over time. There are no 
soil-type differences on the farm to affect either crop yield or water requirement, and v:ater is de
livered without loss and without cost to all points on the farm. 

The quantity of water applied to each crop on a per acre basis is fixed. The farm operator, then, 
does not respond to changes in the cost of water by varying the quantity of water, i.e., water demand 
is presumed to have an infinite price elasticity. To maximize net benefits, the farm operator varies 
the acreage planted of each crop. Assuming constant quantities of water application is in accord with 
the primitive state of our knowledge regarding water production functions and with fanr-operator 
behavior. 

t1ATHE~IATI CAL FORMULATION 

As mentioned, the objective function for this model is maximization of the present value of net 
revenue, Z. 
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max Z = 63X1, 1 + 42X1, 3 + 57.27X2, 1 + 38.1BX2,2 - 7.5a1, 1 - 8.5a1, 2 -

9.5a1, 3 - 10.5a1,4 - 11.5a1, 5 - 12.5a1,6 - 13.5a1, 7 -

14.5a1, 8 - 15.5a1,9 - 16.5a1,0 - 6.82a2, 1 - 7.73a2, 2 -

B.64a2, 3 - 9.55a2, 4 - 10.45a2, 5 - 11.36a2, 6 - 12.27a2, 7 -

13.1Ba2, 8 - 14.09a2,9 - 15.00a2,0 - O.OAA1 - O.OAA2 

Here, x1,j refers to the number of acres planted in year i (i=1,2) in crop j (j=1,2); and ai,k 
refers to the quantity of water used from the kth 10-acre-foot increment of water used in year i. 
These increments result from dividing up the 100-acre-feet of water in the aquifer into ten equal 
parts and are used for the stepwise linearization of the water cost curve. The coefficients on the 
Xi j'S are crop-revenues-minus-non-water-costs per acre. The coefficients on ai,k's are the increas
ing water pumping costs from the progressively deeper increments of water; for each step to a deeper 
water increment, pumping costs are increased by $1.00. The revenue and cost coefficients for the 
second year's variables (i=2) are merely the first year's figures discounted to present value using 
a 10% discount rate. The two other variables in the objective function, AA1 and AA2, are accounting 
variables referring to the total quantity of water applied in each of the two years. These were ad
ded to the model to improve the ease of interpretation on the output of the program. 

This LP model requires 17 simple constraint equations. The first two constraint equations say 
that the sum of the crop acreage planted in any one year must be less than or equal to the amount of 
crop land available to the farm operator. 

X ~ 10 
1,2 < 

x2,2 • 10 

The next constraint says that the total water used must be less than the total amount of water 
available in the groundwater basin. 

< 
6X 1, 1 + 3X1, 2. + 6X2, 1 + 3X2, 2 = 100 

The coefficients here are fixed quantities of water applied to produce the two crops. 

The· fourth and fifth constraints are the accounting equations defining the total water used in 
each year (AA1 and AA2). 

AA1 

AA2 

0 

0 

The sixth and seventh constraint equations ensure that the summation of the water used from each 
water increment equals the total amount of water used. 

AA1 - Ea1,k = 0 

AA2 - Ea2,k • 0 

The final ten constraints are the key to the functionality of the model; they block water used 
in year 1 from use in year 2. They also set the size of each water increment at 10 acre-feet. 

a1,k + a2,k ~ 10 (k=1--10) 

For the objective equation and constraints the model merely requires specification of the fol-
1 owing five parameters; ( 1) the first-year net revenues of each crop before pumping costs are de
ducted; (2) a pumping cost curve relating the increments of water to their pumping costs; (3) appro
priate discount rate; (4) water application levels of each crop; and (5) total amount of groundwater. 
All other values are derived from these inputs. 

Many runs have been made with various systematic shifts of the model's parameters. No difficul
ties with the model have been encountered. The results of these parametric variations are summarized 
in the following figures. 
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Figure 1 shows the effect on the outputs of the mode 1 (tot a 1 net revenues received, water used, 
and acreages grown) of increasing the net revenues per ane from producing crop 1 while holding crop 
2 net revenues constant. These are the XI 1 coefficients. Recall they represent farm revenues before 
the water costs are deducted. The model calls for growing all crop 2 (dashed line) when net revenue 
for crop 1 is between $63 and $77 per acre. Between $77 and $85, some crop 1 (solid line) is intro
duced into the optimal solution, and after $85 the model calls for growing crop 1 alone. 

Figure 2 displays the result of increasing the water that must be applied to crop 2 from its 
basic-case value of 3 acre-feet/acre. Again, the effect on all model outputs is shown. The model is 
fairly sensitive to the value of this parameter; a change in water applied to crop 2 from 3.87 to 4.0 
acre-feet/acre is sufficient to cause a complete switch in the crop chosen for production (compare thE 
dotted 1ine with the evenly dashed line). Of all the parameters used in this model, these are known 
with the least precision, therefore, the sensitivity of the model outputs to this parameter shows 
they must be estimated with great caution. 

Figure 3 shows the effect on the model objective and the total groundwater used of varying the 
average price of water from $12 down to $5 per acre-foot. "Aierage price of water" means the averaqe 
of the prices on the ten water increments. These average prices are on the low side compared with 
recent estimates from the field. Over this range of prices, the present value of total net benefits 
is sensitive to changes in this pararreter; however, the amount of water used in producing these total 
net benefits holds fairly constant at 60 acre-feet. Note that for a high average water price, $32.00 
there is no production at all. 

Lowering the discount rate from the initially assumed value of 10% to 5% has no apparent effect 
on the model. Also, lowering the discount rate did not affect the optimal net benefit values greatly 
in the cases tried, which is not surprising since the model is planning for a farm with only a 2-
yea r economic 1 ife. 

COMPARISON OF RESULTS FOR A YEARLY-PROFITS MAXIMIZER 
WITH THOSE OF THE TWO-YEAR NET BENEFIT MAXIMIZER 

The following table compares revenues and water-uses for an operator who maximizes revenue year
by-year with those for an operator who optimizes the present-value of net revenues over the two-year 
period of the intertemporal model. The year-by-year values were obtained by modifying the basic 
model so that the model was rrerely maximizing profits to each year's operations separately. The 
scheme used for deriving the total net benefits to an operator who maximized profits each year was 
first to obtain the profit maximization position for year 1; then to change the coefficients of the 
aquifer modeling constraint equations in accordance with the results of the first run; and lastly to 
determine the profit maximizing position for year 2. The parameters varied are, again, net revenue 
for crop 1 before water cost; water applied to plant 2 on a per acre basis; and the average cost of 
water. 

Eighteen of the original parametric cases were repeated using the year-by-year system. A com
parison of the results from using the two management strategies shows that for eleven of the eighteen 
cases both result in the sarre operating decisions and the sarre revenues. In seven of the cases, how
ever, the year-by-year operator receives less total present value of revenue while using more of his 
available stock of water. ln each of these seven cases the f11YOpic operator used too much water on 
the first year's crops. four of the seven cases for which yearly profit maximization was not the 
optimum strategy were fro!!' runs at lower average water prices; the other three occur when the net 
revenues to crop 1 are increased and are a result of making the switch to the higher water demanding 
crop I prematurely. 

These results support the view that society could make a Pareto move by implementing a mechanism 
for whole-basin water management. The basin's manager could be given the "simple" and politically 
acceptable objective of maximizing the income streams of the firms operating from the basin water. 
The firms would be made better off as they would have greater present-value revenues, and society in 
general vwuld be better off from the conservation of water that would result. 

CONCLUSION 

A linear programming model for maximizing the present value of net benefits from a groundwater 
stock resource has been presented and proven over a range of realistic paratneter values. With the 
addition of paratneters describing actual groundwater situations this model should find innumerable 
applications in the analysis of the economic problems facing Southwest water planners in geographic 
areas where basin-wide managetnent of a groundwater resource is or may be a relevant pol icy or where 
the value of the maximum possible benefits derivable from the qroundwater resource is of interest as 
a standard of measure. • 
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CCM'ARIS(l\1 OF ECOf\KlMIC STRATEGIES" 

PARAMETER SETTINGS 

700 

600 

Ill .. 
500 <C .... .... 

g 
400 ~ 

Ill 
!:: 
0 

300 
.. ... .. 
<C 
Ill 

>; 
200 0 

~ ... 
100 

0 

CROP 1 WATER AVERAGE TOTAL TOTAL WATER WATER Y1RLY OPTIMIZER 
REVEI'IJES DEMAND COST OF YEARLY- INTERTEM- APPLIED APPLIED NET REVENUE 
RECEIVED CROP 2 WATER OPTIMIZER PORAL YR. 1 YR. 2 CCM'ARED WITH 
($/ACRE) (A-F/A) ($/A-F) REVEI'IJES REVEI'IJES (YR./IN.) (YR./IN.) INTER TEMPORAL 

63.00 3. 00 12.00 233.18 233 0 20 30/30 30/30 Si'M: 
63.00 3. 25 12.00 172. 05 172.09 32.5/32.5 27 0 5/27 0 5 SAME 
63.00 3. 50 12.00 123.86 123.88 35/35 15/15 Si'M: 
63.00 3. 75 12.00 87.84 87 0 83 37.5137 0 5 2.5/2.5 S!'Pi: 
63.00 3. 875 12 0 00 73.50 73.50 38.7/38.7 1.3/1.3 SAME 
63.00 4.00 12.00 60.00 60.00 40/40 0/0 SAME 
63.00 4.50 12.00 60.00 60.00 40/40 0/0 Si'M: 

69.30 3. 00 12.00 233.18 233 0 20 30/30 30/30 SAME 
75.60 3. 00 12.00 201.36 233.20 40/30 30/30 LESS 
78.75 3.00 12.00 208.18 233.20 50/30 20/30 LESS 
81.90 3.00 12.00 223.45 236.50 60/30 10/30 LESS 
85.05 3.00 12.00 256.60 256.67 60/60 10/10 SAME 
88.20 3. 00 12.00 294.73 294.77 60/60 20/20 Si'M: 
94.50 3. 00 12.00 379.10 380.80 60/60 30/30 SAME 

63.00 3. 00 10.00 259.90 347.60 60/30 30/30 LESS 
63.00 3. 00 8. 00 440.00 462.20 40/30 30/30 LESS 
63.00 3. 00 6.00 540. 00 576.80 60/30 30/30 LESS 
63.00 3.00 5. 00 627 0 27 641.80 60/40 30/30 LESS 

"YEARLY-OPTIMIZER STRATEGY: OPTIMIZE EAOi YEAR 1 S NET REVENUE; 
INTERTEMPORAL PI...AI\NER STRATEGY: OPTIMIZE REVENUES FOR THE ENTIRE PLANNING PERIOD. 
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ON THE MODELING AND COMPUTATIONAL ASPECTS OF 

DYNAMIC PROGRA/IIIING WITH APPLICATIONS IN 

RESERVOIR CONTROL 

by 

Moshe Sniedovich1 and Sidney J. Yakowitz
2 

A discrete stochastic multistage decision model is developed, in the framework of which the dynamic 
programming algorithm is defined. It is demonstrated that the algorithm may be used as a solution pro
cedure for non-routine reservoir control problems. The studY demonstrates that analytical considerations 
may be used to significantly reduce the amount of computation needed for the implementation of the 
algorithm. Two reservoir control problems are studied: The "reliability problem" in which one seeks a 
minimum-cost operation rule under a constraint which specifies the maximum probability of shortage 
allowed during the life-time of the project, and the "range problem" in which the objective is the mini
mization of the expected value of the range of fluctuation around a critical storage level. 

INTRODUCTION 

Although the dYnamic programming is frequently used in the context of reservoir control problems 
there are indications (Askew, 1974b) that certain difficulties are involved in its implementation. 

More specifically, there seems to be no modeling framework for complex reservoir control problems 
(as far as the hydrologic literature is concerned). An attempt is made in this paper to develop such a 
framework. For this purpose Yakowitz's (1969) model is modified so as to represent decision processes 
with non-additive reward functions. 

The dynamic programming algorithm is defined in the context of the model, under the hypothesis of 
certain monotonicity properties of the reward function. The potential use of analytical consideration in 
reducing the number of iterations involved in the implementation of the algorithm is demonstrated. 

Contrary to certain statements made recently in the hydrologic literature (Askew, 1974a, 1974b, 
1975) it is shown that the dYnamic programming algorithm can be used as a solution procedure for reser
voir control problems in which reliability constraints are imposed on the process. 

In particular, it is shown that reliability constraints imposed on the process in the form of the 
maximum probability of shortage during the life of the process can be incorporated into the dynamic pro
gramming approach. 

It is also demonstrated that the dynamic programming algorithm can be used as a solution procedure 
in which the objective is the minimization of the expected value of the range of fluctuation of the 
storage levels around a critical value. 

DISCRETE STOCHASTIC MULTISTAGE DECISION MODEL 

The discrete stochastic multistage decision model under consideration is a tuple Z = (N,n,D,p
0

,P,r) 
where: 

(l) N is a positive integer indicating the number of decision stages involved in the decision
making process. The decision stages are denoted by n, l<n<N. For example, N may define the number of 
periods (month, season, year, etc.) to be considered while-operating a reservoir, and n indicates the 
n-th period. 

(2) n is a fi.nite set of elements x called states. The elements x are used for the description of 
the state of the process at the different decision stages. In the reservoir control problem xn may 
indicate the storage level in the reservoir at the beginning of the n-th period. 

(3) D = {Dn}l<n<N is a sequence of maps identifying the decision elements that are available at the 

different decision stages when the states xn are observed. More specifically, Dn(xn) is the set of 

1Research Associate, Department of Systems & Industrial Engineering, University of Arizona, Tucson, 
Arizona 85721 

2Associate Professor, Department of Systems & Industrial Engineering, University of Arizona, Tucson, 
Arizona 85721 
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fsaeibte dsai.eione dn available at the n-th decision stage when the state xn is observed. For example, 

in the reservoir control problem Dn(xn) includes all the feasible target releases associated with the 

n-th decision stage when the storage level xn is observed. 

(4) p
0 

is a counting density on 11 called the initi.at dietl"i.bwti.on, 1.e., OSJ0 (x)~l, Vlt£11 and 

I p (x) = 1. p (x) indicates the probability of starting the process at n=l with the state x. In the 
X£11 0 0 

context of the reservoir control problem p
0 

is the probability mass function of the initial storage 
level. Notice that for processes for which the first state of the process is given, by x• for example, 
the function p

0 
has the following form: p

0
(x•) = 1, p

0
(x) = 0, 't'X~x·. 

(5) P = {pn}l<n<N is a sequence of transition l.co.le. More specifically, Pn(·lxn' dn) is a counting 

density on 11, 1.e. ,-Os>n(xn+llxn,dn)~l and I pB(xn+llxn,dn) = 1. In other words, Pn(xn+llxn' dn) may 
xn+l" 

be viewed as the conditional probability of the state xn+l at the (n+l)st decision stage given that the 

state xn is observed at the n-th decision stage and the decision dn is made. 

(6) r is a real-valued function defined on the sequences (xl'dl'x2,d2, ... , xN-l' dN-l'xN,dN), 
called the ~jUnction. 

The decision-making procedure is determined by a strategy 6 = (61'62, ... ,6N) where 6n is a function 
which associates decisions with states at the n-th decision stage. More specifically, 6n(xn) = dn is the 

decision made at the n-th decision stage when the state xn is observed. 

The strategy 6 = (61'62, ... 6N) is said to be feaeibZe if 6n(xn)"Dn(xn)' "t'11=1,2, ..• ,N, xnel1. The set 
of all such strategies is denoted by fl and is assumed to be non-empty. 

The application of the strategy 6efl generates a process which schematically·may be described as 
follows: the process starts at the first decision stage n = 1 where the state x1 is selected from 11 

according to the initial distribution p
0

; then the decision d
1 

= 61 (x1) is made whereupon the process 

moves to the second state, n = 2 where the state x2 is selected from 11 according to the transition law 
P1C·Ixl'd1); then the decision d2 = 62(x2) is made and the process moves to the third decision stage, 

n = 3 where the state x
3 

is selected from 11 according to the transition law p2(·1x2, d2) etc. Finally 

the process reaches the last decision state, n "' N where the state xN is observed and the decision 

dN = 6N(xN) is made. As a result of observing the sequence (x1,d1, •.• ,xN,dN) the reward 

r(xl'dl' .•• ,xN,dN) is realized and the process terminates. 

The preference order used for the evaluation of the elements 6 of fl is specified by E6[r] where 

E6[r] = I r(h)·po(xl)·pl(x21xl,dl) .•. pN-l(xNixN-l,dN-l) 

(x1,x2, .•• ,xN)e11N 

and 

(1) 

E6[r] is called the e:cpected vaZus of the :t'eW:t'd associated with the strategy 6. The strategy 6* is 
said to be opti.maZ feaeibZe 1f 6*efl and 

E6*[r] = max E6[r]. (2) 
6efl 

The set of all the optimal feasible strategies is denoted by ll* and its elements by 6*. It is 
assumed that ll* is not-empty, i.e., that there exists at least one optimal feasible strategy. For 
example, if Dn(xn) consists of finitely many elements for all l~n~N and xnel1 then it is guaranteed that 
ll* is non-empty. 

TYPE-M PROCESSES 

In many situations the process under consideration is such that there.exist sequences {rn}l~n~N' 
and {pn}l~n<N of real valued functions such that 
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(4) 

and 

(5) 

where 

and dn = 6n(xn>· 

Moreover, in many processes Pn is such that· pn(xn,dn,·) is monotonically increasing. This type of 

processes wi 11 be referred to as type-M processes. 

Examples: 

( 1) Consider the reward function r for which 

where tn is a real valued function. 

Define: 

and 

for any rea 1 number a. 

Thus, 

and 

and hence any process having the reward function r is a type-M process. 

(2) Consider the reward function r for which 

where tn is a real valued function. 

Define: 

and 

for any positive real number a. 

Thus, 

and 

N 
= exp { E tn(xn,dn)} 

m=n 
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and hence any process having the reward function r is a type-M process. 

An algorithm for the construction of optimal-feasible strategies for type-M processes is introduced 
in the next section. 

THE DYNAMIC PROGRAMMING ALGORITHM FOR TYPE-M PROCESSES 

Let Z be any type-M process, {rn}l<n<N and· {pn}l<n<N any sequences associated with Z which satisfies 

equation 3 and 5 respectively. Consider the following Procedure for the construction of the subset 1!. 0 

of 1!.: 

Step 1 For n = N and any arbitrary xNdl let rN(xN) be the set of all the elements dNeDN(xN) satisfying 

the equation 

(7) 

Set; 

Step 2 For l~n<N and any arbitrary xnell let rn(~) be the set of all the elements d~ eOn(xn) satisfying 

the equation: 

where 

Step 3 Set: 

fn(xn,d~) =max fn (xn,d) , d~ern(xn) 
deDn(xnl 

fn(xn,d) l: Pn(xn,d,f~+l (xn+l)) Pn(xn+llxn,d) 
xn+lell 

"'· 

The recursive procedure defined above is called the dynamia p1'01}1'111m!'lng (DPJ aZgo:ri.thm and the 
strategies d0 el!.0 the dynamia programming soZutions. 

(8) 

(9) 

(10) 

It was shown (Sniedovich 1976) that the dYnamic programming solutions are optimal-feasible for all 
type-M processes. 

Consider the type-M process Z = (N,n,D,p
0

,P,r) where 

ll = {x: x = 0,1,2,3, ••• ,M}, D = {On}l~n~N with Dn(xn) = {dn: dn = 0,1, ••• xn}. 

The total nulriler of equations T to be solved using the OP algorithm is given by 

T = N"(M + 1) (ll) 

If each of these equations is solved by searching over the entire set Dn(xn)' the total number of itera
tions required is given by 

TT _ N·(M+l)·(M+2) 
- 2 

which for N = 100, M = 20 yields TT = 23,100. 

The question is whether certain properties of the process allow a reduction in the number of 
iterations needed for the implementation of the DP algorithm. 

ANALYTICAL CONSIDERATIONS IN THE IMPLEMENTATION OF THE DP ALGORITHM 

(12) 

Suppose that while implementing the DP algorithm in the context of a certain type-M process it is 
found that rn(xnl = {d•} for some l~n<N and xnen. The question is whether while solving the equation 

for some other element x~ of n it is possible to make use of d0 by restricting the search only to a 
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certain subset of Dn(x~) determined by d". 

It will be demonstrated that in certain processes there exists a very close relationship between 
the sets rn(xn) and rn(x~), xn,x~en. 

Examples 

(1) Consider the process Z ~ (N,n,D,p
0

,P,r) where: 

(i) n = O,l,2, ••• M, D ~ {Dn}l~n~N· Dn(xn) = {0,1,2, ••• ,xn}• 

(ii) P = {pn}l~n<N' where 

where Q is a discrete random variable for which Prob (Q = negative integer) = 0. 
N 

(iii) r(xl'dl' ..• ,xN,dN) = E tn(dn) 
n=l 

where 1n is a monotone increasing concave function. 

For the above process Sniedovich (1976) had shown that there exists an optimal feasible strategy 6* 
with the property that 

Thus, while implementing the dynamic programming algorithm only two decisions are to be considered while 
solving the equation for xn~O. More specifically, for all l~n~N the first step of the algorithm implies 

rn(O) = {0} and the set rn(xn) is constructed from the set rn(xn-1) by checking only two decisions at a 

time, those included in the set rn(xn) and those which are greater from the elements of rn(xn) bY one. 

For e~ample, if for n = 21 and xn = 6 it was found that r 21 (6) = {4} then while constructing the set 

r 21 (7) only the decisions d21 = 4 and d21 = 5 are to be considered. 

(2) The same as the previous example with 1n being a monotone increasing convex function. For this case 

Sniedovich (1976) has shown that there exists an optimal feasible strategy with the property that 
dn(xn)t{O,xn} so that also in this case only two decisions are checked while solving the equations 

associated with the DP algorithm. 

In order to compare the relative efficiency of the results mentioned above notice that for the two 
examples the total number of iterations needed for the implementation of the dynamic programming 
algorithm is given by 

TT' = N· (1+2M) 

Let e be the ratio (in percent) of TT' and TT, i.e., 

Thus, 

which for M = 20 yields e•l8. 

e = Ir_ · 100 TT 

_ p+2M) · 2 
e -M+l (M+2) . 100 

(13) 

(14) 

(15) 

In other words, the properties of the reward function and the other elements of the process enable 
one to reduce the number of iterations involved in the DP algorithm bY 82%. Notice that for large M e 
can be approximated by 

(16) 

so that the reduction in the number of iterations is proportional to M. 
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APPLICATION TO RESERVOIR CONTROL PROBLEMS 

The two example's introduced in the previous section can be used for the modeling of the reservoir 
control problem for which 

N = number of periods (years, months, seasons) under consideration. 

xn = the storage level at the beginning of the n-th period with M being the maximum capacity 

of the reservoir. 
dn = the release from the reservoir during the n-th period. 

Q = the inflow to the reservoir (a random variable) 

.r.n = the reward associated with the release during the n-th period, and the objective in the 

maximization of the expected value of the reward. 

It should be noted that concave reward functions are often used in the context of reservoir control 
problems (Dorfman, 1962; Arunkumar, 1975; Askew, l974b}. 

THE RELIABILITY PROBLEM 

In the previous examples it was assumed that the release is not allowed to exceed the storage level 
observed at the beginning of the period under consideration. If this constraint is relaxed then the set 
A of feasible strategies contains elements which generate shortages with positive probabilities. 

There are indications (Askew, l974a, l974b, 1975) that even if a penalty is imposed whenever a 
shortage is realized the optimal feasible release strategy may still generate shortages with positive 
probabi 1 i ty. 

While the penalty imposed on the process whenever a shortage is realized reflects the direct con
sequences associated with the shortage (including its magnitude) it does not reflect the non-economic 
aversion to failure (shortage) based on practical and socio-political considerations. 

In order to guarantee a certain level of reliability as far as shortages are considered one can 
impose reliability constraints on the release strategies. For example, Askew (1974a} introduces the 
following three reliability constraints: 

(1} The probability that the system will fail to supply its target release in a given year must not 
exceed a fixed maximum. 

(2) The probability that the target release will not be supplied in one or more years in the life 
of the project must not exceed a given maximum. 

(3} The average number of occasions during the life of the project on which it will be unable to 
supply its forecast release must not exceed a given maximum. 

Askew (1974b} also indicates that in many cases optimal release strategies designed to maximize the 
expected net benefit allow the system to fail on an appreciable number of occasions. Thus, if the prob
ability of such failures is greater than the maximum allowed, a procedure is needed for deriving release 
strategies that are optimal under the reliability constraint under consideration. 

While the incorporation of the first constraint indicated above in the dynamic programming algorithm 
seemed to be a straightforward procedure (Askew, l974b, p. 1100) the other two constraints seem to cause 
a modeling problem. More specifically, when discussing the potential use of the dynamic programming 
algorithm when one of these constraints is imposed on the process Askew (1974b, p. llOO) argues the 
following: 

"These constraints limit the magnitude of parameters that are function of system variables computed 
over the entire life of the system; therefore they cannot be introduced as normal constraints .... Our 
inability to control directly the probability of system failures may therefore be compensated for partly 
by our abi 1 ity to compute its magnitude .... " 

Askew's statement is strange in two ways. First, since the system variables (state elements) are 
determined subjectively (to a certain degree}, their "normality" depends on the definition of the state 
elements and, as will be demonstrated below, by modifying the definition of the state elements, the con
straints become normal. Secondly, once the state elements are appropriately redefined it is possible to 
control the probability of system failure, as will be demonstrated below. 

It seems as if the difficulty in incorporating the above constraints in the dynamic programming 
algorithm is due to the defects in the modeling stage of the problem. The discrete stochastic multistage 
decision model introduced above will be shown to be a convenient framework for solving the reliability 
problem. 

Let C2 and C3 denote the second and third constraint introduced above, respectively. It will be 
shown now that the DP algorithm may be used to solve the reservoir control problems associated with Cl 
and C2. 
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THE RESERVOIR CONTROL PROBLEM UNDER C2 

Let s be maximum allowed probability of at least one failure (shortage) during the life of the 
system. The constraint C2 can be written then as follows: 

Prob [at least one shortage during the N years] ~S 

or alternatively, 

Prob [no shortage during the N years] >1-S = a 

Also let q denote the values the random inflow Q takes with positive probability and assume that 
qe{0,1,2 .... ,MQ}. 

(17) 

(18) 

The objective is then to formulate the reservoir control process as a stochastic multistage decision 
process using the model introduced above and to show that the DP algorithm can be used as a solution pro
cedure. In other words, the elements N,ll,D,p

0
,P,r associated with the above problem are to be specified. 

The positive integer N obviously indicates the number of years (periods) the reservoir is to be 
operated. As far as the state space ll is considered, its elements should specify the following: the 
storage level in the reservoir at the beginning of any of the periods under consideration, the probabil
ity of having no shortage during the first (n-l)st periods, n-1,2, ... N and the degree of shortage (if 
any) during any of the periods under consideration. 

It seems then as if the elements x of ll should be three dimensional vectors. However, it is possi
ble to describe the storage levels at the beginning of the n-th period and the degree of shortage during 
the (n-1 )st period by the same variable so that only two coordinates are needed for the construction of 
the state elements. More specifically, since the shortage cannot exceed the quantity M+MQ, (l can be 
formally def i ned as fo ll ows : 

(l = {x: x = (x(l), x(2))}, where 

(i) x(l)d-{M+MQ),- (M+MQ-l), ... ,O,l,2, ... ,M+MQ} 

indicates the storage level in the reservoir with the convention that x(l)~O indicates that the reservoir 
is empty. 

(ii) x(2)e[a,l] indicates the probability of no shortage during the (n-l)st periods, where n is the 
period under consideration. 

Notice that strictly speaking the state space ll does not satisfy the requirement of the model since 
ll (through x(2)) contains uncountably infinitely many elements. In other words, the interval (a, 1] 
should be discretized in order for ll to be properly defined. This subject will be discussed later. 

In order to guarantee that the constraint C2 is satisfied by all the feasible strategies, the set 
On (xn) is defined as follows: 

Dn(xn) : = {dn: dnd0,1,2, ... xn+MQ}, xn(2) · Prob (Q>dn-xn(l)) > a} 

Notice that the relation between xn,dn and xn+l (2) is specified (deterministically!) by: 

xn+l(2) = xn{2) · Prob (Q>dn- xn(l)) 

and thus the above structure of Dn(xn) guarantees that all the feasible strategies indeed satisfy C2. 

The initial condition of the process, specified by p
0 

can be expressed as follows: 

P
0

(xi) = 1, x1(1) =initial storage level, x2{2) = 1. 

Often it is assumed that x1{1) = M, i.e., it is assumed that the reservoir is full at the beginning 
of the first period. 

The transition 1 aw P can be written then as follows: 

0 , otherwise 
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where 'f (xn) := max {O,xn}. 

The reward function r is assumed to have the following structure: 

where tn(xn,dn,xn+l) depends on xn(l ), dn, and Xn+l (1) and J.N depends on xN(l) and dN' Notice that 

xn+l (1) indicates the shortage during the n-th period, and if the reward associated with the last year is 

affected by the shortage during the last year tN(xN'dN) may be viewed as the expected value of the last 

reward given the storage level Y(xN(l)) and the target release dN' 

It is obvious that the process Z = (N,Il,D,p
0

,P,r) is a type-M process and thus the dynamic program

ming algorithm can be used as a solution procedure. 

It is still left to be determined how the range (a, 1] is to be discretized. It should be noted that 
in principle the range (a,l] can,.be discretiled by choosing some positive integer, say I and constructing 

the set A= {ate, at2e, ... ,l}, e~. Then the dynamic programming algorithm can be applied using one of 

the standard interpolation techniques (Casti, 1975). Although the real optimal solution may not be 
found, the integer I may be increased so as to guarantee that the solution provided by the DP algorithm 
is in a pre-specified range from the real optimum. 

THE RESERVOIR CONTROL PROBLEM UNDER C3 

The constraint C3 can be formally expressed as follows: 

E [number of shortages during the N periods] ~ N 
where N is the maximum expected number of shortages allowed during the life of the system. 

As far as modeling is concerned, this problem is similar to the previous one with the following 
minor modifications: 

(1) xn(2)e[O,N] is defined as the expected value of the number of shortages during the first 

(n-l)st periods. 

(2) xn+l(2) = xn(2) + Prob (Q<dn- 'f(xn(l))) 

(3) Dn(xn) = {dn:dne{O,l,2, ..• ,xn+MQ}, xn(2) + Prob (Q<dn-'f(xn(l))<N} 

(4) xj(2) = 0 

Prob (Q•xn+l(l) + dn- 'f(xn(l))), xn+l(l )<M, xn+2(2) • xn(2) 

+ Prob (Q<dn-'f(xn(l))) 

Prob (ce_M+dn-'f(xn(l))), xn+l(l) = M, xn+2(2) = xn(2) 

+ Prob (Q<dn-'f(xn(l))) 

0 , otherwise 

The same methods used for the discretization of the range [a, 1] is the previous problem can be used 
in this case for discretizing the range [o,A]. 

THE RANGE PROBLEM 

Consider the reservoir control problem where the objective is to minimize the expected value of the 
range of fluctuation of the storage levels around some critical value yo. This problem may represent 
situations where the reservoir is operated for recreational purposes. 

The process Z = (N,Il,D,p
0
,P,r) may be used as a framework for solving the above problem where: 

(1) N is the number of periods under consideration 

(2) ll ={X: X= (X(l), X(2), X(3)), X(i)d0,1,2, ... M}, i = 1,2,3} with: 

xn(l) = the minimal storage level observed during the first (n-1 )st periods 
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xn(2) = the maximal storage level observed during the first (n-1 )st periods 

xn(3) = the storage level observed at the begfnning of the n-th period. 

(3) D = {Dn}n~N' Dn(xn) = {d: d£{0,1,2, ••• xn}}. 

It is assumed then (for simplicity) the release is not greater than the storage level. 

(4) p
0

(Xj} = l,Xj(l) = Xj(2) = Xj(3) = y•. 

It is assumed that the initial storage level 1s equal to the cr1t1cal storage level y•. 

(5) P = {pn}l~n<N' where 

Prob (Q=xn+l(l)+dn-xn(3)), O~xn+l(3)<M, xn+l(l) = max{xn(l), xn+l(3)} 

xn+l(2) = min{xn(2), xn+l(3)} 

Prob (Q>M+dn-xn(3)), xn+l(3) = M, xn+l(l) = max{xn(l), xn+l(3)} 

xn+l(2) = min{xn(2), xn+l(3)} 

0 , otherwise. 

In order to use the dynamic programming algorithm there is a need to find the sequences {r n }l <n<N 

and {pn}l~n~N that will preserve the type-M properties of the process. --

Let rN(xN,dN) =max {xN(l), xN(3)}- min{xN(2), xN(3)} 

thus, 

E6[rnlxN'xn+l] = E6[rn+llxn+l]' wet. 

so that pn(xn,dn,a) =a, a= E6[rn+llxn+l] and rn preserve the monotonicity property of the process, and 

hence the reservoir control problem defined above is a type-M process for which the DP algorithm provides 
optimal feasible solution. 

The recursive equation associated with the DP algorithm are as follows: 

~ 

f~(xN) = rN(xN,dN) =max {XN(l), XN(3)}- min {XN(2), xN(3)} 

Step 2 

f~(xn) = min { l: f~+l(xn+l) · Pn(xn+llxn,dn)}, l~n<N 
dneDn(xn) xn+leo 

which in terms of the density PQ(q) can be written as follows: 
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xn+l(2)1q = min{xn(2), xn(l)- dn + q} 

{ 

xn ( 1) - dn + q, xn ( 1 ) - dn + q<M 

xn+l (3) lq = 

M , xn ( 1 ) - dn + ce_M 

with x](l) = x](2) = xj(3) = y•. 

COMPUTATION EXAMPLE 

Consider the following values for the elements introduced in the above problem: 

M = maximum storage capacity at the reservoir = 10 units 
MD = maximum release capacity = 3 units per period 
N = number of years of operation = 15 
x• = critical storage level = 7 units 
P = the probabi 1 i ty mass function of the inflow Q 

PQ(O) = 0.20; PQ(l) = 0.30; PQ(2) = 0.30; PQ(3) = 0.20 

The multistage decision problem associated with the above values was solved by the DP algorithm. 
The optimal value of the reward function was found to be 2.92. Portion of the optimal feasible strategy 
is presented in Table 1. 

SUMMARY 

A discrete stochastic multistage decision model is developed and demonstrated to be a suitable 
framework for the solution of reservoir control problems. The dynamic programming algorithm is defined 
and shown to be a potential solution procedure for a variety of reservoir control problems. Analytical 
techniques are demonstrated to be useful for the reduction of the number of iteration needed for the 
implementation of the algorithm. It is shown that the model and the dynamic programming algorithm pre
sented in this paper can handle non-routine reservoir control problems. 
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Table 1. Portion of the Optimal Feasible Strategy a~(x) Associated with the Range Problem. 
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RESERVOIR DESIGN UNDER RANDOM SEDIMENT YIELD 

by 

L. Duckstein, 1 F. Szidarovszky, 2 S. Yakowitz3 

INTRODUCTION 

The purpose of this paper is to provide a Bayesian methodology for designing a reservoir subject to 
random sedimentation and for evaluating the worth of data used in that decision. The approach, which is 
illustrated by the case of the Charleston Watershed in Southern Arizona, is essentially a continuation of 
the research described in Szidarovszky et al. (1976), where no decision analysis was performed. Further
more, the elements of the present modefarethe same as those in Smith et ~- (1974), but the methodology 
is different, as it will be explained later. 

The design of a storage reservoir s~ubject to sedimentation requires that sediment yield be fore
casted for the useful lifetime of the structure (Jacobi, 1971). An underdesign of the reservoir leads to 
a shortening of the lifetime (McHenry, 1974) or to additional removal costs, while an overdesign consti
tutes an opportunity loss. 

Sediment yield is most commonly estimated by a linear regression of mean annual yield on watershed 
and climatic characteristics (Flaxman, 1972; Nordin and Sabol, 1973; Jansen and Painter, 1974; Guymon, 
1974; McPherson, 1975). The reservoir is designed on the basis of these estimated annual quantities; 
however, as pointed out in Weber et al. (1976), serious questions may arise about the validity of such 
regression results when the wrongtransformation is used or when the assumptions of the model are vio
lated. Furthermore, sediment yield is, generally speaking, a random variable since it is the result of 
random precipitation phenomena. This is especially true in ephemeral flow regions, where sediment 
accumulated over one or more seasons may be modelled as the sum ~ of a random number of random sediment 
yield events (Woolhiser and Todorovic, 1974). Then, for a Bayes1an analysis accounting for the uncer
tainty on ~· the distribution function (OF) of ~· F~(s), must be estimated. Rare are the cases when 

available time series data of sediment yield events are long enough (and stationary!) to estimate F~(s); 

on the other hand, since precipitation records are usually adequate, it is possible to use models trans
forming rainfall into sediment yield to estimate the OF of ~· 

Sediment produced by an individual precipitation event may be estimated by the use of a physical 
model (Bennett, 1974; Renard and Laursen, 1975) or an empirical model such as the Universal Soil Loss 
Equation (Wischmeier and Smith, 1960; Onstad and Foster, 1976). The latter equation is in fact used 
here, as it was done in Smith et al. (1974), with the following fundamental difference: whereas Smith 
et al. calculated the OF of S by atransformation of random variables, a simulation approach is used in 
thepresent investigation. the next section of the paper describes the methodology, from input analysis 
to decision-making, which is then applied to the Charleston Watershed in the Application section. 

METHODOLOGY 

The methodology section is divided into two parts: 

1. The modeling of rainfall and of sediment yield, which leads to the generation of synthetic time 
series of sedimentation events. 

2. The decision-making phase, which includes choosing a reservoir design and evaluating the deci
sion in terms of cost of uncertainty. 

Modeling rainfall and sediment yield events. (a) Rainfall events. In a semi-arid region, sedi
mentation occurs mostly in summer; then it is only necessary to use summer season precipitation models 
and data to estimate yearly sediment yield. The stochastic rainfall model assumes a Poisson process of 
precipitation events of relatively short duration (Duckstein et al., 1972); events are defined by a pair 
of random variables 8 = (~1 ·~~), where ~l is the effective rainfifl depth and ~2 the duration. The joint 
probability density funct10n {pdf) of ~ s assumed to have the form proposed by Crovell i (1971): 

1Professor on joint appointment, Depts. of Systems & Industrial Engineering and Hydrology & Water 
Resources, University of Arizona, Tucson, AZ 85721. 

2Professor, Dept. of Numerical Methods, Eiitviis University, Muzeum kiirut, Budapest VIII, Hungary. 

3Associate Professor, Dept. of ~ystems & Industrial Engineering, University of Arizona, Tucson, AZ 
85721. 
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§. 
if 0 ::. x2 ::.a x1 

! 
if 0::. a x1 ::. x2, 

(1) 

where a, a, x , and x are all positive. The values of the parameters a and e are estimated by use of 
the maximum dkelfhoo~ method for the marginal distributions. As shown in Crovelli (1971), the marginal 
density functions are: 

(2) 

(3) 

A separate maximum likelihood estimation of a and a, offers no particular difficulty and is given in 
Szidarovszky et al. (1976). Marginal distributions are used so that the estimated values ; and B may be 
evaluated by tlieKolmogorov-Smirnov goodness-of-fit test, which has only been developed for scalar ran
dom variables. A simulation method is used to compute random bivariate values of B as in Szidarovszky 
et _li. (1976). -

Next, since a Poisson process is an acceptable hypothesis for summer rainfall (Gupta, 1973), the 
time interval :t. between two rainfall events is assumed to be exponentially distributed random variable 
with the distribution function (Fogel and Duckstein, 1969; Smith, 1975). 

(4) 

where ! is the expected number of storm events per year. Random values of the time interval can be com
puted from uniformly distributed random numbers using a transformation method. Thus, by generating 
triplets (~l'Ji.2•t), synthetic time series of rainfall events are obtained. 

(b) Sediment yield per event. A sediment event is defined here as the sediment yield from any 
runoff-producing rainfall event. The Universal Soil-Loss Equation in its modified version (Wischmeier 
and Smith, 1965), is taken as a basis for estimating sediment yield per simulated rainfall event: 

where 

:{ = Sediment yield per event in tons 

~ = Runoff vo 1 ume in acre-feet 

il,p = Peak flow rate in cfs 

K = Soil erodibility factor 

C = Cropping-management factor 

P = Erosion control practice factor 

ls = Slope length and gradient factor 

Algorithms developed by Williams and Hann (1973} are used for the calculation of the values of K, C, P, 
and Ls· The values of ~and Qp are computed from the Soil Conservation Service formulas (Kent, 1968). 

where 

~/ 
~ = ~l+S , (inches) (5) 

Q = Runoff vo 1 ume in inches 

~l = Effective rainfall in inches (rainfall less a constant initial abstraction) 

S = Watershed infiltration constant 
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and 

where 

where 

~ z a~~2 , (cfs) 

A = Drainage area of watershed in square miles 

a1 = Constant (.50) 

~2 = Storm duration in hours 

a
2 

= Time of concentration of storm in hours (assumed constant for a given watershed) 

Combining equations (4), (5), and (6) yields 

(6) 

(7) 

a
0 

= 484A2 (5280 ft/mi) 2/(4.356 x 104 ft2/acre)/(12 in/ft) (8) 

w = 95KCPLs(2000 lb/ton)/(mean sediment density = 70 lb/ft3) ~ (4.356 x 10
4 

tt
2
/acre) (9) 

In equation (7) a , a , a , S, W are assumed constant and t is a random variable which can be con
sidered as a transfor~d vlriagle of the two dimensional variate (l.<l'~?). All the elements necessary to 
generate a time series of sediment events have now been defined ana tli!! following algorithm can be 
applied to simulate the accumulated sediment yield during N years. · 

(1) Let T: = O,ZZ: = 0. 

(2) Simulate a realization t of the exponential by distributed random variable ,t with parameter" 
and let T = T+t. 

(3) If T > N years, then go to (5). If T ~ N years, then go to (4). 

(4) Simulate a bivariate realization of (~1'~). Using equation (7), calculate the corresponding 
value of Z, let ZZ: = ZZ+Z, and go to (2). 

(5) The value of ZZ is a sample element of the accumulated sediment yield. 

When enough sample elements of ZZ have been simulated, an empirical DF usable in decision analysis 
is obtained. 

Decision-making. (a) Objective function under natural uncertainty. The loss function derived by 
Smith (1975) on the basis of the work of Jacobi (1971) is being used here; namely, 

{ 

2lo.l9(a-V 
L(a,,t) = 

888. 89(t-a) 

if a > t (overdesign) 

if a < { (underdesign) 
(10) 

where a is the decision or action in acre-feet. This is an opportunity loss type of objective function 
since there may exist an optimum action for which E(L(a,tll = 0. 

The objective function G(a) is ordinarily the expected value of L(a,tl under natural uncertainty. 
In the present study, G(a) was computed by generating 1000 samples of total sediment yield Zi as des
cribed above and calculating the arithmetic average 

G(a) = Et[L(a,{)J 

1 1000 
~ 1000 . E L(a,Z.) 

1=1 1 
(ll) 

These calculations were repeated for given discrete values of a. The optimum value a* of the decision a 
and G(a*) of the objective function G(a) were obtained by parabolic interpolation between the three low
est points of G(a). 

(b) Goal function under natural and parameter uncertainty stems from estimating the parameters a, 
a of pdf (1) from a finite (and small) sample. This sample or parameter uncertainty leads to considering 
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that " and 8 are random variables ~· ~distributed according to a prior pdf f~, 11 ( .. ,8) (Davis et !}_., 
1972). The objective function G(a) is now called a goal function and is writt'eil' as 

and the Bayes Risk (BR) is 

The Bayes decision a* minimizes BR 

g(a,~,~) = rl(a,Z)f(Zi~e·~)dZ 
0 

BR(a) • r rg(a, .. ,8)fle•~(<~,8)d<~d8 
0 0 

BR(a*) = min BR(a) 
a 

(12) 

(13) 

(14) 

It is theoretically appropriate and computationally convenient to choose a conjugate prior pdf 
f (<~,8) (Raiffa and Schlaifer, 1961). In the present study, the estimations of" and B were based on 

a~~~ivariate gamma distribution; thus, the results derived in Yakowitz et !}_. (1974) concerning conjugate 
densities for pdf (2) and (3) can be used, namely, that the conjugates are, respectively: 

2 2n+l -yl 2n 2n+l -y2 
8 ny1 e " y2 e 

r(2n+l) and r(2n+l) (15) 

n n 
where y1 = E x1(k) and y2 = E x2(k); x1(k), x2(k), k = l, ••• ,n denote simultaneous sample elements of 

k=l k=l 
the variables (~1'~2 ). 

With the above elements, the simulation method leading to a Bayes decision consists of the following 
steps: 

(1) Let T: = O,ZZ: =0. 

(2) Simulate random value of A and using this A as a random value of t, and let T: = T+t. 

(3) If T > N years, then go to (6). If T ~ N years then go to (4). 

(4) ·Simulate random values of "• B using the pdf's (15) and the method of generating two-parameter 
gamma distributions shown (Szidarovszky et !}_., 1976). Go to (5). 

(5) Using the generated values of "• 8 simulate the random simultaneous value of (X1,x?), as in 
step (4) of the section on Modeling Rainfall and Sediment Yield Events, and calculate the corresponding 
value of Z, and let ZZ: = Z. Go to (2). 

(6) The value of ZZ is a sample element of the accumulated sediment yield. Go to 1 until fz(Zi ... B) 
is defined, then go to (7). "' 

(7) Calculate g(ai<~,B) as shown in Eq. ll for G(a). Calculate the Bayes Risk (Eq. 13). Go to (8). 

(8) Find the Bayes decision a* and minimum Bayes Risk BR(a*). 

Note that the uncertainty in the interarrival time between events (exponential parameters) which 
describes the counting distribution of precipitation events has been taken into account in Step 2 of the 
aforementioned procedure. The methodology is now set to study parameter uncertainty in the following 
three cases: 

Case I, uncertainty in the bivariate parameters of the pdf of (~1 .~2 ) only. 

Case II, uncertainty in the exponential parameter of interarrival time ~· 

Case Ill, uncertainty in both sets of parameters. 

(c) Sensitivity of the decision to available data. The simulations were run under the successive 
assumptions of record sample size of N = 5, 10, 30, 60, and 90. A run was also made without uncertainty 
which is equivalent to assuming an infinitely long sample record. 

A complete evaluation of the decision can theoretically be made in terms of expected opportunity 
loss, which represents the worth of perfect information, and (expected) 2 opportunity loss, which gives an 
economic measure of the economic worth of another sample point (Davis et al., 1972; Musy and Duckstein, 
1976). For this purpose, one would have to improve the efficiency of thesimulation and computations, 
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lest the computing time becomes prohibitive. 

APPLICATION 

For the case study of the Charleston Watershed in Southern Arizona, the ·data are: 

K = 0.60; 

Ls = o.5o; 

a1 = 0.50; 

Using equations (8) and (9) yields 

c = 0.80; 

s = 2.50; 

p = 0.10; 

A = 1220; 

a0 = 3.83576 x 1010 and W = 1.49547 x 10-3 

The parameters a and B are estimated from 91 sample elements obtained during 90-day summer periods 
(1 July-30 September) (m = 91) 

a = 1.84 and e= 2.58. 

Applying a Kolmogorov-Smirnov goodness-of-fit test, the marginal distributions could not be rejected at 
the 10% level of significance. The parameter ). of the exponential interval time between storm events has 
an estimate of ~ = 0.08. The lifetime of a project is taken as 100 years. 

Since the sample elements X1 (k), X2(k), k = 1, ••• ,91, are given with two decimal places, an upper 
bound of 0.001 has been chosen for the accuracy of the simulation algorithm. 

Using the methodology described previously, 1000 1000-sample elements of accumulated sediment yield 
are simulated. The mean and standard deviation of these sample elements is calculated assuming that 
N = 5, 10, 30, 60, 90, ~ sample points are available in the three cases of sample uncertainty described 
in the previous section. The results are shown in Table 1; the standard deviation of the 100-year sedi
ment production increases as more uncertainty is introduced into the model, and decreases as the record 
becomes longer, rapidly at first, leveling off afterwards. These results are also illustrated in 
Figure 1, where the variance has been plotted to increase the resolution. The mean shows the same trend 
as the standard deviation but varies only a little; this is due to the choice of the loss function 
(Equation 10) (piecewise linear with a cusp). 

N 

5 

10 

30 

60 

90 

00 

TABLE 1 

MEAN AND STANDARD DEVIATION OF lOD-YEAR SEDIMENT PRODUCTION, 

IN THOUSANDS OF ACRE-FEET 

CASE I CASE II CASE III 
Uncertainty in Uncertainty in 

the Bivariate the Exponentia 1 Total 
Parameters Parameter Uncertainty 

Standard Standard Standard 
Mean Deviation Mean Deviation Mean Deviation 

110.7 92.30 102.3 68.95 108.6 10.97 

106.9 71.43 105.3 60.90 109.4 86.64 

105.7 55.63 104.5 51.79 105.0 58.63 

107.1 52.63 102.4 51.22 103.9 52.13 

105.0 51.45 103.4 50.77 104.1 51.35 

103.3 48.46 (no 
uncertainty) 
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Next, Table 2 shows the Bayes decision and minillllm Bayes Risk under the same assumptions on record 
length and type of uncertainty cases as in3Table 1. Figure 2 illustrates h~ the entries in the last row 
of Table 2 are calculated (a* = 143.6 x 10 acre-feet, BR(a*) = $16.01 x 10 ). The Bayes decision and 
Bayes Risk are quite sensitive to N which reflects the effect of the variance. Figures 3 and 4, which 
are graphical representations of the results in Table 2, were drafted for the purpose of dramatizing the 
effect of information available in the decision of showing that simulation results are subject to small 
jumps (Figure 3 especially). Note that the results are c011111ensurate with those of Smith et !]_. (1974). 
The computing times were as follows: 

N 

5 

10 

30 

60 

90 

m 

Computer Time 
(sec.) 

CASE I 

N 

Uncertainty in the 
Bivariate Parameters 

Bayes Decision Bayes Risk 

103 acre-feet 106 $ 

.. 
163.1 31.32 

153.2 24.18 

146.4 18.92 

148.0 17.87 

143.4 17.03 

143.6 16.01 

5 

69.0 

10 

74.8 

30 

102.3 

TABLE 2 

60 

144.8 

90 

1B0.5 

BAYES DECISION AND OPTIMUM BAYES RISK 

CASE II 
Uncertainty in the 

Exponential Parameter 

Bayes Decision Bayes Risk 

1 o3 acre-feet 106 $ 

153.3 23.40 

153.2 20.35 

148.5 16.87 

146.1 16.71 

145.8 16.53 

(no uncertainty) 

The main points reached in this investigation are: 

CASE III 

Total Uncertainty 

Bayes Decision Bayes Risk 

103 acre-feet 106 $ 

165.2 35.93 

159.2 27.90 

152.4 19.68 

146.0 17.27 

146.0 17.20 

(1) Synthetic time series of bivariate rainfall events can be combined with an empirical sediment 
yield equation (such as the Universal Soil Loss Equation) to design a dam subject to this natural un
certainty in sedimentation. 

(2) The methodology is capable of accounting for any combination of sample uncertainty (rainfall, 
counting pdf, or both) in the design, leading to a Bayes decision. 

(3) The mean 100-year sediment yield varied little with simulated record length N while both Bayes 
decision and Bayes risk decrease strongly when N is increased; this shows the advantage of a Bayes 
approach over the mere use of mean estimates, namely, that of translating the variance of the record into 
economics. 

ACKNOWLEDGEMENTS 

The work upon which this paper is based was supported in part by funds provided by the United States 
Department of the Interior, Office of Water Resources Research, as authorized under the Water Resources 
Act of 1964, Project No. B-043AZ, entitled, "Practical Use of Decision Theory to Assess Uncertainties 
about Actions Affecting the Environment," as well as National Science Foundation Grant No. GF-38183, 
entitled, "Cooperative Research on Decision-making under Uncertainty in Hydrologic and Other Resource 
Systems." 

274 



REFERENCES CITED 

Bennett, J. P., "Concepts of Mathematical Modeling of Sediment Yield, Water Resources Research, .lQ(3), 
1974, pp. 485-492. 

Crovelli, R. A., "Stochastic Models for Precipitation," Ph.D. Dissertation, Colorado State University, 
Fort Collins, 1971. 

Davis, D. R., C. C. Kisiel and L. Duckstein, "Bayesian Decision Theory Applied to Design in Hydrology," 
Water Resources Research, !l_(l), 1972, pp. 33-41. 

Duckstein, L., M. Fogel and C. Kisiel, "A Stochastic Model of Runoff Producing Rainfall for Summer-type 
Storms," Water Resources Research, !l_(2), 1972, pp. 410-421. 

Flaxman, E. M., "Predicting Sediment Yield in Western United States," Journal of the Hydraulics Division, 
ASCE, 98(HY12), 1974, pp. 41-51. 

Gupta, V. K., "A Stochastic Approach to Space-time Modeling of Rainfall," Technical Report No. 18, 
Department of Hydrology and Water Resources, University of Arizona, Tucson, Arizona, 1973. 

Guymon, G. L., "Re~ional Sediment Yield Analysis of Alaska Streams," Journal of the Hydraulics Division, 
ASCE, lOO(HYl ), 1974, pp. 41-51. 

Jacobi, S., "Economic Worth of Sediment Load Data in a Statistical Decision Framework," Ph.D. 
Dissertation, Colorado State University, Fort Collins, 1971. 

Jansen, J. M. L. and R. B. Painter, "Predicting Sediment Yield from Climate and Topography," Journal of 
Hydrology, _li(4), 1974, pp. 371-380. 

McHenry, J. R., "Reservoir Sedimentation," Water Resources Bulletin, AWRA, .lQ(2), 1974, pp. 329-337. 

McPherson, H. J., "Sediment Yields from Intermediate-sized Stream Basins in Southern Alberta," Journal of 
H,ydrology, 25(314), 1975, pp. 243-257. 

Musy, A. and L. Duckstein, "A Bayesian Approach to Tile Drain Design," to appear, ASCE Journal of 
Irrigation and Drainage, 1976. 

Nordin, C. F. and G. V. Sabol, "Estimating Average Sediment Yields from Annual Streamflow and Sediment 
Records," Proceedings of the IAMR, International Symposium of River Mechanics, Bangkok, Thailand, 
Vol. 1, January, 1973, pp. 93-104. 

Onstad, C. A. and G. R. Foster, "Erosion Modeling on a Watershed," Transactions of the American Society 
of Agricultural Engineers,l8(2), 1975, pp. 288-292. 

Raiffa, H. and R. Schlaifer, Applied Statistical Decision Theory, Harvard University Press, Cambridge, 
Mass., 1961. 

Renard, K. G. and E. M. Laursen, "Dynamic Behavior Model of Ephemeral Stream," Journal of the Hydraulic 
Division, ASCE, !Q!(HY5), 1975, pp. 5ll-528. 

Smith, J. H., "A Stochastic Sediment Yield Model for Bayesian Decision Analysis Applied to Multipurpose 
Reservoir Design," Master's Thesis, Dept. of Systems & Industrial Engineering, University of 
Arizona, Tucson, Arizona, 1975. 

Smith, J., M. Fogel and L. Duckstein, "Uncertainty in Sediment Yield from a Semi-arid Watershed," 
Proceedings, 18th Annual Meeting of the Arizona Academy of Sciences, Flagstaff, Arizona, April, 
1974, pp. 258-268. 

Szidarovszky, F., S. Yakowitz and R. Krzysztofowicz, "A Bayes Approach for Simulating Sediment Yield," 
to appear, Journal of Hydrological Sciences, 1976. 

Weber, J., M. Fogel and L. Duckstein, "The Use of Multiple Regression Models in Predicting Sediment 
Yield," to appear, Water Resources Bulletin, 1976. 

Wischmeier, W. H. and D. D. Smith, "A Universal Soil-Loss Equation to Guide Conservation Farm Planning," 
Proceedings, 7th International Congress of Soil Science, Madison, Wisconsin, 1960. 

Wischmeier, W. H. and D. D. Smith, "Predicting Rainfall Erosion Losses from Cropland East of the RockY 
Mountains," Agriculture Handbook, 282(ARS), May, 1965. 

Woolhiser, D. A. and P. Todorovic, "A Stochastic Model of Sediment Yield for Ephemeral Streams," 
Proceedings, USDA-IASPS, Symposium on Statistical Hydrology, Tucson, Arizona, 1971; USDA Misc. 
Publication No. 1275, 1974, pp. 295-308. 

275 



Yakowitz, s., L. Duckstein and C. Kisiel, "Decision Analysis of a Garrma Hydrologic Variate," Water 
Resources Reseerch, l.Q.(4), 1974, pp. 695-704. 

-· :~:::::-.... 
"r-~-----------------------------------, 

.. 10 .. .. "' _.._. 
Mil URcwiOiMJ -..::.;---------

. . .. 
Figure 1. Variance of total sediment yield 

as a function of sample record 
length. 

:r:,:--
""r--------------------------------------, 

... 

M~~--~--~--~---t .. ~~.~.--~~~--~--~---=10 
~~ll'llf 

Figure 3. Bayes decision a* versus sample 
record 1 ength. 

276 

... 
JOI-•• 

0 
n 

•• 
•• 
u 

II 

10 

10 .. 
IT .. 
II 

Figure 2. 

0 0 

0 

0 
0 

0 0 

200 

Objective function under 
natural uncertainty. 

0 

-~r~~--------------------------------------------, 

.. 
------------------... ~ .. ,, -::..-.---------

... ~--~ .. --~~~~~--.~.~~,7,--~--~~--~__J - ........ 
Figure 4. Bayes Risk versus sample record 

length. 



OPTIMAL LIVESTOCK PRODUCTION 
OF REHABILITATED MINE LANDS 

by 

Fritz H. Brinck1 , Martin M. Fogel
2

, Lucfen Duckstein
3 

Aj!STRACT 

Strip mining leaves behind spoils to be recontoured to maximize the benefit of livestock production 
on the rehabilitated land. This paper designs watersheds to achieve a balance between two main range 
livestock requirements, forage and stock water by way of grading and furrowing man-made slopes. 

The three design attributes, surface configuration, surface treatment, and range management policy 
are optimized with respect to maximal profit accounting for natural uncertainties in 3 variables, viz., 
time interval between storm arrivals, precipitation per storm event, and duration of the storm event. 
Runoff and sedimentation are modeled on an event basis as functions of said random variables. The stock 
water reservoir at the bottom of the watershed is dredged periodically. The stochastic model is applied 
to the Black Mesa in Northern Arizona which is in the process of being strip-mined for coal. 

INTRODUCTION 

In the Southwest, large scale surface mining is relatively new and there is much concern about re
habilitating the mine spoils to bring about a positive land use. In the Black Mesa region of northern 
Arizona, on the lands of the Navajo Nation, an area of 5700 ha eventually will have been turned upside
down when the surface mining for coal stops some 30 years from now. It has been and still is used as 
ran gel and and has been heavily overgrazed (Verma and Thames, 1975). This semi-arid area lies at an ele
vation above 1800 m where the vegetation is classified as pinyon-juniper. Some climatological data re
cordings from Black Mesa starting in 1972 are published under Kayenta 21 SSW; Kayenta station 
has recorded precipitation data for many years. Average annual precipitation at Black Mesa is some 250 
mm and more than SO% of the precipitation comes with the Slllllller rainstorms during July through October. 
The distribution parameter estimates used in this paper are based partly on Kayenta data and partly on 
published analyses of data from other parts of Arizona. 

PROBLEM DESCRIPTION 

Once the situation described above has arisen and one is obliged to reclaim the land, it is clear 
that to landscape the area to make it look like it did before, not necessarily optimizes conditions for 
some planned land use. In general there are several uses that may come into consideration, either sin
gly or in the form of multiple land use. As continued livestock production in the area probably is in 
harmony with the Navajo Nation's preferences for years ahead, it is natural to determine the surface 
configuration and surface treatment of the mine spoils that will benefit livestock production. This 
paper makes an analysis of how the economics of a single alternative, livestock production, is affected 
by surface geometry and surface treatment in order to find the economically optimal watershed design. 

Forage yield obviously affects the efficiency of livestock production and May (1975, p. 334) states 
that "the biggest problem in reestablishing adequate stands of vegetation in these areas is the limited 
moisture available for plant growth." Accordingly it seems justified to analyze how surface configura
tion and surface treatment affect runoff and soil erosion, which in turn affect forage yield and volume 
of stock water available in the reservoir at the bottom of the slopes. May (1975) further writes that 
even in areas receiving less than 250 mm of annual precipitation, ecologically stable stands of vegeta
tive cover can be established on strip mine overburden. Specifically, for Black Mesa, Verma and Thames 
(1975) have reported preliminary findings to the effect that reclaimed watersheds have great potential 
for use as rangeland. Three actions or decision variables are considered. 1. Average watershed slope 
steepness a1 • 2. Fraction a2 of the watershed drainage area made subject to contour furrowing. 3. 
Range management policy a . The policy considered is either to maintain a Good range condition, or to 
let the range remain in Pdor condition. The decision variables a1 and a? are continuous on their in
tervals, whereas a3 is d"iS'C'rete with two states, a3 = 1 for Good range condition and a3 = \i for Poor 
condition. The set (a 1 ,a2 ,a3 ) is denoted by!!.· 

The two variables a and a are assumed to be independent, i.e., within the limit of practically 
feasible grading any ext~nt of Eontour furrowing is possible. There will be some overlap in effect as a 
gentle slope may have some of the runoff retarding and erosion reducing effect as furrows on a steeper 
slope. A level area, a1 = 0, produces no stock water and no livestock, whereas the steepest slope gives 
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Arizona, Tucson, AZ 85721. 

2. Professor on joint appointment, School of Renewable Natural Resources and Department of 
Hydrology and water Resources, University of Arizona, Tucson, AZ 85721. 

3. Professor on joint appointment, Departments of Systems and Industrial Engineering and Hydrology 
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many small watersheds with greater contouring costs. It also produces the highest peak flows and hence 
maximal sedimentation. Thus the steepest feasible slope probably is not opttmal either. As regards a?' 
no furrowing keeps forage production at a minimum. On the other hand a complete furrowing of the whole 
drainage area yields practically no stock water although most grass. Given that livestock production 
shall be maintained the optimum pair of a1 and a2 will lie in between these extremes. 

THE STOCHASTIC MODEL 

The model on which the cost-benefit analysis is based has a main body of relationships between pre
cipitation, infiltration, runoff, and sedimentation describing discrete storm events and their effects. 
The storm events occur in a sequence throughout the years of project lifetime separated by random time 
intervals T between storm arrivals. The time intervals are generated by random drawings from the proper 
probability distribution. For each storm event a pair of dependent drawings of rainfall depth~ and 
event duration D are made from their joint distribution. The runoff and peak flow, if any, are computed 
with the Soil Conservation Service (SCS) formulas for each event for furrowed and for unfurrowed slopes 
separately. Also first year water storage capacity of the furrows is modeled as a random variable with 
a probability distribution. The year is divided into three seasons to allow for a dry spell with very 
few events. Distribution parameters and t;pe of probability distribution may change from season to 
season. 

The stochastic model is essentially that which is described above, but the term stochastic model 
will be used for the whole model as in stochastic livestock production model. In addition to the event 
based model the livestock production model includes computation of watershed geometry, average range 
carrying capacity over each year, feasible stocking level, and expected profit over the project life
time. Figure 1 is an outline of the stochastic model. 

Natural 
climatic 

uncertainties -l 
Generation of 
ran dOll 
* time interval 

between storms 
* rainfall depth 
* stoni .dul"atton 
* furrow water 

storage capacity 
_ . ._ 

f--

new a -

r I 
Livestock Search for combination 

production ~ of decision variables 1--
model which maximizes profit 

f 
~·I;: (al,a2,a3) Various 

parameters 

Fig. 1. Schematic diagram of the stochastic livestock production model. 

The livestock production model is dynamic in the sense that it accounts for range carrying capacity 
fluctuations about a steady state condition, either Good or Poor. The model does not presume to de
scribe transitions between the two states. The objective is to find the set of decision variables a* 
which will maximize the mean profit of maintaining livestock production over a period of Y years. Tn 
the followin~ sections, values for some of the many parameters are given; the reader is referred to 
BRINCK (1976) for complete details. 

WATERSHED DESIGN 

The total area leased for strip mining at Black Mesa is some 26,300 ha of which 5,700 ha will be 
stripped. The basal area or map area A of a watershed is supposed square, and assuming a reservoir 
surface area negligibly small in compar¥sion with AR, the drainage area consists of four equally large 
triangles. The drainage area is the grazing area for the livestock. 

SURFACE CONFIGURATION 

The stock water reservoir at the bottom of the watershed is the center of the livestock distribu
tion on the watershed. The average maximal distance d upslope from the reservoir the cattle will travel 
is constrained by the steepness of the slope and this distance in turn defines the practical size of 
the watershed and its basal area A • Let the totally disturbed area be A . Then the ratio A /A gives 
the number of watersheds to be con~tructed. The unit watershed configura£ion is determined w9th8the aid 
of Mueggler's (1965) relationship, based on a field study of cow chip distribution, 
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y = 107.06 + lOOa1 - 95.37 exp (- ~ 0gg4 d') {%} (1) 

where: y = predicted accumulated land use (occupancy time) to d, in %, considering the total use on 
area as 100%, 

a
1 

=tan (average slope angle). lOOa 1 is slope steepness .in %; a1 is a decision variable, 

d' = upslope distance from the water in m. 

To find the drainage area A, eq. (1) is first solved ford withy= 100% and, after accounting for the 
fact that the watershed is square at its base, it is found that 

L 
A= 4d

0 
(
2

8 ) 10-4 {ha} (2) 

(3) 

and 
A = l0-4L2 = A(l + a2) -l/a {ha} 
B B 1 

(4) 

Ls = length of one side of square watershed in m, 

d0 = shortest upslope distance up to the rim of the watershed. 

SURFACE TREATMENT 

The part of the watershed area to be contour-furrowed a is a decision variable which is optimized 
together with slope steepness a . The kind of mechanical tr~atment refer·red to here as contour furrow
ing is characterized by parallel, horizontal furrows at 1 to 1.5 m distance between centerlines. Their 
depth would be around 15 to 25 em, width some 150 em with a trapezoidal intersection, and bottom width 
approximately 60 em. This kind of furrow is described by Branson, Miller, and McQueen (1966). In 
order to model the storage capacity of the area a2A the following exponential form is taken from Neff 
(1973). 

F = voFo exp(-(v+B)ta) {mm} 

where: F = storage capacity of the contour furrowed area in mm, 

ta = time in years, 

v
0 

= mean storage per effective furrow in mm, 

(5) 

F
0 

= ratio of number of effective furrows at time 0 to total number of furrows in the area, 

v = decay constant in yr-1 , 

S = probability of failure of any furrow. 

In BRINCK (1976) a distribution form with mean V.F. is derived; a value of 0.2 (yr-1) for the decay 
time constant (v+S) was adopted. 

POTENTIAL RUNOFF 

In this paper three aspects of overland runoff are considered. First, runoff makes water available 
for harvesting, for example as here for the purpose of watering 1 ivestock. Secondly, decreased runoff 
means increased amount of water kept on the slopes and that in turn improves vegetation and range condi-
tion. Lastly, runoff from rangeland is the primary force in initiating soil movement and transporting 
sediments to reservoirs. 

A modified version of the SCS rainfall-runoff formula was used for unfurrowed land, 

where: 

- (~ - I)2 
Q- ~-I+\ {mm} 

Q = runoff depth per storm event in mm, 

R = precipitation in mm, 

I= initial abstraction including infiltration prior to runoff, in mm, 

\ = time varying maximal potential infiltration in mm. 

The initial abstraction I is set equal to 1.0 for the summer and the dry season. 

(6) 

For the furrowed part of the slopes it must be taken into account that the soil moisture after a 
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For the furrowed part of the slopes it must be taken into account that the so11 moisture after a 
potentially runoff-producing storm is higher than for the unfurrowed slopes, Hence the computation of 
possible runoff QF from furrowed slopes is a repetitidn of the procedure described above, accounting for 
the increased soil moisture, 

(~ - I - F)
2 

QF z ~ - I - F + 5[r • ~>I + F {mm} (7) 

where F is given by eq. (5) and SLF is the time varying potential inf1ltration modified for furrowed 
land. 

PEAK FLOW AND SEDIMENTATION 

Sedimentation is estimated with the modified so11-loss equation (Smith, 1975), 

z = ll.78(VTqp)0
•
56K'CP(LS) {mt} 

where: z = sediment yield in metric tons per event, 

qp = peak flow in m3;s, 

K' = so11 erodibility factor, 

C = cropping -nagement factor, 

P = erosion control factor, 

LS = slope length and gradient factor. 

(8) 

Values for four factors K', C, P, and LS can only be had through field studies. Here the product of the 
factors is approximated by 

and 

K = K'CP(LS) = a1 
K = K'CP(LS) = 3a1 

if range 
condition 
is 

VT = 10 As [(l-a2) Q + A2 QF] 

Good (a3=1) 

Poor (a3 = l/4), 

is the total runoff volume stored in the water reservoir during each rainfall event. 

SEASONAL DISTRIBUTIONS 

(9) 

It was found by Fogel, Duckstein, and Sanders (1974) on the basis of Tucson Arroyo data that the 
distribution of the number of storm events k 1n the summer could be modeled by the Poisson distribution. 
It follows from accepting that distribution that the time interval -\between storm arrivals is exponen
tially distributed. It is assumed that the Poisson distribution is also valid for the Black Mesa re
gion. Winter storms are generally less intense and more widespread than summer storms and do not lend 
themselves so eas1ly to the notion of a discrete event. Kao, Duckstein, and Fogel (1971) found that the 
number of storm groups occurring during the winter season also could be described by a Poisson dis
tribution. Table 1 shows the time interval density distributions, and Table 2 contains the numerical 
values for the estimates of the distribution parameters. 

Point rainfall ~and duration~ for each storm event are dependent random variables for which 
Crovelli in 1971 sug ested a bivariate gamma distribution (Fogel, Duckstein, and Kisiel, 1974). Rao 
and Chenchayya (1974 presented this distribution in the following form 

O<D<.!!...R 
- - K 

0 < R < ~ - - n 
where: fR,D(R,D) =bivariate gamma probability density distribution, 

R = rainfall per storm in mm, 

D = storm duration in hr, 

K,n = distribution parameters > 0. 
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Season 

Table 1. Probability density distributions of time 
interval -r between storm arrivals. 

Distribution of time interval • 
between storm arriva 1 s 

Surrmer Exponential (Fogel, Duckstein, and Sanders, 1974) 

Winter 

Dry 

f,(-r) = Ae-AT 0:; -r 

E(-r) = t (season), A = J( 

Exponential (Kao et al., 1971) 

Gamma 

~
-1 

f (-r) = A e-AT 
'[ 

0 <a 

E(-r) = I (season) 

var(-r) 

Table 2. Distribution parameter estimates -- Fogel, 
Duckstein, and Kisiel (1974); Kao et al. (1971); 
Climatological records for Kayenta 1953-1974. 

Seasons 

Summer Winter 

'[ (day) 123 151 

Average seasona 1 rainfall (mm) 132 70 

(#/season) 7 7 

R (mm) 13 10 

ii (hr) 2.5 34 

a (1) 

A (#/season) 10 7 

K (hr -l) .8 .06 

n (mm-1) .19 .17 

RANGE CONDITION AND CARRYING CAPACITY 

The followiQg three factors are considered in the range model: 

1. Present and preceding years' precipitation. 

2. Contour furrowing. 

Dry 

91 

28 

3 

10 

34 

.2 

.6 

.06 

.14 

3. Range management policy to obtain Good, a3 = 1, or Poor range condition, a3 = lo. 

The feasible herd in the jth year is 

Nj = min(Nh,Nw) (head) 
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where: Nh"' herd size matching annual grazing capacity in number of head, 

"w = herd stze matching annual stock water supply in number of head, 

At the end of one simulation run the efficient herd Nv which is 90% of the average herd (Martin, 1975a) 
is computed and the sequence of Y years is run througfl again to compute annual deviations in the form 
of stock water shortage or surplus, and over- or undergrazing. 

THE OBJECTIVE FUNCTION 

The objective function L(a), to be maximized, is defined as the difference between the present 
value of the returns and the present value of tfte costs for the whole area to be reclaimed 

L(!) = P(!) - K(!) ($) 

whel'e: L(!) profit function in $, 

! = reclamation scheme, 1.e., decision variable vector, 

P(!) present value of returns over Y years, in $, 

K(!) present value of costs over Y years, in $. 

(12) 

The costs considered as reclamation costs are grading costs, furrowing costs, and reseeding costs. 
Other costs include reservoir construction and periodic dredging, range management po11c~, and stock 
water supplement. Again, all these costs are discussed in detail in BRINCK et al •. (l976). 

DISCUSSION AND CONCLUSIONS 

The annual return to management from cattle or sheep production in the southwest of the United 
States is about $10 per AU (Ogden, 1975). If the yearlong carrying capacity of the range averages 0.05 
AU per ha of range in Good condition, the return from each ha is 50¢ per year. ~urrowing costs about 
$50 per ha, and livestock production cannot carry such investments with a 30 year project lifetime and 
5% discount rate. The optima were accordingly found on the basis of a reduced profit function G n ex
cluding reclamation and reservoir construction costs. That leaves the reduced profit function wf@n the 
costs of reservoir dredging, the cost of range upkeep, and the cost of hauling water in case of 
occasional stock water shortages. 

The Monte Carlo simwlation covered 30 years project lifetime, and 35 runs were made for each re
clamation scheme. Figures 2 and 3, and Tables 3 and 4 present results. 

SUMMARY OF RESULTS 

1. Cattle production on a Poor range has a smaller total loss than production on the same area in 
Good condition; in terms of profit -$716,128 versus -$832,546. The standard deviation is less than 
$7000. The model uncertainties, however, render this difference insignificant. 
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2. Maximal profit of cattle production excluding costs of reclamation and reservoir construction 
is G~ed = $92,000 for the range in Poor condition. This maximum is reached for 

~· = (0.01, 0.95, 0.25) 

3. Maximal profit of cattle production excluding costs of reclamation and reservoir construction 
is G*ed = $87,000 for the range in Good condition. The optimal design is about the same as for the 
Poorr conditton. 

4. Maximal cattle stocking level is about 650 head for the Good range. 

5. Maximal cattle stocking level is about 200 head for the Poor range. 

6. The average ratio of runoff to precipitation is about 3.5% over all storm events. 

CATTLE GRAZING 

The efficient stocking level goes up with increasing extent of furrowing up to a threshold. The 
Good condition implies that the furrows are maintained at their initial storage capacity, whereas in 
the Poor condition the furrows are modeled to decay. With an expected furrow longevity of some 10 
years, furrowing has a smaller effect for the Poor range than for the Good, considering a project 1 i fe
time of 30 years. 

Increased furrowing reduced the runoff available for stock water, and from a~ about 0.95 and on, 
the unfurrowed area which is the major runoff producer becomes too small and the nerd is correspondingly 
reduced. For lower degrees of furrowing there will be surplus runoff which is not accounted for by the 
model, but which may represent a source of income from other uses. In a climate with even higher in
tensity summer rainstorms than in Arizona, the stock water-reducing effect of the furrows will be weaker 
because the furrows will then be overtopped more often andconirtbute to producing stock water. In these 
simulations the rainfall distribution parameters were set to simulate an average of 230 mm. Along with 
reduced runoff with increased furrowing, the soil transportation down the slope is also reduced, and a 
smaller reservoir dredging cost results. Also, when a? approaches 1 the carrying capacity with respect 
to forage is continuously increased to a maximum, and when this coincides with a reduced stocking level 
overgrazing will occur less often with the effect of making range upkeep cost smaller. But it is seen 
in Figure 3 that these reductions are not large enough to compensate for the reduced herd size as the 
reduced profit function follows the stocking level closely. Including the cost of building the re
servoir would probably push a~ toward lower values. When the runoff producing area gets smaller,the 
natural uncertainty present in the precipitation results in greater relative variability in the runoff. 
That in turn may lead to larger reservoir construction cost per livestock head in order to build into 
the reservoir reserve capacity in proportion to the variability. 

Table 3. Simulation results for a1 = 0.01 (n0 = 3.5). 

a2 0.75 0.85 0.95 0.999 

No (head) 480 570 636 490 

a (head) 7.3 8.3 10.6 24.6 

Gred ($) 49,435 74,898 88,613 59,0ll 

a ($) 7,513 3,037 2,825 4,840 

Table 4. Simulation results for a1 = 0.05 (n
0 

= 5). 

a2 0.75 0.85 0.95 0.999 

Gred ($) 51,172 77,075 91,279 66,381 

a ($) 7,525 3,044 2,796 4,290 
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CONCLUSIONS 

1. Livestock production alone cannot with its present (1975) level of returns carry the cost of 
land reclamation. 

2. The profit of livestock production on a Good range is about the same as on a Poor range. The 
effort of maintaining the Good condition is not worth it in tenns of economic efficiency. 

3. In most years the constraint on herd size is the carrying capacity of the range. 

4. A small reduction in the furrowed area as given by the optimum will release runoff for other 
uses. The marginal loss from a reduced herd shall have to be compared with the return from other water 
uses. 

5. Possible other on-site water uses could be a runoff fann, or a fish pond. 
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LABOI\ATOII.Y WEATBERING OF WATER-REPELLENT WAX-TREATED SOIL 

by 

Dwayne H. Fink 

INTRODUCTION 

Standard paraffin wax shows promise as a soil treatment for water harvesting. Two small water
harvesting field teat plots made water repellent with paraffin wax have yielded more than 90% runoff 
from precipitation for 4 years (Fink et al., 1973). Alden and Springfield (1975) used microcatchments 
treated with paraffin to supply the water for establishing vegetation on mine spoils. Livestock on the 
rangelands of the Arizona strip are drinking water collected from paraffin-treated catchments (Cooley 
et al., 1976). 

Unfortunately, the paraffin treatment is not always successful. Fink and Mitchell (1975) reported 
on a field test plot treated with wax that failed within 6 months. Results of their laboratory studies 
indicated that failure of paraffin treatments from freeze-thaw cycling depends strongly on soil type. 
The number of freeze-thaw cycles required to effect treatment failure ranged from zero on a clay soil 
to 425 cycles on a silt loam. They found, however, that weatherability was not directly related to 
texture alone; a sandy soil withstood fewer than 125 cycles. 

The ultimate objective is to be able to predict the performance of various water repellents and 
prescribe specific chemicals and/or application techniques based on only certain elementary information 
about the potential site. It is physically and economically impossible to field test all of the numer
ous potential repellents at various application rates and techniques in different climates and on 
different soil types. Various laboratory tests have been developed (Hillel, 1967; Myers and Frasier, 
1969; and Fink, 1976) that (1} include all the major potential causes of water-repellent treatment 
failure; (2) are quickly and easily run; and (3) markedly accelerate natural weathering. The objectives 
of this study were to evaluate, in the laboratory, the weathering resistance againSt freeze-thaw 
cycling, concentrated ozone, and ultraviolet radiation of soil treated with several of the n-paraffins 
of increasing average melting point (AMP) and with several of the cheaper slack waxes. 

METHODS AND MATERIALS 

The laboratory procedures and tests used here have been described (Fink, 1976). For this study, 
a loamy sand soil (< 2 mm) was packed wet in 9-cm petri dishes, air dried, then treated with wax at 
rates of 0.5, 0. 75, and 1.00 kg/m2. Five n-paraffins, which ranged in average melting point (AMP) from 
kerosene (liquid at normal field and laboratory temperatures) to 16D-165 AMP, and four slack waxes of 
various composition., characteristics, and origin were tested. Treatment materials and rates are listed 
in Table 1. Treatments were then subjected to accelerated weathering by either (1) freeze-thaw cycling, 
(2) concentrated ozot~e, or (3) ultraviolet radiation. Tbe samples were evaluated periodically for water 
repellency and soil structural stability. Figure 1 is a flow diagram of the weathering-testing 
sequence. 

Prior to weathering, the treated samples were checked for water repellency using the relative 
repellency and 4-hour hydration tests. For the relative repellency test, the maximum height (L) of 
a large water drop relative to that of the treated soil surface on which it rests is determined and 
normalized by dividing by the theoretical height (Lo # 0.384 em) of a similar sized water drop with 90° 
contact angle resting on a smooth, solid surface. By theory, values of L/~ > 1.00 should be water 
repellent; by experience only values of L/Iu ~ 1.30 provide an ample margin of safety that can be 
designated as adequately water repellent. 

For the 4-hour hydration test, the sample and water drop of the relative repellency test were 
observed for 4 hours to determine if (1) the water infiltrated the pores or spread across the soil sur
face, or (2) the soil hydrated and swelled. The first case signaled a gradual loss of repellency; the 
second a loss of soil stability. 

Natural weathering of the treated samples was simulated and accelerated in three weatherometers. 
For freeze-thaw weathering, the petri-dish samples were placed in the chamber, a large (approximately 
3-cm-diameter) water drop was centered on the soil, and the weatherometer cycled between + 20 C. When 
the drop either completely evaporated or infiltrated the soil, the sample was removed, air dried, 
brushed with a stiff brush to remove loose soil, and given another 4-hour hydration test. If the sample 
passed these two tests, it was recycled in the weatherometer. This process was repeated until the 
sample lost either repellency or stability. 

For the ozone and ultraviolet-radiation weathering, separate samples were given five 100-hour 
doses with each dose interspersed with the rigorous brushing, relative repellency and 4-hour hydration 
tests. Chamber ozone concentration was 5 ppb compared to normal atmospheric of 0.2 to 0.5 ppb. The 
UV-weatherometer was designed to compress 1 year of natural weathering (Chicago area) into a 100-hour 
run. 

Contribution from the Agricultural Research Service, U. S. Department of Agriculture. The author is a 
Soil Scientist at the U. S. Water Conservation Laboratory, 4331 East Broadway, Phoenix, Arizona 85040. 
Trade names and company names are included for the benefit of the reader and do not imply any endorse
ment or preferential treatment of the product listed by the u. S. Department of Agriculture. 
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After each of the three weathering tests, the samples were tested for structural stability (erosive 
resistance) with the dripolator test. For this test, 1000 5-mm drops fell onto one point of the sample 
from the 2-m height. Samples were evaluated qualitatively on ability to resist pitting by ti1.e erosive 
force of the drops. 

J!.ESULTS 

All the wax-treated soils, except those treated with kerosene, were initially water repellent and 
passed the 4-hour hydration test (Table 1). The kerosene-treated samples were not further evaluated. 

For the paraffin-treated samples, resistance to structural failure from freeze-thaw cycling gener
ally increased as AMP increased from 116 to 165 F (Figure 2). Increasing the paraffin application rate 
from 0.5 to 1 kg/m2 also slightly improved structural stability, but results were rather erratic. 
Unfortunately, in spite of these slight improvements, none of the paraffin-treated samples performed 
impressively; samples that break down in fewer than 50 cycles have marginal structural stability, since 
many of the high plateau areas of the Southwest experience more than 200 freeze-thaw cycles per year 
(Harshfield, 1974). Of the slack waxes, only the Hawaiian-crude-treated samples performed impressively 
(Table 1). These samples withstood 200 to 300 such cycles before structures were destroyed. 

however, structural failure from freeze-thaw cycling always occurred directly beneath the centrally 
placed water drop--never at the dry periphery. This suggests that extra care in smoothing field water
harvesting plots before treating them with repellent might prevent water retention and subsequent 
freeze-thaw damage. If water retention could be eliminated, any wax that produces a water-repellent 
soil surface (i.e., passes the first two repellency tests) should adequately withstand freeze-thaw 
cycling. 

All samples which had undergone the freeze-thaw cycling test were tested for erosion resistance 
with the dripolator test. Orops impinged on an intact peripheral portion. All passed; only one (the 
lowest rate of the lowest AMP paraffin) showed any erosion. 

Weathering effects from ozone were minimal. I::ven after 500 hours' exposure, no sample failed the 
brush or the 4-hour hydration tests. Thus, soil structure remained stable, and a water-repellent zone 
remained which prevented water infiltration. H.elative repellencies of three treatments fell below 
acceptable levels (L/Ln < 1.30); but, since this test reflects only the exposed treated surface, not 
the treated zone beneath, it is not definitive for judging weathering. The relative repellency test 
indicates only whether the exposed surface material has degraded. 

Ultraviolet (UV) radiation generally caused more severe weathering than ozone. The ll6, 128-130, 
and the 160-165 AMP paraffin-treated samples all failed the 4-hour hydration test after 400 hours' 
exposure. Only the 143-150 AMP paraffin (two highest rates) resisted 500 hours' exposure. lleverthe
less, it has been shown (Fink, 1976) tnat the resistance to UV weathering of certain other types of 
repellents was improved by adding a oit of paraffin. So resistance is relative, and compared to some 
repellents, the paraffins are quite resistant to weathering by ultra-violet radiation. 

All the slack waxes tested (except the Phillips 10 petrolatum at the 0.5-kg/m
2 

rate) successfully 
resisted degradation by exposure to liV. J.lelative repellencies of Hawaiian crude and Phillips 10 petro
latum were reduced to unacceptable levels (L/Ln < 1.30), but none, other than the one exception listed 
above, failed ti1.e 4-nour nydration test for water repellency or the brush test for structural stability. 

All samples passed the dripolator test after the 500 hours of weathering by ozone and UV. Only 
tl1e sample with lowest application rate of the lowest melting point n-paraffin (ll6 AMP) showed any 
erosion. 

Tests c.urrently are underway to find additives for the waxes to improve their weathering resistance. 
Field tests are concurrently underway to verify the more significant of the laboratory findings. 

SUrlMARY AND CONCLUSIO;~s 

1. Freeze-thaw cycling damaged only the soil areas covered with water, which indicates a need for 
properly smoothing catchment sites in freeze-t11.aw-prone areas to prevent rainwater entrapment. 

2. A Hawaiian crude slack wax withstood over 300 freeze-thaw cycles 'before complete structural 
degradation, whereas the other waxes generally failed in fewer than 50 cycles. 

3. Ozone did not significantly degrade the waxes. 

4. Ultraviolet radiation damaged the n-paraffins more than the slack waxes, indicating that the 
cheaper, surplus slack waxes merit field testing for use in water harvesting. 
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Table l. ;..Tater repellency and structural stability of wax-treated Granite Reef soil samples exposed to freeze-thaw 
cycling, ozone, or ultraviolet radiation. 

WEATHERING ELEMENT 

Preweathering.!/ Freeze-thaw Ozone Ultraviolet 

4-hr Drip-}/ -- hrs Drip- --- hrs Drip-
Repellent Rate L/L n 

hyd. Cycles olator 100 200 300 400 500 olator 100 200 300 400 500 olator 

kg/m2 ± ± 
n-paraffins 

~/ kerosene 0.50 - - 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.75 - - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

116 AMP 0.50 + + 13 M !;.2./t;. 2 2 2 N !;. 3 0 0 0 s 
0.75 + + 7" N !;. !;. 2 2 2 N !;. !;. !;. 3 2, 3 R 
1.00 + + 7 N !;. !;. 2 2 2 N !;. !;. 2,3 3 3 B 

128-130 AMP 0.50 + + 7 N !;. !;. !;. !;. !;. N !;. 3 0 0 0 N 
o. 75 + + 16 N !;. !;. !;. !;. !;. N !;. !;. 2 3 3 N 
1.00 + + 17 N !;. !;. !;. !;. !;. N !;. !;. 3 3 3 N 

143-150 AMP 0.50 + + 22 N ll. !;. !;. !;. !;. N !;. !;. A 3 3 R 
o. 75 + + 29 N !;. !;. !;. !;. !;. N !;. !;. !;. !;. !;. N 
1.00 + + 43 N !;. !;. !;. !;. !;. N !;. !;. !;. !;. {;; N 

"' ~ 160-165 AMP 0.50 + + 27 N !;. !;. !;. !;. !;. N !;. !;. !;. 3 3 N 
o. 75 + + 29 N !;. !;. !;. !;. !;. N !;. !;. !;. 3 3 N 
1.00 + + 29 N !;. !;. !;. !;. !;. N !;. !;. !;. 3 3 N 

other waxes 
Bakersfield 0.50 + + 30 N !;. !;. !;. !;. ll. N t>. I 6. ll. !;. !;. N 

slack o. 75 + + 36 N !;. !;. !;. !;. !;. N ---a - - - -
1.00 + + 58 N !;. !;. !;. !;. !;. N !;. !;. !;. !;. !;. N 

Hawaiian 0.50 + + 237 N !;. !;. !;. !;. !;. N 2 2 2 2 2 R 
crude o. 75 + + 352 N !;. !;. !;. !;. !;. N 2 2 2 2 2 R 

1.00 + + 196 N !;. !;. !;. !;. !;. N 2 2 2 2 2 N 

Phillips 10 0.50 + + 16 N !;. !;. 2 2 2 N !;. 2 2 !;. 1,2,3 
petro- o. 75 + + 16 N !;. A 2 2 2 R !;. 6 2 2 2 N 
latum 1.00 + + 16 N !;. !;. 6 2 2 N !;. 2 2 !;. !;. N 

Phillips 20 0.50 + + 16 N !;. !;. 2 !;. 2 N !;. 2 !;. !;. !;. N 
petro- o. 75 + + 33 N !;. !;. !;. !;. 2 N !;. A !;. ll. !;. N 
latum 1.00 + + 57 N !;. !;. !;. !;. !;. N !;. !;. !;. !;. !;. N 

1/ Plus (+) denotes exceeding acceptable levels; negative (-)denotes not meeting them. 
2! Dripolator test: N, none; M, pitting ::S 3 mm; s, pitting > 3 mm; F1 pitting through treated zone. 
3! Zero (0) notation means sample failed a previous critical test in testing sequence. 
4/ Dash means sample was accidentally destroyed prior to completing tests. 

'il 6 denotes passing of all tests: (1) brush test; (2) L/Ln; (3) 4-hr bydration. Numerals denote which test(s) failed. 
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Figure 1. Laboratory testing sequence for evaluating water
repellent soil treatments for water harvesting. 
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STOCK-wATER HARVESTING WITH WAX ON 11IE ARIZONA STRIP 

by 

Keith R. Cooley, Loren N. Brazell, Gary W. Frasier, 
and Dwayne H. Fink 

INTRODUCTION 

Water harvesting has been an important way to supplement water supplies on the Arizona Strip of 
northwestern Arizona for years. It is the only feasible -thod for supplying water to livestock in 
many areas of the Strip, because perennial springs and streams are rare, and groundwater is very deep 
being strongly influenced by the Grand Canyon which forms the east and south borders of the area, or 
consists of isolated perched water aquifers. Installation of an adequate grid of watering spots 
through pipelines and hauling is extremely expensive because of the great distances between existing 
reliable supplies. Water harvesting is also expensive because usually common construction materials 
like concrete, sheet metal, and butyl rubber are used as catchment aprons. However, recent research 
at the U. S. Water Conservation Laboratory (Fink et al., 1973) has shown that catchment aprons 
treated with inexpensive paraffin wax yielded 90% runoff without any measurable decrease in effi
ciency (Fink, 1976) after 4 years. In September 1974, two catchment aprons were treated with 
paraffin wax on the Arizona Strip at costs substantially below those of most previous catchments. 
This paper is a report of the materials used, the cost of the total water harvesting system, and the 
results of the first year of operation. 

DESCRIPTION OF WATER HARVESTING SITES 

HURRICANE VALLEY OR SLOPE CATCHMENT 

This 1-acre catchment is about 45 miles south of St. George, Utah, on the west side of Hurri
cane Wash. Average annual precipitation in the area is about 12 inches, approximately half of which 
falls in winter as rain and snow showers and the other half in summer as thundershowers (Sellers and 
Hill, 1974). The catchment is constructed on a clay loam soil at a slope of 5 to 8%. The apron was 
graded, treated with a soil sterilant, and wet compacted before the wax was applied. Unfortunately, 
the soil surface was inadvertently disturbed immediately before treatment to remove some weeds, and 
thus was not in ideal condition when treated. 

SNAP POINT OR GARRETT CATCHMENT 

This 3/4-acre catchment is about 100 miles south of St. George, Utah. The 12- to 16-inch annual 
precipitation has seasonal distribution similar to that at Hurricane Wash. The catchment is con
structed on a sandy clay loam soil at a slope of 5 to 8%. 

INSTALLATION PROCEDURES 

The apron treatment, storage tank, evaporation-suppressing cover, connecting pipes, and fencing 
are the same at both si tea. The treatment consisted of

2
applying 128" F average melting point (AMP) 

paraffin wax to the soil surface at a rate of 1. 7 lb/yd • The wax (supplied in 2,002-pound cartons, 
each containing 182 ll-pound blocks) was loaded by hand into a 2,000-gallon capacity asphalt dis
tributor truck and then melted to 270" F with the truck's burners. Melting time was considerably 
shortened by using the truck's pumping system to circulate the mlten wax from the tank bottom to the 
unmelted blocks at the top. Once the entire 800- to 1,000-gallon load was melted (4 hours), it was 
sprayed on the apron in only 30 minutes through the truck's spreader bar. 

Water collected is stored in 80,000-gallon tanks with steel sides and concrete bottoms. The 
sides (made of 12-gauge, 6-foot-wide, 10-foot-high, multiplate corrugated steel) were bolted together 
and the joints sealed at the site. After assembly, the tank was placed on 4-inch concrete blocks and 
a 6-inch reinforced concrete floor was poured into the tank and extended about 6 inches outside, 
using ready-mix concrete supplied from St. George. Water is conveyed from the catchment apron to the 
tank by 100 feet of 15-inch-diameter corrugated steel pipe. Evaporation is controlled by a floating 
cover of 1/4-inch foamed rubber that is slightly smaller in diameter than the steel tank. The float
ing cover is protected from blowing or floating off the tank by two 1/9 galvanized wires stretched 
across the top at right angles, and by a series of holes in the tank wall, near the top, for over
flow. Water is supplied to a water trough through a 1 1/4-inch plastic pipe, using a float valve in 
an underground float box for water level control. 

Contribution from the Agricultural Research Service, U.S. Department of Agriculture. The authors 
are, respectively, Research Hydrologist, u. S. Water Conservation Laboratory, 4331 East Broadway, 
Phoenix, Arizona 85040; Watershed Specialist, Arizona Strip District, Bureau of Land Management, 
St. George, Utah; Research Hydraulic Engineer and Soil Scientist, u. S. Water Conservation Labora
tory, Phoenix, Arizona. 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 by the u.s. Depart
ment of Agriculture or the U.S. Department of Interior. 
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The entire water harvestin& syat-, eJCCept the trough, 1B surrounded by an 8-foot-high net wire 
fence to prevent ~ae by liveatock and wUdUfe. 

WATER COLL~ D!lnHG FIRST YEAR 

Estimates of the amounts of water collected at the two water harveatin& aitea are basad on 
precipitation data from several monitorina stations near the catchments. Runoff efficiency was 
assumed to be 90%, based on runoff from similarly treated catchments at the U. S. Water Conservation 
Laboratory's experimental Granite Reef site east of Mess, Arizona, and on observations of runoff dur
ing rainfall at the sites. 

Rainfall at the Hurricane Valley site totaled 10.8 inches between September 1974 and September 
1975. With 90% runoff efficiency, nearly 265,000 gallons of water should have been collected. An 
estimate of the d1Bposition of the collected water 1B as follows: 

Evaporation loss (Cooley, 1970) •••••••••••••••••••••••••••••••• , •• , ••••••••••• 
Used by cows (70 head for 270 days at 10 gal/day [Schulz and Austin, 1976]) ••• 
Remainder m spill during year (some spill observed) ••••••••••••••••••••••••••• 
Storage in tank at end of year (observed) •••••••••••••••••••••• , •••• , • , , •• , ••• 

Total water collected .................................................... . 

5,000 gal 
190,000 gal 

5,000 gal 
65,000 gal 

265,000 gal 

Rainfall at the smaller Snap Point site was 10.5 inches during the year. This amounts to nearly 
200,000 gallons of runoff, assuming 90% runoff efficiency. Because this range section has another 
water source, we assumed that usage by cows was equally divided between the two sources. Estimated 
disposition is: 

Evaporation loss (Cooley, 1970) ............................................. .. 
Used by cows 1/2 (150 head for 200 days at 10 gal/day [Schulz and Austin, 

1976]) ..................................................................... . 
In storage at the end of the year ........................................... .. 
Remainder • spill during year (some spill observed) ••••.•..•••.••••••••••••••• 

Total water collected ................................................... • 

5,000 gal 

150,000 gal 
35,000 gal 
10,000 gal 

200,000 gal 

Evaporation rates at both sites were estimated to be 72 inches per year (Cooley, 1970), which 
would have amounted to nearly 50,000 gallons of water. Cooley and Myers (1973) found that floating 
foam rubber covers reduced evaporation losses by about 90%, which would save 45,000 gallons of water 
at each site. 

ECONOMICS OF WATER HARVESTING SYSTEMS 

Cost of the various components of the two systems and the labor and equipment required for in
stallation (1975 prices) are presented in Table 1. Included are (1) prices of individual items; 
(2) subtotals for apron, tank, installation, and other items; (3) cost per unit area of apron; 
(4) cost per 1,000 gallons of storage; and (5) total system cost. 

A first estimate of the cost of the collected water can be made by dividing the total cost of 
the completed water harvesting systems by the total amount of water collected during the year. This 
calculation is presented in the upper portion of Table 2 for the two sites. Based on this 1-year 
method, any water collected in the future would be free, unless additional costs for maintenance or 
re-treatment are incurred. Even if all of the costs are charged to this first year of operation, the 
costs of the collected water are competitive with the $2,000 to $5,000 per mile costs for piping or 
the $15 to $37 per 1,000 gallon costs reported for hauling water (Pearson et sl., 1969; Peden, 1971; 
Roberts, 1971), especially when these figures are adjusted for the rough terrain and remoteness of 
this area and for the increased costs since these figures were compiled. 

A more realistic approach would be to amortize the cost of the system over at least 10 years. 
Maintenance and re-treatment costs must be added to initial costs in this case. Estimated costs of 
the collected water, assuming the same amount of water collected each year and two wax re-treatments 
on the aprons, are presented in the lower portion of Table 2. 

Regardless of the method used to determine the cost of the water collected, this metbod of 
supplying water is competitive with other methods sucb as hauling or piping. Of even greater eco
nomic benefit is the water saved by the floating foamed rubber cover. As shown in Table 1, this 
cover costs $350. Amortized over a 10-yesr period, this amounts to $350 x 0.149 = $52.15/yr. The 
cost of the 45,000 gallons saved each year would therefore be (52.15 t 45,000) x 1,000 = 
$1.16/1,000 gallons, or about one-fifth the cost for collecting the water originally. 
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LIMITATIONS OF WAX TREATMENTS 

The results of the first year of operation of these two wax catchments are very encouraging, 
especially when compared with other systems where aprons cost 3 to 10 times more (Frasier, 1975). 
However, because some paraffin-treated aprons have failed, this treatment cannot be universally 
recommended. The wax seems to work best on sandy soil, although other soil factors such as the 
kind and percent of clay and the presence of gypsum influence the effectiveness. 

Comprehensive laboratory tests are underway (Fink, 1976) to determine which soils can be effec
tively treated with wax, and under what climatic conditions. Different types of waxes and 
combinations of wax and other materials are being tested on a variety of soil types. The labora
tory tests are designed to evaluate two major types of treatment failure: (1) lack (or loss) of 
water repellency, and (2) lack (or loss) of structural stability. Hopefully, even cheaper, more 
effective water-repellent materials will be found that can be used under a variety of soil and cli
matic conditions. 

SUMMARY AND CONCLUSIONS 

Two water-harvesting systems constructed on the Arizona Strip of northwestern Arizona for which 
common p.iraffin wax was used to waterproof the apron have proved very successful during the first 
year of operation. Both provided water at a cost competitive with that for hauling or piping water 
into the sites, even if the entire cost of the system was charged to the first year of operation. 
If costs were amortized over a 10-year period, the cost of the water collected would be between $5.74 
and $7.26 per 1,000 gallons or less than one-third that for hauling and piping. Water saved by 
reducing evaporation losses was an even greater bargain, costing only $1.16 per 1,000 gallons. 

Wax treatments are most effective on sandy soils and in warmer climates. Laboratory and field 
studies are being conducted to delineate the applicability of a variety of different waxes and wax 
mixtures on a wide range of soil types, and under various climatic conditions. 
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Table 1. Coat of water harvesting systems. 

Apron: Paraffin wax •••••••••••••••••••••••••••••••••••••• 

Tank: 

Truck and driver - 5 hrs at $38/hr •••••••••••••••• 
Soil sterilant •••••••••••••••••••••••••••••••••••• 

(Cost per square yard of apron) 

80, 000-gal, steel side~ ••••••••••••••••••••••••••• 
Concrete bottom (26 yd ) •••••••••••••••••••••••••• 
Reinforcing wire, seam sealer, etc • ............... 
Floating 1/4-inch foamed butyl cover •••••••••••••• 

(Cost per 1,000 gallons of storage) 

Other: 15-inch culvert with flared end ••••••••••••••••••• 
250 ft of 1 1/4-inch pipe, 10-ft trough ••••••••••• 
8-ft net fencing and barbed wire - 52 rods ••.••••• 

Installation: BLM crews and equipment •••••••••••••.•••••• 

Total cost of system ..••................... 

Hurricane Valley 

1250 
190 
100 

$IT4o 

($.32/yd
2

) 

2900 
670 
265 
350 

$4185 

( $52/1000 gsl) 

1000 
175 
450 

$1625 

$1800 

$9150 

Table 2. Cost of collected water. 

Hurricane Valley 

Total cost absorbed in first year 

Coat of system •••.•••••••••••••••••••••••••••••••••••••... $9150 
Water collected .•.•..••.••••.•••••••••••••••••••••••••••.• 265,000 gal 
Cost per 1,000 gallons ••••••••••••••••••••••••••••••••.••• $35/1000 gal 

Cost amortized over 10 years 

Maintenance cost (valves, floats, etc.) •••••••••••••••.••. $ 120 
Re-treatment cost (2 treatments at 1 pound/square yard . • . • 1450 

Average cost per year 

Average cost per year of initial investment 
at 8% interest ••••.•••••.•••••••••••••••.•••••••••.••••• 
(Capital recovery factor = 0.149) 
(Linsley and Franzini, 1964) 

Total cost per year for 10 years 

$1570 

$157/year 

$9150 X 0.149 
$1363/yr 

$1363 + $157 
$1520/yr 

Cost of water collected .•.•••••••••••••••••••.••••••.••••• $1520/265,000 • 
$5.74/1000 gsl 
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Snap Point 

925 
190 
100 

$1215 

($. 33/yd
2

) 

2900 
770 
265 
350 

$4285 

($54/1000 gal) 

1000 
175 
450 

$1625 

$1800 

$8925 

Snap Point 

$8925 
200,000 gal 
$45/1000 gal 

$ 120 
llOO 

$1220 

$122/year 

$8925 X 0.149 = 
$1330/yr 

$1330 + $122 
$1452/yr 

$1452/200.000 
$7.26/1000 gal 



MATHEMATICAL MODELLING OF A FORWARD OSMOSIS EXTRACTOR 

by 

C .. D. Moody and J. 0. Kessler 

ABSTRACT 

Osmosis occurs when two solutions of differing osmolar concentrations are separa
ted by a membrane permeable to the solvent but not (or nearly not) to the solutes. 
This paper derives the relationship between the kinetics and design parameters of sys
tems designed for the purpose of applying this process to problems such as agricultural 
water reclamation, dehydration of solutions and the production of potable nutrient sol
utions from sea water. Three mathematical models that include increasingly complex 
fundamental process assumptions are presented. In all cases the fundamental mechanical 
device is assumed to be a continuous flow extractor that incorporates a semipermeable 
membrane. 

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 min
imum amount of work is required for partial or complete separation of solvents and sol
utes (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 con
centration by removing solvent). Standard methods are available. They include evap
oration/recondensation, separation by freezing and reverse osmosis. All require ex
penditure of at least the minimum energy of separation and also relatively sophistica
ted equipment. 

In this paper another method is suggested (see also Moody and Kessler, 1971, 1975; 
Kessler and Moody, 1975, 1976; Murray, 1968; 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 situations 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; 
Loeb and Bloch, 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 harm
less or useful one -- containing fertilizer, for instance -- thereby reclaiming a re
source that would otherwise be lost (MK 1975). 

One of the most interesting situations where forward osmosis may be applied is in 
the derivation of emergency potable water supplies for humans in small ocean vessels 
such as lifeboats. In that case the process may be used to transfer water from the sea 
into a concentrated nutrient solution (Kravath and Davis, 1975; Kessler and Moody, 
1976) 0 

The principal advantages of the proposed process over other purification processes 
currently available are: 

(1) The only energy required is in the initial construction, in maintenance and, some
times, in the pumping of fluids. This feature is important in remote installations, 
such as lifeboats or primitive agriculture, or where the energy costs areunusuallyhigh. 

(2) The elimination of hydrostatic pressure differences results in advantages over the 
popular reverse osmosis method. 

(a) There is no membrane compaction problem. 

(b) For extracting water from an infinite source (e.g. seawater), it is not nec
essary to increase the concentration of the source solution. This advantage both 
minimizes the work required to extract the water and reduces the pretreatment 
requirements. 

(c) The mechanical construction may utilize lightweight plastics which would be 
inexpensive and not subject to corrosion. 

(d) There is no need for expensive and potentially dangerous high pressure pump
ing systems which require extensive operator training and maintenance checks. 

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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Fiq. 1. Schematic exploded view of the countercurrent extractor, illustrating the 
conservation of solute current (dashed arrows) and the change of solvent 
current (solid arrows of changing length) due to the addition and subtraction 
of the membrane solvent current Qm. The width of the extractor and membrane 
(into the paper) is 1. The height is h, the height dimension being specified 
by 0 s x s h. The differential membrane current in the increment t>x is q tt>x, 
where qW is the membrane flux. The subscripts d and s stand for "drivingW and 
"source', respectively. The dots indicate the membrane halves in this "exploded" 
diagram. 
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The chief disadvantage of the proposed process may be size. This factor becomes 
important if the fluid output rate must be large and the difference in the osmotic 
pressure between the two solutions must be minimized. It should be remembered, however 
that a one-molar concentration difference corresponds to approximately 20 atmospheres 
of hydrostatic pressure so that the size becomes excessive (or solvent transfer rate 
too slow) only near the equilibrium concentrations. 

An ultimate objective assessment of the utility of the proposed process (for exam
ple~ la Tribus, 1970) will depend on theoretical results such as those given in this 
paper, experimental results in the field, the availability of new membranes which may 
be designed especially for this process, and/or an assignment of utilities to the var
ious advantages cited or as yet unknown. 

OBJECTIVE 

The objective of this paper is to establish a mathematical framework that can be 
used in determining design criteria which will maximize water transfer rate, minimize 
solute transfer, optimize the utilization of driving solute, minimize the physical 
size of the extractor and optimize any other pertinent factors. 

PHYSICAL MODEL 

A forward osmosis continuous flow extractor in countercurrent mode is shown sche
matically in Fig. 1. wd(x) is greater than w (x), and solvent flows through the mem
brane from right to left from the source solu~ion into the driving solution. If the 
membrane is also permeable to either solute, then there are also solute flows across 
the membrane (not shown in the schematic). 

The feed rates, Qd(O) and Os(h), can be varied in order to achieve different de
grees of hydration of the driving solution and different degrees of dehydration of the 
source solution. 

MATHEMATICAL MODELS 

In Model 1 the membrane is assumed completely impermeable to the solutes, and the 
concentration polarization at the membrane is neglected. The one differential equation 
is solved analytically. In Model 2 the membrane is assumed permeable to the solutes 
and solvent. The membrane solute and water flows are assumed independent of each 
other; concentration polarization at the membrane is neglected, and the source solution 
concentration is assumed constant. The three differential equations which describe the 
membrane solute and water flows may be solved by numerical integration. Model 3 
presents the same situation as Model 2 but in addition the concentration polarization 
on both sides of the membrane is taken into account in order to approximate the effect 
of countercurrent fluid dynamics on the membrane transfer rates. 

MODEL 1 

The simplest mathematical description of the forward osmosis countercurrent ex
tractor is based on the assumptions listed below. Assumptions 1 and 2 may represent 
serious oversimplifications of the physical system. 

(1) The membrane is completely impermeable to all solutes. 

(2) Perfect mixing exists perpendicular to the counterflows so that at a given loca
tion x, the solution is homogeneous on each side of the membrane (i.e., neglect con
centration polarizations at the membrane). 

(3) There exists no convective or diffusive mixing in the direction of the counterflo.ws. 

(4) The temperature and the osmotic coefficients ad and as' are constant. 

The differential equation for the extractor is 

( 1-1) cl Q m(K) = q"' (x) = L ( 1rJW - 1rs(x)) I 
1 J--. I 

where ~ is the width of the membrane and is assumed constant. qm(x) is the local mem
brane flux in cm3/(cm2-sec) = em/sec, and Q (x) in (cm3/sec) is the total flow through 
the membrane in the interval (O,x). The osmotic pressures appearing on the right hand 
side of Eq. 1 are determined by 

( 1-2) ~ (x) - ot....· RT c.,;M and 
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(1-3) C.(><) = I ooo n;/q..~ ... 
By assumption 1, the solute currents on each side of the membrane are conserved so that 
ni is constant. Solvent conservation is described by 

(1-4) d Oc~&J _ dJJ/,; _ cl Q • .i.<J 
_/ d!( - X - -::r;;;;-• 

Integration of Eqs. 1 and 4 indicates that Qd{x) and Qs(x) differ by a constant: 

Om&<) =_ifrmWd" = QJQt..)-QJ(o) = QsC>9 -Qs(o)., 
0 

and therefore 

( 1-5) 

K*Qg(o) is the constant difference between Qd{x) and Qs(x), and K* may be considered 
to e a matching coefficient for the solvent counterflows. of the two solutions. 

Combining Eqs. 1, 2, and 3 yields 

(1-6) 
J O~fi<) _ /Ooo.)L RT(<><ci'>d _ --<s n, \ 
7 dx - 0d(><) Q,(x.J} • 

Introducing the dimensionless membrane flux, Qm*(x), 

( 1-7) 
QJ{x)- Qc/(c>) ' 

Qd(o) 

and a. the matching coefficient for the osmolar counterflows of the solutes in the two 
solutions 

(1-8) ?-
Eq. 6 can be rewritten using Eqs. 5, 7 and 8: 

The control variables for an extractor of this design and operating mode are the 
concentrations of the feed solutions, cd(O) and c5 (h), the solvent feed rates, Qd(O) 
and Qs(h), the membrane area, th, the membrane water permeability constant, L, and the 
extractor temperature, T. These variables control the values of the output concentra
tions, cd(h) and cs(O), and the total membrane water flux, Qm(h). 

In many applications one may assume that the output concentrations and the total 
membrane flux are specified first (with the restriction ~d.cd(x) > ~s·c 5 (x) which im
plies a lower chemical potential of water on the driving side of the extractor at 
every point on the membrane), and the control variables are adjusted to meet these 
specifications. Some of the control variables are not easily varied. For example, 
cd(O) is at most the solubility of the driving solute at the given temoerature. cs(h) 
is the concentration of the available source solution. L is determined by the state of 
the art in membrane technology. If we consider that for a given application cd(O), 
Cs(h), LandT are fixed, then Qd(O), Qs(h) and th are the only remaining control var
iables which can be adjusted in order to produce the desired output concentrations and 
total membrane flow. 

K*, 8 and Q *(H) can be written in terms of the given concentrations, cd(O) and 
c 5 (h), and speci~ied product concentrations, cd(h) and cs(O). The matching coefficient 
for the solvent counterflows is 

{ 1-11) 
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K* ranges from -~ for constant source concentration (only hydration of the driving 
solution occurs) to +1.0 for constant driving solution concentration (only dehydration 
of the source solution occurs). K* = 0 when the two solvent flows are matched, i.e., 
when Qs(x) = Qd(x). 

countercurrent osmolar flows is 

(1-12) f = 1-
a ranges from -~ for constant source solution concentration to +1 .0 for constant driv
ing solution concentration. a= 0 when the two osmolar flows are matched, e.g., when 
ascs(h)•Qs(h) = adcd(O)•Qd(O). 

The dimensionless total membrane water flux, Qm*(h), is 

( 1-13) Q ~{h' = C,j(o) -) 
m Y Cd(h) • 

One may calculate the value of Qd(O)/lh required to produce the specified product 
concentrations, cs(O) and cd(h), from Eq. 10: 

Jid(o) 
( 1-14) n 

L~~ft , 
Q;OYje. +(I-J<:.,.+k)Q.,,.(h)+pj;l(l-f3)kfj- o:. (h)J 
· jJ f1 . [ 1-K';IJB 

Qd(O)/ih is a function of cd(O),cs(h), L, T, cd(h) and cs(O) where the values forK*, a and 
Qm*(h) are given by Eqs. 11, 12 and 13. 

The average membrane flux per unit area is 

(1-15) Q (h)= Qd(o) (cj(o) -/). 
I m -;(h \.:" Cd(hJ ') 

The source solvent feed rate is 

( 1-16) L
-cj(o) /j Qj(O) c;]7l.5 - • 

/th 1- §g c 5 o 

For the given assumptions of complete salt rejection by the membrane, given con
trol variables: cd(O), c~(h), L and T, and specified product variables: cd(h), cs(O) 
and Qm(h), Eqs. 14, 15 and 16 calculate the operating solvent feed rates for the driv
ing and source solutions and the average membrane flux. In Fig. 2, Eqs. 14, 15 and 16 
are used to plot Qd(O)/lh, Qs(h)/lh and qm(h) versus cd(h) for the specific case of 
transferring fresh water from brackish water into a fertilizer solution. 
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Fig. 2. Simulation by Hodel 1 of a forward osmosis extractor for the produc
tion of fertilizer water from brackish water. cd(h) is the product concentra
tion of the.ammonium sulfate fer~iliier water; cd, limit • (aslad)•cs(h); lh 
is the total membrane area in em ; Qd(O) fs the fertilizer solvent feed rate 
in grams/sec; Qs(h) is the solvent feed rate of the brackish source solution; 

5 Qm(h) is the average membraDe water flux. Fixed parameters are: L • 1.37 x lo
grams- cm- 2 - sec- 1 - atm-1; cd(O) = 5.75 molal (NH4l2S04, c5 (h) • 0.0513 
molal NaC1(3000 mg/liter), c5 (0J • o16 molal NaCl (35,000 mg/liter), ad= 2.30, 
as = 1 .86, RT = 24.5 liter-atm mole- • Hodel 1 assumes zero membrane solute 
flux and no concentration polarization. 

For dehydration only or for 
entia! equation Eq. 6 instead of 
6 (K* = 6 • 1.0 for dehydration; 
is constant and Eq. 6 becomes 

hydration only, it is simpler to rewrite the differ
evaluating Eqs. 14, 15 and 16 at the limits of K* and 
K* = 6 = -oo for hydration). For dehydration only cd 

( 1-17) Jg:{x) =-~ L (rrJ -JOOOQ(sns RT/~(0) • 

Integrating Eq. 19 and rearranging the result yields the operating solveni feed 
the source solution as a function of the given control variables: cd, cs(h), L 
and the specified product concentration of the source solution, Cs(O): 

L 7rd 

rate of 
and T 

Constant cd requires that Qd(O)/lh + +oo. The average membrane water flux is then 

'l
m(h) = alh) (1- c/J,)\. 
~ Cs{o)) 

For hydration only, cs is constant and Eq. 6 becomes 

(1-18) 
dQ,.,(x) 

dx 
_j[ (ooo<><c~nJRT/Qd(x)- -rrj • 

Integrating Eq. 18 and rearranging the result yields the operating solvent feed rate of 
the driving solution as a function of the given control variables: Cs• cd(O), L and T 
and the specified cd(h). 

( 1-19) 

Constant Cs requires that Qs(h)/lh + +oo. The average membrane water flux is 

(1-20) fm (h)·= 1'A{o) ( ~~{:~ -i) • 
For the specific case of transferring fresh water from seawater into a nutrient 

solution for humans, Eqs. 19 and 20 are used to plot qm(h) and the fresh water obtain~ 
per mass of nutrient versus lh/Qd(O) in Fig. 3. FRESH is defined as kg. of water ex
tracted per kg. of nutrient and is given by 

FRESH 1000 Cim(h) ,th 
cd(O) Qd(O) Molecular weightnutrient 

MODEL 2 

Model 1 assumes that the membrane is solute impermeable and that concentration 
polarization is negligible. In this section the mathematical model includes the pass
age of solute through the membrane. Concentration polarization is still neglected. In 
addition, the source solution concentration is assumed constant so that only hydration 
of the driving solution occurs. This constant source solution concentration restric
tion is made for the purpose of using the extractor to transfer water from an unlimited 
seawater or brackish water source. The model can be expanded to describe the more 
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Fig. 3. Simulation by Model 1 of a forward osmosis extractor for the extrac
tion of drinking water from seawater. Fresh is liters of water extracted per 
kg. ~f nutrients; qm(h) is the avera~e membrane water flux in grams - cm-2 
sec- ; ih is the membrane area in em ; Qd(O) is the gutrient solvent feed

1
rate 

in gfams/sec. Fixed parameters are: L = 4.05 x lo- grams - cm-Z - sec- -
atm- , cd(O) = 10.0 molal glucose-fructose, cs = 0.6 molal NaCl, ad = 1.04, 
a5 = 1.86, RT = 24.5 liter-atm mole-1. Model 1 assumes zero membrane solute 
flux and no concentration polarization. 

general hydration-dehydration operation of the forward osmosis extractor, but for brev
ity the additional equations are not included here. 

The new assumptions are: 

(1) Solute rejection by the membrane is less than 100%. 

(2) Water and solute membrane flows are independent. 

(3} Concentration polarization at the membrane surfaces is neglected. 

(4} The source solution concentration, cs, is constant. The change of ns due to loss 
of source solute molecules and due to gain of driving solute molecules is neglected. 

(5) There exists no convective or diffusive back mixing in the direction of the 
counterflow. 

(6) The temperature and the osmotic coefficients, as and ad, are constant. 

There are three differential equations for the membrane flows of water and solute~ 
For membrane water flow into the driving solution, 

( 2-1) dQJ{?<) =- 9m(x) =:- L (7rd(><) + 7fdJx) -775) • 
.-1 dx 

For loss of driving solute from the driving solution, 

(2-2) 
v-IJ ccf(x) 

1000 
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F.or gain of source solute into the driving solution, 

(2-3) 
Ws (cs -q..OY} .. 

1000 

The algebraic equations for the extractor are: 

(2-4) 7T"_; = o<_.· S·(>9 RT, 

(2-5) 

(2-6) 

(2-7) 

. (2-8) 

cjr&= Jooo n.J@jQJ{tJ, 

CJ/'4= /000 nJ5 (,Y/QJ(-9 ' 

v/5 (Cs-~Cx.P 
Cp(x) = '7m(x) .1 

Q,./x)= Oc~&J -Qc~roJ • 

The boundary conditions at x = 0 for Eqs. 2-1, 2-2 and 2-3 are: 

nd(O) = cd(O) Qd(0)/1000; 

( = 0.0 if the driving feed solution contains 
no source moleculesij 

Qd(O) =arbitrary constant= 1.0 gram/sec for simplicity. 

The membrane transport coefficients (ws' w and L) are related to each other by 
the state of the art in membrane technology. Mgnufactures' attempts to decrease the 
solute permeability generally result in decreasing the water permeability. For ex
ample, Sourirajan (1970, p. 229) presents data for sodium chloride and water permeabil
ities of cellulose acetate membranes. For low pressure m~~branes, WNaCl and L are re
lated by the empirical equation, L = 9.38 x 10-~ (wNacll· . The additional informa
tion provided by such empirical equations between L, Ws and Wd can be used in conjunc
tion with Model 2 in order to select the optimum membrane for a given application. The 
results of a simulation by Model 2 of a forward osmosis extractor for the extraction 
of drinking water from seawater are shown in Fig. 4. 

MODEL 3 

Model 3 approximates the effect which the fluid dynamics of the counterflows has 
on the membrane transfer rate by assuming the existence at the membrane of two un
stirred films or concentration boundary layers of thicknesses ad and as. The concen
trations are assumed to equal the bulk solution concentrations, cd(x) and c 51 at the 
distances ad and a from the membrane. As in Model 2 the concentration of the source 
solution far from ihe membrane is taken to be constant. i.e., the extractor is assumed 
to operate in the hydration mode with an infinite source supply. Again the model can 
be expanded to describe the more general hydration-dehydration operation of a counter
flow forward osmosis extractor. This step has not been taken here because the ensuing 
complications obscure the main points, and also because the present model is adequate 
for dealing with the hydration application of the succeeding paper (KM 1976). 

The assumptions for Model 3 are: 

(1) Solute rejection by the membrane is less than 100% and greater than 90%. 

(2) The concentration boundary layer thickness, as and ad are not functions of x or 
local changes of concentration and flow rate. 

(3) Assumptions 2, 4, 5 and 6 of Model 2. 

302 



10.0 
10 X "7 

t 
8.0 

~ 
<{ 

6.0. u 
CJ) 

...J FRESH 
<{ 
CJ) 

a:: 4.0 w 
> 
z 
::::> 

2.0 

c~.Ch) 
lOx--

00 
c 

lxl04 2xl04 3xl04 4xl04 1 

lh/Q ( )" (cm2 -sec) do m gram -

Fig. 4. Simulation by Model 2 of a forward osmosis extractor for the extrac
tion of drinking water from seawater. c0 (h) and Cds'(h) are the local and total 
salt cones. of the membrane flu~ FRESH is liters of water extracted per kg. 
nutrient; th is the membranT area in cm2; qm(h) is the average membrane water 
flux in grams - cm-2 - sec- ; Qd(O) is the nutrient solvent feed rate in grams/ 
sec; D is She nutrient fraction conservfd· The membrane properties are: L = 
4.05 x 10- grams- cm-2- sec-1 - atm- , WNaCl = 2.02 x lo-5 em/sec, wd = 
7.13 x lo-6 em/sec. The operating parameters are: cd(O) = 10.0 molal glucose
fructose, c5 = 0.6 molal NaCl, ad= 1.04, as= 1.86, RT = 24.5 liter-atm-mole-1. 
Model 2 neglects concentration polarization. 

In response to water flowing through the membrane, the concentration of the source 
solute increases near the membrane surface on the source side of the extractor, and the 
concentration of the driving solute decreases near the membrane surface on the driving 
side of the extractor. In order to calculate the water and solute fluxes through the 
membrane, it is necessary to know the solute concentrations at the membrane surfaces. 

For a binary system the mole flux of the solute A relative to stationary coordina
tes is (Geankoplis, 1972) 

( 3-1) 
""D dxA c* U N = - c 'AB -- +- A Ay dy 

where: y is the direction normal to the membrane; 

c* is the total number of moles per cm 3 of solution; 

cA* is the number of moles of solute A per cm3 of solution; 

DAB is the diffusion coefficient of solute A in solvent B; 

xA is the mole fraction of solute A; 

U is the mole average velocity relative to stationary coordinates. 

Inserting into Eq. 3-1 the equation for U, U = (NAy+ Na)!c*, yields 

NAy= - c-~~' Q8 :;A + XA (NA
7 

.,_ Ney) • 
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Rearranging terms, 

d 
ctt- DAa dxA 

(3-2) t = N ) 
-IVA; +XA (NAy+ By 

In addition, c* is a function of xA. 
~ I __ I , 

C =X,..~ -t-x8 Va - Vg{J+xA{n-D) 

where VA' VB are the partial mole volumes of A and B, and n = VA/VB. 

Defining e = NAy/NBy' and inserting the above equation for c* into Eq. 3-2, 

d DAB dxA , 
(3-3) '( = CJm(-€ +><A(/-l:{n-2)) +><A'Z.{n-JXI+-e)) 

where qm = VBNBy" 

For constant 
tions: 

(3-4) 

the boundary condi-

The membrane is chosen and the extractor is operated so that e << (xAw and xA). If 
(n - 1 )xAw and (n - 1 )xA., « 1, then Eq. 3-4 can be approximated by 

The mole fraction of solute A at the membrane surface is 
-rm•/oAB 

XA =XA~e • w ~ 

Making th i t . cAw _xAw ' yields e approx ma 10n, -c--
Aoo XAoo 

C - C -r,., 6/~a 
Aw- A~ e • 

For non-negative qm, 55 and 5d, the molal concentrations at the membrane surfaces are: 
-9,., 6.1~ 

(3-5) Cdw = CJ e ; 
'1,.., f>,/Ds 

(3-6) Csw = C 5 e . 
The membrane water flux into the driving solution is 

(3-7) <Jn_,(x) = L ( 7fc/._.Jx) + 71Js:(x) - 7Tsv.A<?) • 

Inserting Eqs. 2-4, 2-7, 3-5 and 3-6 into Eq. 3-7 yields 

-r ,J..-A) b.J I iJ,J(><J 
(3-8) Cjm(j<.) = L (7T<f{xl e. +lfds - 7Ts 

Dd(x) is the diffusion coefficient of the driving solution averaged in the y direction 
and is defined by: )Cd(>'J ~\ 

- Cdvfi. Dd {cj.l de:; 
(3-9) Dc~(>0 - !X Ca(J<) 

de;; 
CJ.,.(;9 
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Because Eq. 3-8 cannot be solved directly for qm(x), the authors took the derivativeof 
Eq. 3-8 with respect to ldx (dq (x)/ldx). The resulting Eq. 3-10 although more com
plicated than Eq. 3-8 yields a Tinear equation for dq (x)/ldx. The first order differ
ential equation for dqm(x)/ldx can be nu~erically intWgrated to obtain qm(x), and then 
qm(x) can be numerical 1y integrated to yield Qd(x). 

For Model 3, the six coupled differential equations are: (Although not so noted, 
cd, cds' cdw' Ud' Qd, qm and wd are functions of the location x) 

( 3-11) 
dOd - ?m . 
}clx 

.I 

dcJ 
. -'Jm 6.;/15.; 

(3-12) - -We/ cde Cj Cjm J 

~ QJ Qd 

dcc1w dCcJw 1!1;- + 
dc,/111 dcds • 

(3-13) 
)ciT< 

-
d <j'rn dCds Jdx J 

l< 

(3-14) 
d DJ d0J dcJ + .dDc! dcJw 

7dx - ;;;) cd U dCd.v 7Jx 

( 3-15) 

The algebraic equations for the partial derivatives are: 

( 3-16) 

(3-16a) JcJw = - «-5 RT/-<dRT 
dCc/.s 

' 

arrd 
and (3-18) require an empirical equation for the diffusion coeffic-

acdw 
(3-17) 

ient, a function of the molal concentration, cd. 
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The values of qm' Qd, cd' cdw' ~d and cds at x 

Qd(O) = 1.0 grams/sec; 

0 are: 

cd(O) = Feed concentration of the driving solution; 

cds(O) = 0.0 (cd
5

(0) is non-zero only if the driving feed solution contains 
source molecules); 

q (0), c (0) and ii (0) can be obtained by successive approximations with the fir!t 
!WO te~ms of ~We Taylor ~eries expansion for qm(O) where qm(O) is defined by Eq. 3-8; 
Dd(O) is defined by Eq. 3-9; and cdw(O) is obtained from Eq. 3-19. 

_J__ [ (. 0· 9..,(~osiL?. ~~ 
(3-19) Cdw(o)=,.~dRT rz o + ot. 5 RT(c5 e -cd,(o)j 

Eqs. 3-8 through 3-19 require estimates of the concentration boundary layer thick
nesses, o and o . In the succeeding paper (Kessler and Moody, 1976) o and o for a 
laboratorj forwa~d osmosis extractor are estimated by minimizing the suM of sqBares 
deviation of the experimental results and the results predicted by Model 3. 

Three mathematical models for the forward osmosis extractor have been presented. 
For the ideal case where there exists no membrane solute flow and no concentration 
polarization at the membrane surfaces, Model 1 describes the extractor. The analytic 
solution of the governing differential equation for membrane water flow can be used 
without recourse to a computer. For the more general case where the membrane is 
slightly permeable to the solutes and with the assumption that no concentration polar
ization exists at the membrane surfaces, Model 2 describes the extractor's potential 
for a given membrane. Model 3 contains the complete design characteristics for the 
forward osmosis extractor based on the membrane transport properti•s, the diffusion co
efficients of the two solutions and average values of the thicknesses of the concentra
tion boundary layers. 

Ci 

c* 

CA, CB 

cp 

Di 

js 

K* 

Lp 

NA' NB 

ni 

qm 

qm 

Qm 

Qi 

Q * m 
R 

T 
Wi 

concentration of solute i in moles/liter H2o. 
total mole concentration in moles/m 3 

= CA + c8 • 

concentration of the solute and solvent respectively 

source solute concentration of the membrane permeate. 
mol es/1 iter H2o 

in moles/em. 
1 000 j s 

cp qm 

diffusion coefficient for solute i in water in cm 2/sec. 

mole flux of source solute through the membrane in moles/cm 2-sec. 

dimensionless matching coefficient for the solvent counterflow on the 
driving side and the source side of the forward osmosis extractor. 

membrane water permeability coefficient in em 
sec/atm • mole flux r~lative to a fixed point of solute and solvent respectively 

in moles/em -sec. 

solute counterflow for solute i in moles/sec. 

local membrane flux in em/sec. 

average membrane water flux is em/sec (qm = Om/Membrane Area). 
X 

membrane water flow in cm3/sec i d qm(x')dx' 

solvent counterflow for solution in cm3/sec. 

dimensionless membrane water flow. 

universal gas constant = .0821 liter-atm mole-degree 
temperature in degrees Kelvin. 
membrane permeability coeff. for solute in em/sec. 
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VA' vB 

XA' XB 

ai 

e 

6i 

'TTi 

SUBSCRIPTS 

d 

ds 

dw 

sw 

partial mole volume of components A and B in solution (cm3/mole). 

mole fraction of the solute and solvent respectively· 

osmotic coefficient of solute i (= 1.86 for NaCl ). 

dimensionless matching coefficient for the countercurrent osmolar flows 
of the driving solution and the source solution. 

boundary layer thick~ess of the concentration polarization on side i of 
the membrane in em. 

osmotic pressure of solute in atm. 

driving solution. 

source solute which has passed through the membrane into the driving 
solution. 

driving solute property at the membrane surface. 
refers to either source or driving solute. 
source solution. 

source solute property at the membrane surface. 
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FEASIBILITY OF USING SOLAR ENERGY FOR IRRIGATION PUMPING 
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ABSTRACT 

Solar powered pumping ts technically feasible. However, solar energy intensity is 
variable and its collectton requtres high capital investment. Present production 
methods might requtre modiftcati~n for most economic use of solar energy. Various 
irrigation and pumpi'ng practi'ces are e11amined to determine those most compatible with 
use of solar power. 

The tentative conclusion of tfie study is that solar energy usage is most economi
cal for driving pumps only duri'ng sunlight hours and where pumping requirements are 
uniform throughout the year. Solar energy ts a more costly source of pumping power 
than electricity or natural gas. 

INTRODUCTION 

Electricity costs have risen dramattca11y during the past three years and natural 
gas shortages portend curtatlment. Where water ts obtained from wells as much as 90 
percent of the energy input for irrigated crop production is used for pumping. Arizona 
crop production is completely dependent on irrigation. Forty-eight percent of the 
cropland is irrigated wtth groundwater and another 34 percent is irrigated with a 
combination of ground and surface water. 

Solar energy is a potential source of power for irrigation pumping and could 
reduce fossil fuel demands. However, solar energy is diffuse and available only during 
part of the day. Its intensity varies seasonally and from day to day with changes in 
atmospheric conditions. This paper assesses the technical and economic feasibility of 
using solar energy to drive irrigation pumps and discusses changes in pumping and 
irrigation practices which might be required with solar energy usage. 

SOLAR POWER GENERATION 

The conversion of solar energy to mechanical motion can be accomplished in a number 
of ways. Solar energy can be captured and converted to electricity by photovoltaic 
cells. These cells presently provide power for use in satellites and other remote loca
tions. Though very promising, a production technology breakthrough may be required for 
solar cells to become an economic energy alternative for other applications (Kaplan, 
1975). 

Solar energy can also be collected as thermal energy, converted to mechanical 
energy and used to drive a pump or electric generator. SOFRETES, a French firm, has 
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Engineering Department; Associate Professor, Agricultural Economics Department; and 
Research Associate, Soils, Water and Engineering; respectively, The University of 
Arizona, Tucson. Approved for publication as Journal Paper No. 193 Arizona Agri
cultural Experiment Station. 

Part of a research grant funded by the National Science Foundation (NSF-RANN PTP-75-
19465) through the Agricultural Research Service, U.S. Department of Agriculture to 
investigate The Feasibility of Using Solar Energy for Feedlot Operation and Irrigation 
Pumping. Participants are: 

Solar Energy Laboratory, University of Houston 
Mechanical Engineering Department, Texas Tech University 
Soils, Water and Engineering Department, University of Arizona 

309 



operational solar-powered pumping installations in Mexico and Africa (SOFRETES, 1975). 
General Electric (Eckard, Bond and Robertson, 1975) and other industri·al concerns 
(Lindsley, 1976) ·have developed and are testing turbine and multi-vane expanders which 
convert low temperature thermal energy to rotary motion. Currently the largest power 
unit is believed to be the 30 KV turbine used by SOFRETES. Simple flat plate collec
tors can provide the required low temperature energy (perhaps as low as 65"C). 

Higher temperature thermal energy can be converted more efficiently, an important 
consideration in solar energy utilization where collection is the major expense. 
Fresnel lens, parabolic reflector and multiple heliostat central receiver designs are 
some of the concepts being developed to concentrate solar energy and obtain tempera
tures as high as 600"C. Commercially available turbine generators could be driven by 
the steam produced by solar energy concentration. 

PUMPING DURING DAYLIGHT HOURS 

Irrigation pumps commonly operate continuously for several months during the peak 
irrigation period. For this situation, the use of solar energy as the sole power 
source would necessitate energy storage for use when solar energy is unavailable, pump
ing of larger quantities of water during hours of sunlight or a reduction in irrigation 
water use. Higher pumping rates could be obtained by increasing well output or drill
ing additional wells. Both methods require revised water management techniques. Irri
gation water requirements could be decreased by improved irrigation efficiencies, crop 
substitutions and reduced acreages. 

INCREASE OUTPUT OF PRESENT WELLS 

Pumps are often selected to produce the maximum continuous discharge rate which 
does not exceed specified drawdown {difference between pumping and static water levels) 
limitations for a well in a given aquifer. Output of such wells cannot readily be 
increased, but possible methods of increasing the output of present wells are: 

a. Increased pump capacity. If greater drawdown is permitted, well output could 
be increased by use of a higher capacity pump. Larger bowls or faster turbine 
speeds could provide the higher discharge rates. However, casing diameter 
limits possible changes and pumping efficiencies would likely be reduced. Pump 
replacement and greater pumping depth would both be required to increase pres
ent well output. 

b. Increased well depth. A larger amount of aquifer could be made available for 
pumping if well depth is increased and the aquifer extends beyond the depth of 
the present well. However, a different pump would be needed to realize the 
increased well discharge rate and energy requirements would increase with the 
pumping depth. 

c. Increased well diameter. Doubling the well diameter would yield only a small 
(approximately 11 percent) increase in its discharge rate, however, existing 
casings are prohibitively expensive or impossible to remove. 

d. Well development. Rate of water movement from aquifer to well can be increased 
by well development to increase transmissibility of the aquifer in the region 
adjacent to the well. The development will yield little improvement in a "good' 
well or in a well which is gravel packed, but might improve transmissibility 
if a well has not been previously developed or has not been developed for a 
number of years. 

ADDITIONAL WELLS 

Additional wells offer a more promising method of compensating for the reduction in 
pumping h~rs and consequent reduction in daily well output due to use of solar energy 
and minimal energy storage. For example, three wells each delivering 1600 gallons per 
minute for six hours and 800 gallons per minute for two morning and two late afternoon 
hours would produce approximately the same amount of water per day as one well pumped 
continuously at 1600 gallons per minute. 

To evaluate the potential for this modification, a computer program was used to 
compare the drawdown which might result from continuously pumping one well with that 
caused by pumping three wells during daylight hours. For the selected aquifer and 
continuous pumping of a single well at a rate of 1600 gallons per minute, drawdown was 
34.5 feet at the end of the simulation. Maximum drawdown was 32.7 feet at the center 
well when three wells spaced 400 feet apart in a line were pumped during daylight hours 
in accordance w{th the schedule described above. The higher, periodic pumping did not 
result in excessive drawdown. 

The fixed and variable costs of pumping water have been estimated for several 
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typical wells, pumps and power sources fn various locations in Arizona by Hathorn (1976). 
An example, Table 1, shows variable costs to be greater than fixed costs. Investment 
in well and pumping equipment would triple if three wells were required instead of one. 
The threefold investment increase would raise the ffxed pumping cost to over $20.00 per 
acre foot of water. The cost of usfng solar energy for pumping must include additional 
required pumping and water delivery facflfties. 

Table 1. Cost of pumping in Cochise County, Arizona (Hathorn, 1976). 

Fixed Cost (600 acre feet/yr. 

Variable Cost (310 foot lift) 

Total Pumpina Cost 

HANDLING HIGHER PUMPING RATES 

Electrical Power 
$.0295/kwh 

7.14 

19.70 

$26.84/ac.ft. 

Natural Gas 
Lll78/therm 

9.55 

12.17 

$21.72/ac.ft. 

Greater pumping rates during sunlight hours would create a need for methods and fa
cilities for handling more water during these hours. Irrigation efforts during daylight 
hours would be increased or water storage provided to level out the delivery of irri
gation water. Larger ditches would generally be required for the first method, reser
voirs for the latter. Additional ditch construction or replacement of current ditches 
with larger ones would be costly. Where possible, well locations could be distributed 
to avoid the need for larger ditches. 

Storage of the water discharged by two of the three 1600 gallon per minute pumps 
during daylight operations would require a storage volume of less than five acre feet. 
An earthen berm around a surface reservoir could provide the structure. Additional 
pumping lift would be required to fill the reservoir, but water could be discharged by 
gravity flow as desired. The reservoir would be subject to seepage and evaporation 
losses and control of these losses could be costly. Reservoir maintenance would in
clude weed contral measures. 

CHANGE IN WATER REQUIREMENTS 

Capital investments in wells and pumps, and also in solar energy collection equip
ment, increase with required pumping rates. A reduction in the required pumping rate 
is therefore highly desirable. Modest improvements in irrigation water delivery and 
pump-power plant efficiencies would yield direct benefits. For example, increasing 
water delivery and application efficiency from 60 to 70 percent and pump-power plant 
efficiency by a like amount would result in a 27 percent decrease in the irrigation 
power requirement. The reduced water requirement represents additional benefit. 

A reduction in acreage would obviously result in decreased total pumping demand. 
However, well capital investment would be larger per cultivated acre. Certainly a 
change in the combination of crops to be irrigated could result in a reduction in peak 
pumping demand. The peak consumptive water requirement for the example crop combin
ation shown in Figure 1 is estimated to be over 30 percent less than for cotton alone. 
A uniform pumping demand throughout the year is highly desirable when fixed costs 
constitute a major portion of pumping costs. 

IRRIGATION MANAGEMENT 

Intermittent water availability would cause changes in irrigation practices. Flood 
irrigation frequently requires water delivery for a period longer than sunlight hours 
in order to refill the soil root zone to its moisture holding capacity. Intermittent 
water delivery could reduce application efficiencies and increase water requirements. 
Irrigation labor needs might also be greater. 

Sprinkler and drip irrigation systems are large capital investments. These systems 
are sized to meet maximum crop water requirements when used approximately at maximum 
capacity. Larger systems would be required if water were available for only a fraction 
of the day. 
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Figure 1. Consumptive water and pumping power requirement for two cropping systems 
at Mesa, Arizona. Running water level ts 300 feet, water application 
efficiency is 70 percent and pump-power plant energy efficiency is 65 
percent. 

LARGE RESERVOIR 

Greater utilization of solar energy collection and conversion equipment will yield 
lower unit energy costs. Solar energy intensity and crop water requirements are vari
able so energy supply and demand will frequently be unequal during the year. A reser
voir which allows continuous daylight pumping and provides water for peak crop demands 
will minimize capital costs for wells, pumps and energy collection and conversion equip
ment. Reservoir construction costs will be great if a natural site is not available 
and reservoir maintenance will be necessary. Reservoir water losses w111 merit control 
when more costly than pumping. 

CONTINUOUS PUMPING 

Twenty four hour pumping would require energy storage for use during periods when 
solar energy is unavailable or utilization of alternative energy sources when solar 
energy is insufficient. 

ENERGY STORAGE 

Solar energy must be stored if it is to be used as the sole energy source for con
tinuous pumping. Energy storage concepts being developed by various researchers in
clude batteries, fuel cells, flywheels and thermal energy storage (Ramakumar, 1976). 

Use of a storage system necessitates collection of sufficient energy during sunlight 
hours to power the pump and charge the energy storage system. For example, solar energy 
might be used directly for eight hours and energy from storage would supply pumping 
power for the remainder of the day. The collection equipment and storage system re
quired for 24-hour pumping would be a large investment; one comparable to that required 
for the three well possibility described previously. 

SOLAR PLUS SUPPLEMENTAL ENERGY 

Solar energy might be used to power the pump only when directly available. A 
limited amount of energy storage, perhaps for one hour of use, would provide a buffer 
to counter small variations in solar input. One of several alternative energy sources 
could then supply pumping power for the remaining period. Coal, wood or oil could 
supply the thermal energy provided by solar energy during sunlight hours. A single 
system would be required for converting thermal to mechanical energy with this proce
dure. A burner would be the only additional item required in the energy conversion 
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system. However, system operation would require some labor or mechanical input to 
handle the alternative fuel. source. 

Management might be easier if electricity were used to drive pumps when sunlight is 
unavailable. This method would be particularly attractive if off-peak electrical rates 
were available. Several persons have proposed that an attractive relationship would be 
solar powered pumping with excess solar generated power being sold to utilities when 
available, perhaps during peak demand late afternoon hours. The farm would in turn re
ceive electric power for night time use at reduced rates. 

UTILIZATION OF VARIABLE ENERGY 

Lesser amounts of solar energy are available during early morning, late afternoon 
and cloudy periods. A pumping system requiring a minimum level of power for operation 
would not fully utilize low solar energy inputs, Figure 2. Energy storage can extend 
operational hours somewhat. Less costly pumping would result from use of pumps which 
could efficiently utilize the variable solar energy input . 
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Figure 2. Variability in solar energy intensity received on a clear day. 
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An energy conversion system which utilizes variable input energy levels to produce 
corresponding variable levels of shaft power is being investigated by Texas Tech 
University researchers (Strickland, 1976). Turbine pump power requirements and output 
are less at reduced speeds. Maximum pump efficiency is generally obtained only for a 
narrow range of operating speeds. However, some pumps are available for efficient 
pumping with variable speed operations. 

SOLAR POWERED PUMPING COSTS 

Many solar components required in a pumping installation are not available commer
cially. A comparison of solar powered pumping costs with costs using other energy 
sources can only be estimated using assumed future solar equipment costs. Alcone (1976) 
estimates the cost of pumping with solar energy at $60-$100 per acre foot. His estimate 
assumes a thermal energy conversion efficiency of 10 percent, 10 percent interest with 
a 20-year capital recovery period, solar collector costs of $5 to $20 per square foot, 
and 100-200 foot pumping lift. The cost would be about 25 percent less if off-peak 
electric energy were used along with solar energy. 

The capital investment in equipment to collect solar thermal energy and convert it 
to mechanical energy has been projected by other researchers to be $1000/KW electric 
(Lipps and Hildebrandt, 1976). Assuming operating costs of $10,000 per year for a 100 
KW plant, 10 percent interest with a 20 year capital recovery period, pumping fixed 
costs of $10 per acre foot and uniform yearly pumping demand for over 200 days, solar 
powered pumping would cost over $50 per acre foot of water. This cost would be compet
itive if electrical rates were approximately two times and natural gas rates three to 
four times those used in computing costs in Table 1. Pumping costs of this magnitude 
would result in uneconomic production of many crops in Arizona. 
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DISCUSSION 

Solar powered pumping is technically feasible. However, more efficient, lower cost 
energy collection and conversion are required for solar energy to compete with alter
native energy sources today. 

Continuous pumping would require energy storage or use of another energy source in 
conjunction with solar energy. Large, costly energy collection and storage systems 
would be required with use of solar energy alone. Off-peak electrical power or another 
energy source could be used with solar energy and provide less costly energy for con
tinuous operation. 

Major changes in current irrigation and pumping practices would be required if pump
ing was possible only when solar energy is available. Higher pumping rates might be 
required during periods of solar energy availability. Revised irrigation practices 
might also be required to reflect the sun dictated schedule. Use of a reservoir would 
prevent the need for daily matching of pumping and application rates. 

Solar powered pumping costs would be largely due to capital investment. Uniform 
yearly water production would thus be least costly. Projected solar powered pumping 
costs would result in uneconomic production of several Arizona crops. 
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STUDY OF THE ADEQUACY OF THE WATER SUPPLY 
FOR THE CAREFREE-CAVE CREEK AREA 
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by 
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INTRODUCTION 

The water supply for the Carefree-Cave Creek area is derived solely from local groundwater 
sources. Groundwater began to be extensively pumped in the early 1960's for municipal and com
mercial uses. Prior to that time. only a few ten's of acre-feet were pumped annually for local do
mestic and stock use. Present pumpage is approximately 1300 acre-feet per year. A result of the 
increased pumpage has been water level declines of up to 50 feet near Carefree. As a result of 
these declines and proposed extensive development within the obviously small groundwater basin, 
concern has been expressed about the future of the water supply for the Carefree-Cave Creek area. 

PURPOSE AND SCOPE 

The purpose of this study was to determine the adequacy of the water supply of the Carefree
Cave Creek area in general and of several proposed subdivisions in particular. The Water Com
mission had decided that, because of the small size of the area and the importance of long-term 
effects, a digital model could be used to good advantage to simulate the response to future water 
demand. Further, the digital model allows refinement of the data through simulation of known 
conditions, and facilitates location of areas where additional data are needed. 

LOCATION AND PHYSICAL FEATURES 

The Carefree-Cave Creek area, which includes the communities of Carefree and Cave Creek, 
is located approximately 30 miles north of Phoenix. The groundwater basin, which provides the 
bulk of the water supply, trends northwest, is approximately 7 miles long, and averages 2 miles in 
width. See Figure 1. The basin is surrounded by essentially impermeable hardrock boundaries with 
a small outflow section on the west side of Black Mountain. The area is within the Basin and Range 
Physiographic Province and New River-Cave Creek groundwater basin. 
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Geohydrology. Runoff from the surrounding mountains is the primary source of recharge to 
the water-bearmg ·sediments in the Carefree-Cave Creek area. Only a small portion of the runoff 
reaches the groundwater reservoir where it moves northwestward downgradient toward Cave Creek, 

Alluvial de.posits, which form the principle aquifer in the area, were most probably derived 
from the adjacent mountains. Theae depbaite appear to consist of a variably-cemented, hetero
geneous mixture of silt, sand, gravel, cobbles and boulders. Because the sediments vary consider
ably in grain size aver short distances both horizontally and vertically, the permeability of these 
deposits can vary considerably both areally and with depth. Regardless of this complexity, the 
saturated sediments in the study area probably respond to long periods of pumping as one unconfined 
groundwater system. 

The aquifer system is considered to have been in approximate equilibrium prior to 1960, that 
is, inflow was roughly equal to outflow. Some groundwater was being pumped for domestic and 
stock purposes but not enough to significantly affect the water levels. Increasing pumpage after I960 
resulted in significant water level declines in the Carefree area. 

MODELING OF THE HYDROLOGIC SYSTEM 

The digital computer model used for this study is a modification of the one currently in use by 
the Water Resources Division, U. S. Geological Survey. The study area covers the entire Carefree
Cave Creek basin. The area modeled is as shown on Figure I. All of the boundaries are the basin's 
natural boundaries as defined by the geology and extensive geophysical data. The model was pro
grammed for water table conditions. 

The modeling procedure consisted of three steps: (I) collection and preparation of model in
put data (2) calibration and verification of model and (3) projection of future water level declines 
associated with the existing and proposed additional demands for groundwater. 

MODEL INPUT DATA 

The first step in the modeling procedure is the collection and preparation of data that defines 
the overall hydrologic system. For this study input data to the model included: (1) transmissivity 
and storage coefficient values which de scribed the physical characteristics of the aquifer (Z) natural 
recharge and discharge (3) water level elevations and (4) the amount and distribution of historic 
pumpage. 

This study used transmissivity data obtained from three aquifer tests: One of these tests was 
conducted by the Arizona Water Commission staff in 1973, two were conducted by Manera and 
Associates, Consultants, in 1973 and 1974. The values of transmissivity from these tests ranged 
from 200 gpd/ft to 20,000 gpd/ft. }j One test was conducted in the extreme eastern part of the 
study area and two tests in the central part of the study area. No aquifer test was available from the 
western part of the study area. Data from these tests were of quite variable reliability because 
testing conditions were sometimes less than desirable, 

Initial values of transmissivity assigned to the model were based on all of these tests, plus 
specific capacity data from twelve other wells. These initial T values were subsequently adjusted 
during the steady state calibration step. 

Storage Coefficient. No aquifer tests with sufficient data to determine storage coefficient 
values were available in the study area. Initial assigned values ranging from 3 to IO percent were 
assigned based on storage coefficients for similar basins in Arizona and with some modification 
following the T distribution. These storage coefficients were also subsequently adjusted during the 
non-steady state calibration step in order to have the model duplicate known conditions. 

Natural Recharge. Recharge to the aquifer occurs primarily from streamflow generated by 
precipitation in the nearby mountains. Several ephemeral streams cross the basin and recharge was 
initially distributed according to the size of the respective drainage area which contributed to flows 
across the basin. This distribution was slightly modified during the steady state calibration step to 
make the model conform to known conditions. Recharge is estimated to be approximately 260-300 
af/yr. 

1. The T value of 200 gpd/ft as reported is probably much smaller than the actual value 
because the we 11 has only 30 feet of producing section. 

316 



Historic Pumpage. Historic pumpage data was available for the Carefree area from the 
records of the Carefree Water Company and the local golf course. Historical pumpage was dis
tributed to the nodes based on the location of the wells within the basin and the relative production of 
each well, In addition to the pumpage of the water company and the golf course there was some 
unmeasured pumpage for the community of Cave Creek as well as from a :i:ew scattered domestic 
and stock wells in the basin. Because nothing was known about the latter pumpage amount or dis
tribution it was not cons ide red in the steady state portion of the modeling effort. 

Water Level Elevations. Early water level data are scarce as there are only four wells that 
can be considered to have pre-pumpage water level data, These early water surface elevations, 
plus some water level data from wells which were only slightly affected by the early pumpage period 
were used in the steady state calibration step. 

A set of post-pumpage water level measurements were obtained in late 1974 and early 1975. 
These water level data were used in the non-steady state calibration step. Even this data is sparse 
due to a lack of measurable wells in the area, 

CALIBRATION OF MODEL 

Model calibration using historic water levels, recharge, and pumpage is a prerequisite to use 
of the model for projection of future conditions, Normally an independent verification is also con
ducted using a different historic period to determine how adequately the model simulates future 
water level declines in response to projected pumpage. Lack of data prevented this step in this case. 
To partially compensate for this lack of an independent check the model was calibrated in two steps, 
i.e., pre and post-pumping periods. In addition, these steps allow the adjustment and refinement 
of the data, point out the sensitivity of the model to data inaccuracies, and help determine areas 
where more data is nee de d. 

The model was structured with a constant head boundary on the western side, and by no-flow 
boundaries on the north, south and east sides, In this case recharge from Cave Creek was assumed 
to produce a constant head boundary along the entire western side of the model. 

The calibration step utilized both steady state and non-steady state conditions. The steady 
state condition was used to describe the water levels prior to 1960 when the aquifer was assumed to 
be under a stable natural condition, i.e., natural recharge is equal to natural discharge and both 
were assumed to be constant. To operate the model in this mode the storage coefficients for all 
nodes were set equal to zero. This constraint forced the model to change water level elevations in 
all nodes, except constant head nodes, until a configuration was obtained that balanced the inflow 
with the outflow for all nodes, This portion of the calibration step allows analysis and adjustment 
of the distribution and magnitude ofT and recharge using the measured early water surface eleva
tions as a target, A correlary goal was that during adjustment ofT and recharge the values re
mained within the expected range for the basin. 
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The final simulated pre-1960 steady state water level configuration is shown on Figure 2.. As 
data. was too spars·e to draw an early contour map the model's nodal elevations were only compared 
with available data. pointe. In the remainder of the area the elevations were thought to simulate a 
possible solution which was not unreasonable. Although the results shown on Figure 2. do not com
prise a unique solution to the problem, they form a probable solution and one which can be used as 
a starting point for the non-steady state step. 

The non-steady state calibration step consisted of simulating the thirteen year pumpage his
tory, using a post-pumpage water level configuration determined from the 1974-75 round of water 
level measurements as the target. The non-steady state runs were primarily used for manipulation 
of the initially assigned storage coefficient. This step allows analysis and adjustment of the mag
nitude and distribution of storage coefficient. Slight adjustment to the other parameters were also 
made in order to make the model better conform to observed conditions. After such changes were 
made the model was again run in the steady state condition to determine if any gross changes had 
occurred. No significant changes of steady state conditions were seen to occur which provided a 
semi-independent verification of the parameters ofT and recharge. As can be seen on Figure .3 
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the model as finally calibrated was able to duplicate the water level configuration with good accu
racy especially in the area of the most significant amount of pumpage, the center of the basin. Data 

was sparse ill the eastern portion of the basin so the accuracy in this portion of the basin is difficult 
to assess. Thus, although less than perfect, the model was judged to be adequate for use in pro
jecting impacts of future pumpage on the groundwater resources in the basin. 

PROJECTION OF FUTURE EFFECTS 

After the model was calibrated it was used to project the effects of the presently committed 
pumpage plus the initial 1900 lot phase of the proposed Carefree Ranch project for 2.0 and 100 year 
periods. Committed pumpage included the supply for the communities of Carefree and Cave Creek, 
all recorded lots in these areas not currently developed that would be served by wells in the basin, 
plus the demand for another small development in the extreme eastern end of the basin. See Thble 1. 

The unit demand for the 1900 lots was assumed to be the same as the present municipal and 
industrial demand in the area served by the Carefree Water Company. It should be noted that only 
a portion of the Ranch overlies the groundwater basin, thus the actual location of the pumpage center 
is restricted to this area. The results of the projection runs for periods of 2.0 and 100 years are 
shown on Figure 4. Declines of over 1100 feet in 100 years were projected for small areas 
centered on the Ranch field, and under Carefree. This would result in water levels of 1300 to 1400 
feet. 

The results of this run show that the effects of the pumpage for this portion of the Ranch will 
extend throughout the entire basin. Declines near the basin margins exceed 400 feet in the 100-
year period. Portions of the aquifer system, notably along the basin margins, are relatively thin. 
Those portions of the basin, most notably the areas of Cave Creek and Carefree, may be 

318 



Present 

Table 
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dewatered by the combined effects of the committed and proposed increased draft on the aquifer. 
Large areas of sufficient saturated thickness will remain in other areas, however, allowing room 
for a redistribution and management of the well fie Ids to maintain production in this eventuality. 
Still, these effects are substantial and must be considered in planning the area's future. 

SUMMARY 

The Carefree-Cave Creek area's water supply is derived solely from groundwater, The basin 
from which the water is drawn is relatively small and the water supply is finite. Data within the 
study area are scanty and lacking in many areas but fortunately, the greatest concentration of fairly 
reliable data is in the vicinity of the greatest potential demand, the center of the basin. 

The calibration-verification phase of the modeling effort was hampered by the lack of water 
level data prior to 1960 as well as the lack of parameters describing the aquifer. Of particular 
concern was the lack of data describing the magnitude and distribution of storage coefficients in the 
study area; these and other parameters were estimated and adjusted within reasonable values during 
the calibration of the model so as to best duplicate known conditions. The model does not perfectly 
duplicate the actual 1975 water levels but is reasonably close, The model comes within 5 to 10 feet 
of duplicating the decline in the central portion of the basin from 1961 to 1974. This close dupli
cation of measured water levels and water level changes indicates that in the center of the basin the 
model can give reasonable projections of water level changes resulting from future water demand. 
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The projected impacts of the proposed development of 1900 lots on the Carefree Ranch as 
indicated by the results of the projection run indicate that the drawdown will be large even for 
Arizona, As would be expected, because these are the major centers of pumpage, the Carefree 
area and the southern portion of the proposed Carefree Ranch development show the maximum 
amounts of drawdown, Results of the projection runs can be seen on Figure 4, The average max
imum decline was approximately 11 feet per year, Redistribution and/or dispersal of the pumpage 
would likely diminish the maximum decline, 

In general, the simulated declines over the projection periods are at the extreme end of 
normal practices in Arizona, It is probable that the large withdrawals for the proposed Ranch 
project plus the already committed demand for the Carefree-Cave Creek area as specified in the 
model, would lower water levels throughout the entire Carefree-Cave Creek basin, Areas near the 
margin of the basin may be entirely dewatered. The severity of this impact would depend upon the 
actual thickness of the aquifer in a given area, 

CONCLUSIONS 

The conclusions presented in this report regarding the groundwater supplies of the Carefree
Cave Creek area and the proposed Carefree Ranch project are drawn from model studies that will 
continue to be perfected and upgraded with the addition of new data that should improve the accuracy 
of predictions. The conclusions have been arrived at, and therefore must be judged, considering 
the accuracy of the available data and the modeling effort, The effects of the predicted impact 
should be considered in conjunction with the safety factors of remaining saturated thickness and 

operational water management options available to the area, The following conclusions have been 
drawn: 

l, The digital model of the groundwater reservoir in the Carefree-Cave Creek area, 
primarily due to data and time constraints, has not yet been verified to the degree 
that permits unequivocal reliance, Nevertheless, it is concluded that the model 
as presently developed is able to give a reasonable prediction of the possible 
effects of the future demands for water on the groundwater resources, 

2, On the basis of studies to date, it is evident that the effects of the projected 
groundwater demands for the demand levels considered have a substantial 
impact on the groundwater reservoir, The impacts of the proposed development 
of 1900 lots on the Carefree Ranch are within the range of experience elsewhere 
in Arizona, but would cause drawdowns in water levels which are at the extreme 
mar gin of what can be cons ide red as normal. Therefore the conclusion of the 
Arizona Water Commission is that the groundwater supply of the Carefree-Cave 
Creek basin area is adequate for the proposed 1900 lot first phase of Carefree 
Ranch, 

3, It is obvious that under existing demands and the studied projected demands, the 
basin's water resources will be heavily exploited, Future proposals for dev
elopment should be carefully analyzed as to their impact on the area's water 
resources, both to existing users and the proposal's own water supply adequacy. 
Further substantial development of the available land base would probably lead 
to the failure of the area's water supply, Thus, development of the Ranch to 
the projected population of 26,000 would be judged, at this time, to be infeasible 
as the demands on the basin, under present conditions, would be excessive. 
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WINDBREAKS MAY INCREASE WATER 
YIELD FROM THE GRASSLAND ISLANDS 

IN ARIZONA'S M-IXED CONIFER FORESTS 

by 

J. R. Thompson, 0. D. Knipe, and Phil M. Johnson 

The general hydrologic characteristics, selected climatic factors, and soil properties of the high
elevation grasslands are compared to the surrounding forest. Evidence shows that water yield could be 
increased by 1-1/2 to 2 inches if snow could be held where it falls. It may be possible to establish 
tree windbreaks in the grassland by altering the microclimate during establishment, and introducing 
mycorrhiza with the planted seedlings. This conclusion is supported by good survival in a 2-year 
planting trial. 

INTRODUCTION 

The high elevations (9,000 feet and above) of eastern Arizona include about 80,000 acres of grassland 
in large continuous blocks, surrounded by, or interspersed with, mixed conifer vegetation. We estimate, 
using Schmidt's (1972) transport model, that snow particles completely sublimate during 1,800 feet of air 
travel under average snow-season climatic conditions at Seven Springs, a representative grassland 
watershed. By accumulating this blowing snow behind shelterbelts, it would be possible to increase water 
yield from the grasslands by approximately 10,000 acre-feet. 

STUDY AREA 

The East and West Forks of the Seven Springs watershed are located about 7 air-miles north of Big 
Lake and ll miles south of Springerville, Arizona (figure 1). Elevations range from about 9,200 to 
9,765 feet. East Fork has an area of 748 acres, and West Fork 482 acres. Plant cover is typical 
of the grasslands, dominantly Arizona fescue (Festuca ar>isonica). Associated species include mountain 
muhly (MuhZenbePgia montana), pine dropseed (BZephaPoneuron tPichoZepis), and longtongue mutton 
bluegrass (Poa ZongiZiguZa). 

These paired watersheds are being calibrated to allow a "treatment" on one, with the other 
serving as control. The objective of a treatment will be to test vegetation windbreaks as a 
means of controlling snowdrifting. Data reported here are from these watersheds and from the 

,gaged mixed conifer watershed at Burro Mountain, which was instrumented in 1960 as an administrative 
' inventory-study site. 
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Figure 1.--The high-elevation grasslands in Arizona. Solid 
circles locate gaged watersheds; open triangles indicate 
surrounding high points. 

Thompson an~ Knipe are Principal _Meteorologist and Range Ecologist, respectively, United states Depart
ment of Agr1cu~ture, Forest ~erv1~e, Rocky Mountain Fo~est and Range Experiment Station, Forest Hydrology 
Laboratory, Ar1zona State Un1vers1ty, Tempe. Johnson 1s a graduate student at Arizona State University 
Tempe. ' 
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SOILS 

The grasslands and associated forests are underlain by 4,000 to 8,000 feet of Tertiary basalt 
{Wilson 1962). Volcanic cinders cover much of the area, and cinder cones are a prominent feature 
in the landscape. 

Grassland soils are classified into three series: Bandera, Cinder, and Big Lake. Sponseller'soils 
are the major timber-producing soils adjacent to the grasslands. Sponseller soils in the mixed conifer 
range in depth from 12 to 48 inches, while the grassland soils vary from 12 to 32 inches. 

The chemical and physical properties of the grassland soils and adjacent forest soils were 
analyzed to determine if differences were sufficient to retard or prevent the encroachment of trees 
into grassland areas. Although differences between the soils of the two vegetation types were 
statistically significant, it is doubtful that they are sufficient to affect the growth of vegetation. 
The concentrations of the major nutrient-elements were within the range normally expected for soils of 
subhumid to humid regions. The absence of mycorrhizal fungi in grassland soils was confirmed by soil 
cultures and ocular examination. Thus the differences in the chemical and physical properties of 
these soils are probably due to landform and vegetation, rather than to variation in the chemical 
content of the basaltic parent material. 

CLIMATE 

Mean daily temperatures averaged by month are very similar in the open grassland and adjacent 
mixed conifer forest {figure 2). The 730-acre Burro Mountain watershed is slightly cooler in the 
summer but very similar to the grassland during the winter snow season. These are shelter temperatures 
and do not take wind into consideration. The 10-year average wind velocity at Seven Springs for the 
winter period is 10 miles per hour {mph). Peak gusts of 50 to 65 mph are common. With an average 
minimum temperature of 11° to 15° F from December to March, these grasslands have a harsh climate 
compared to the forested areas. 

-"" • -

60 

50 

f 
~ 40. 
0 

·~ 
E 
.!30 
c 
0 

:1 
20 

0 N 0 J F M A M J J A S 
Months 

Figure 2.--Mean monthly tempera
tures {°F) at Burro Mountain 
{1963-1974l and Seven Springs 
{1965-1974 . 

The cinder cones within and along the grassland's leeward edge support forests on the north-facing 
slopes, but only the more gently sloped, low cones have trees on the south-facing slopes {figure 3). 

Wind direction is predominantly from the SW quadrant tfigure 4). For the 10 years of wind records, 
65 percent of the time the wind is from the S, SW, or W. The strongest winds are from the S and SW 
{figure 5). 

324 



Figure 3.--Cinder cones found within the 
grasslands are timbered on the protected 
sides (upper left}, where blowing snow 
accumulates (upper right). Some of the 
smaller, gently sloping cones are forested 
on all sides (lower left). 

Figure 4.--Wind direction at Seven Springs 
in percent of occurrences, Dec.-Apr.-
1965-75. 

325 

N NE E SE 5 SW W NW 
Wind direction 



North 

South 

HYDROLOGY 

• 15 mph or less 

0 Greater than 15 mph 

0 10 20 

"'"'""'""'""' Percent of total 
occurrences 

figure 5.--Dlstribution of 4-hour average 
windspeeds and direction during the win
ter (Dec.-Apr.} at Seven Springs, 1965-75. 

Annual precipitation at Seven Springs (9,200 ft elevation} averages 22.3 ~nches, while the adjacent 
mixed conifer areas range from 28 inches at Thomas Creek (8,350 ft} to 31.7 inches at Burro Mountain 
(9,350 ft}. Precipitation is split almost equally between summer and winter. Seven Springs receives 
56 percent of the annual precipitation during the June-October period, while Burro Mountain receives 
52 percent. 

The precipitation gages in the surrounding forests clearly show a positive relationship between 
elevation and mean annual precipitation. Seven Springs does not follow that pattern, however (figure 6}. 
Past studies have shown that the amount of precipitation caught in a gage decreases with increasing 
wind velocity. We suspect the grassland gage is about 30 percent low in total catch because the site 
is exposed to almost continual wind • 

.. • ..c: 

.! -_g -.2 
Q.20 
·u 
! 
0. 

QL.....oo.......,__........_ __ _._ __ ....J 

0 8000 9000 10000 
Elevation (fMt) 

Figure 6.--The relationship of mean annual 
precipitation and elevation is evident 
where the gages are in the forests of 
the White Mountains (circles). The 
grassland gage (triange) falls outside 
the relationship. 

Burro Mountain yields 17 percent of its recorded precipitation as streamflow. Seven Springs yields 
14 percent. These figures are misleading, however. If the grasslands actually receive approximately 
the same precipitation as the surrounding forests, their yield efficiency is much lower--in the neighbor
hood of 10 percent. This is only a part of the picture. Streamflow occurs predominantly as a result 
of snowmelt; 96 percent at Seven Springs and 80 percent at Burro Mountain. The patterns--as indicated 
in figures 7 and 8--are similar for both areas, but the quantities are quite different. 
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Snow does not remain in place on the grasslands except in natural topographic catchments (figure 9) . 
Snow survey data indicate that the grassland snowpack is about one-half to two-thirds of the mixed 
conifer pack at the time of peak accumulation. The water yield from the grassland snowpack is three
fourths of the amount yielded from the forest, although summer flows are negligible at Seven Springs. 
The disproportionately higher snowmelt yield can be explained by the presence of frozen soil in the 
grassland (Mace 1968). Because of this concrete-type frost, infiltration is restricted and surface 
runoff generates streamflow. 

Managing these grasslands for improved water yield requires that the snow be held in place. Trees 
planted to develop into windbreaks along the upwind edge of natural depressions may be an acceptable 
means of achieving this goal . Standard snow fences would probably be esthetically unpleasing in 
this highly visible recreation travel zone. 

ENVIRONMENT- VEGETATION RELATIONS 

Figure 9.--Wahl Knoll is at the northern edge of 
the high elevation grasslands. Snow on the 
windward s 1 opes is swept into the 1 ee forest 
and topographic depressions. The upper left 
photo was taken at the peak of snow accumula
tion. Upper right and lower left photos were 
taken one week apart during snowmelt in the 
spring. 

WINDBREAK TEST 

The slow rate of spread of trees into the grasslands appears to be due to site soil-moisture 
relations. In the grasslands, p1·ecipitation is probably less effective because of (1) relatively 
high evaporation in the summer, (2) sublimation losses in winter, and (3) in the absence of barriers, 
a large part of the snow blows across the grasslands. 

There are three environment-vegetation relations in the grasslands: (1) Along the windward 
border of the grasslands and on the lee side of hills that rise sharply within the grasslands, the 
environment-vegetation relations conform to the community type hypothesis; that is, the grassland
forest interface is sharply defined. (2) Along the lee border, the environment-vegetation relations 
are such that the grassland-forest interface tends toward a continuum; that is, tile interface is 
not clearly defined. (3) Within the grass~ands there are several low hills that support timber; 
the grassland-forest interface in these situations also tends toward a continuum. 
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In the latter two situations, occasional trees and considerable numbers of seedlings are found 
well out from the timbered stands; indications are that the absence of trees is due primarily to 
tovographic influences on wind patterns and the resultant modification of micro-climate. 

Trees moving into the grassland modify the micro-environment in their vicinity and create a 
situation suitable for further advance. This self-perpetuating situation may eventually lead to 
forest in the present grasslands. 

TREES PLANTED 

Containerized seedlings of Engelmann and blue spruce (Picea engeZmannii and P. pungensJ and 
Scotch, Austri'an, and limber pine (Pinus syZvestzoi.s, P. nig:Pa, and P. fie:dUsJ were planted in the 
Seven Springs area in early July 1974. The spruce and a variety of limber pine are native to the 
adjoining forests. The Austrian and Scotch pine were selected because their climate and site 
requirements are similar to those of the site. All species selected have growth characteristics 
desirable for windbreaks. 

The study design was a randomized complete block with three replications, with three subplots 
(rows) containing three transplants of each species in each row. Distance between rows and seedlings 
within rows was 6 feet. The rows were parallel to and 30 feet on the lee side of 4-foot-high snow · 
fences established to protect the seedlings from wind damage. 

RESULTS 

An overall average of 76 percent of the seedlings (ranging from 48 percent in Engelmann spruce 
to 93 percent in limber pine) survived the first growing season; the 60 percent survival after two 
growing seasons is still considered adequate. 

Although survival has been satisfactory, the seedlings had not increased in size by the close 
of the second growing season following planting. The lack of growth appeared to be due to (1) many 
dead buds at the start of the second growing season, and (2) low vigor during most of both growing 
seasons. The bud loss appeared to be due to either cold damage or drought (from· the time of snowmelt 
in 1975 until the start of the rains in July). 

~ We anticipate that 2 or 3 years are needed for the seedlings to become established (root development 
and acclimatization), and thereafter growth will accelerate. Hopefully, future losses will be limited 
to gopher activity, which is more easily controlled than climatic factors. Gopher damage accounted for 
19 percent of the seedling mortality from the time of planting (July 1974) to the end of the second 
growing season (September 1975). 

CONCLUSIONS 

Water yield could be increased significantly by holding snow in place on high-elevation grasslands. 
Judging from the amount of precipitation measured in gages at various elevations within surrounding 
mixed conifer forests, actual precipitation on these windswept grasslands is probably 6 to 8 inches 
higher than exposed gages indicate. Much of this difference is due to sublimation of windblown snow. 

Tree windbreaks could easily trap enough of this blowing snow in drifts to increase spring runoff 
by 1-1/2 to 2 inches--to approximately the same level as from the adjacent forests. This increase, 
over 80,000 acres of grassland, could mean an additional 10,000 acre-feet of streamflow annually. 
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