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CHAPTER I 

INTRODUCTION 

With increasing urban development, the problems of designing 

adequate drainage systems for urban areas are becoming greater in 

scope, more complex and more critical. In addition, as more 

stringent standards for receiving waters are employed, the problems 

associated with the quality of urban rUhoff become a primary 

concern. 

Early design engineers were concerned mainly with quantities 

associated with storm runoff. Specifically, they were interested 

in how to use this information to design systems that would mini

mize flooding by moving water as quickl~ and efficiently as possible. 

Traditional designs incorporated sanitary sewage as well as runoff 

in one system as a combined sewer. In 1967 the American Public 

Works Association estimated that almost one-fifth of our population 

was served by combined sewers. (1) Until recently, not only were 

"washouts", produced by excessive volumes in combined sewers. 

permitted during floods, but it was considered good practice to 

utilize storm water as a diluent. 

Only in the past decade or so has urban runoff been recognized 

as a significant source of pollutants. A primary reason for its 

omission as a pollutant lies in the fact that urban runoff is a 
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diffuse, rather than a point, source of pollution. In addition, it 

is not a continuous source but a source only during precipitation 

events. These two factors not only make runoff quality difficult 

to determine, but also make collection and treatment of runoff a 

costly process. Treatment facilities for runoff would have to be 

designed to operate during storms under peak flood conditions or 

to provide sufficient storage for runoff to be treated on a con

tinuous basis. 

The Chicago Deep Tunnel Project suggests a solution to runoff 

treatment problems. (2) The proposed project would provide 

collection and storage of storm runoff draining from a 300 square 

mile portion of Chicago served by combined sewers. The water would 

be stored in ten to twenty miles of caverns located 800 feet below 

ground level with a capacity of one million cubic feet of storage 

per mile of tunnel length. 

Partially off setting the cost of the one billion dollar 

project would be the value of reclaimed water and the value of rock 

excavated during construction. In addition, money could be saved 

in designing treatment facilities for average rather than peak flows. 

Since most communities cannot afford a project similar to the 

Chicago land tunnel, more and more urban planners are forced to look 

toward separating combined sewer systems. The American Public Works 

Association, in 1967, estimated the cost of separation in the United 

States would be between thirty and forty-eight billion dollars 



depending upon the degree of separation achieved. (1) Although 

separation would eliminate the problems associated with overflow 

of treatment facilities during storms, it would not in any way 

eliminate or attempt to treat storm water runoff. 

3 

In the foreseeable future, treatment beyond the secondary 

level will be mandatory for large cities. As is shown below, this 

will mean that in most areas treated sewage will be of considerably 

better quality than storm water runoff from urban areas. 

Weibel, Anderson and Woodward summarized work conducted in 

Detroit by Palmer. (3) They found "The BOD and COD average out 

at 19 and 99 mg/l, respectively, about the level of secondary sewage 

treatment effluent quality; suspended solids average 210 mg/l, which 

is about the concentration in raw sewage. 1I They also estimated that 

storm water runoff might contribute a BOD load averaging sixty 

percent of that which would be discharged from a secondary wastewater 

treatment plant serving a similar area. 

Edward H. Bryan concluded that urban storm water was a signi

ficant source of pollution. (4) He found the following from a 

1970 study of a 1.67 square mile area in North Carolina: 

1. The total weight of BOD contributed by storm water was 

estimated to be equal to that contained in secondary 

effluent from the same area. 

2. The total organic matter from storm water runoff as COD 

was greater than that attributed to discharge of raw 
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sanitary wastewater from a strictly residential, average 

urban area. 

3. The total solids contribution by urban storm water is 

substantially larger than would be expected from an 

average raw domestic wastewater. 

Since storm water runoff was only recently recognized as a 

potential source of pollutants, few sources of data are available. 

An understanding of its role in stream pollution is a requisite to. 

the development of a complete water quality management program. 

The purpose of this project is to better define and explain 

the quality characteristics of urban storm water runoff, and to 

attempt to explain the variance in constituent concentrations found 

in urban runoff. The project utilizes a 223 acre, essentially 

residential, urban watershed in Lubbock, Texas. The watershed is 

monitored by automatic raingages, an automatic sampling device, and 

a Parshall flume with an attached automatic recorder. 

The City of Lubbock, Texas is in the process of building a 

series of six recreational lakes, within the city limits, which will 

utilize urban runoff and percolated treated sewage to maintain the 

water level in the lakes. The Canyon Lakes project attempts to 

create a complete water management program of utilizing all possible 

water available in the semi-arid high plains of Texas. Hopefully, 

information derived from this project can be put to immediate use 

by the city planners and engineers of Lubbock, Texas. 



CHAPTER II 

REVIEW OF LITERATURE 

A search of the literature reveals a number of studies which 

investigate, to varying degrees, the quantities of pollutants 

carried to receiving waters by storm sewers. Included in the review 

is what several authors consider possible sources of pollutants and 

results of various treatment tests. 

Pravoshinsky and Gatillo reported that a study made of a 

developing town in the Soviet Union showed that the pollution of 

surface water was dependent upon the following factors: (5) 

1. Intensity of movement of transportation and pedestrians. 

2. Type of catchment cover. 

3. Duration and intensity of rains. 

4. The amount of dust deposition. 

5. The elevation of catchment of the water basin. 

6. Duration of preceding dry weather period. 

7. Quality and technology of town cleaning. 

8. The means of dust control. 

Gannon and Streck reported that the dissolved oxygen level in 

the Huron River below Ann Arbor was depressed by discharge from 

separate storm water sewers following a storm. (6) The river's 

5 
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dissolved oxygen content was depressed from about ten mg/l to two 

mg/1 and the effect lasted about twenty-four hours. 

Kock studied two streams in Suffolk County which flowed 

through virtually unpopulated areas and three streams in Nassau 

County (Long Island, New York) having population densities ranging 

from 5,000 to 10,000 persons per square mile. (7) His data indi

cate dissolved solids contents in Nassau County streams are three 

to four times greater than those in Suffolk County streams. The 

concentrations of nitrates in Nassau County streams were fourteen 

times greater than those in Suffolk County. 

Wilkinson conducted a study on the storm runoff from a 611 

acre estate at Oxney, England, in 1954, in which he noted that the 

first flushes were not much more polluting than subsequent flows 

except after long antecedent dry periods. (8) 

The results from research work by Brownlee, et.al., and later 

by Austin, et.al., suggests a strong relationship between pollutant 

concentrations and time since runoff began. (9, 10) This conclusion 

contradicts the conclusion made by Wilkinson. (8) Austin stated, 

"In general this relationship indicates a decline in pollutant 

concentrations as time progresses." (10) 

Palmer sampled storm runoff from downtown Detroit in 1949. (11) 

He reported BOD concentrations on the order of 96 to 230 mg/l, a 

range of total solids concentrations from 300 to 910 mg/1, and total 

coliform bacteria counts ranged from 25,000 to 93,000 MPN/100 ml. He 
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concluded that "In some cases the quality of material became worse 

as the storm progressed, in others it became better, and in still 

others no pattern was apparent." 

Weibel, Anderson, and Woodward have investigated the charac

teristics of storm water runoff from a twenty-seven acre light 

industrial and residential watershed in Cincinnati, Ohio. (3) 

The preliminary results presented indicated that storm water runoff 

was approximately equivalent in quality to the effluent from a 

municipal secondary sewage treatment plant. They reported a BOD 

concentration of 19 mg/l, an average COD concentration of 99 mg/l, 

an average suspended solids concentration of 210 mg/l, an average 

hardness as CaC03 of 78 mg/l, and an average pH of 7.5. Bacteri

ological examination revealed that in fifty percent of the samples 

the total coliform count exceeded 58,000 colonies/100 ml. The 

fecal coliform count exceeded 10,900 colonies per 100 ml and the 

fecal streptococcus count exceeded 20,500 colonies/100 ml. 

Cleveland, et.al. has investigated the characteristics of 

storm water runoff as they are related to urban land use activities 

on fifteen small watersheds in Tulsa, Oklahoma. (12) The land 

use activities in his study ranged from recreational uses (golf 

courses), to residential, to industrial (including airport 

drainage). The BOD concentrations observed from the fifteen 

watersheds (average of samples taken from thirty storms) ranged 



from a low of 8 mg/l to a high of 18 mg/l. The average COO 

concentrations obtained varied from 42 mg/l to 138 mg/l. The 

average total residue concentrations ranged from 199 mg/l to 

2,242 mg/l, suspended solids concentrations ranged from 84 mg/l 

to 2,052 mg/l and the dissolved solids concentrations ranged 

from 80 mg/l to 400 mg/l. Cleveland concluded that the time 

since start of rainfall and the total precipitation were the 

precipitation parameters that exerted the most influence on the 

BOO concentrations. 

8 

Bryan reported in 1970, that a study on a 1,067 acre 

drainage basin in Durham, North Carolina, showed urban storm water 

is a significant source of pollutional constituents to receiving 

streams in North Carolina. (4) He found: liThe contribution of 

total organic matter as measured by chemical oxygen demand in its 

storm water is greater than that attributed to discharge of raw 

sanitary wastewater from a strictly residential, average urban 

area. Total solids contribution by urban storm water is sub

stantially larger than would be expected from average raw domestic 

wastewater. II 

Two studies reviewed reported on the treatability of storm 

runoff water from urban areas. Evans, et.al. conducted a treat

ability study on a twenty-seven acre residential and light indus

trial portion of the Mt. Washington Section of Cincinnati. (13) He 

concluded that less than one hour of plain settling was not helpful 
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in reducing the concentrations of COD, BOD, nitrogen, phosphate, 

solids, or the total coliform, fecal coliform or fecal streptococci 

densities. He also found that despite high chlorine doses and the 

presence of free residual chlorine, a coliform after growth 

occurred within twenty-four to seventy-two hours. 

Austin, et.al. reported on the treatability of storm water 

runoff from the watershed in Lubbock, Texas, on which this report 

is based. (10) He reported that although two hours of plain 

sedimentation provided effective removal of suspended solids, only 

approximately one-third of the COD concentration was removed. He 

also found, from jar tests, that approximately 600 ppm of ferric 

chloride or alum was required for an effective floc formation. 

He concluded that chemical coagulation of runoff would be 

impractical because of the quantity of coagulants required. 



CHAPTER III 

PHYSICAL AND CHEMICAL PROCESSES 

This study was conducted by the Water Resources Center at 

Texas Tech University, under a matching grant agreement between 

the Office of Water Resources Research of the U. S. Department of 

the Interior and Texas Tech University. The purpose of the pro

ject, as stated in Chapter I, was to investigate the variation of 

urban runoff quality with the duration and intensity of storms. 

The data obtained was analyzed using step-wise linear regression 

tD determine significant trends in how storm characteristics and 

antecedent conditions affect runoff quality. 

The project utilized a 223 acre watershed located within 

south central Lubbock, Texas, Figures 2 and 3, Chapter VI. This 

project was preceded by Variation of Urban Runoff with Duration 

and Intensity of Storms, Phase I and utilized equipment purchased 

and installed under that project. Although Austin simulated a 

quality model, the amounts of runoff quality data obtained were 

not sufficient to produce a conclusive mathematical model. He 

suggested IIThat a comprehensive and coordinated data collection 

system be developed to collect and analyze samples of storm water 

runoff. These data would lead to a better quality model thereby 

improving the prediction of quality of storm water runoff." (10) 

10 
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The project utilized six automatic recording raingages located 

in and around the study area. In addition, manually read guages were 

located in backyards of residences within the study area. Results 

from the manually read gauges were recorded by the residents and 

mailed to the Water Resources Center at Texas Tech University. 

The monitoring station was located on a concrete channel on 

the west side of K. N. Clapp Park, as shown in Figure 3. The moni

toring station was equipped with an automatic raingage, automatic 

sampler, and Parshall flume. The station was wired to start auto

matically at the beginning of a precipitation event and to continue 

throughout the duration of the storm. The concrete drainage channel, 

on which the monitoring station was located, transported the runoff 

from the study area to a playa lake in K. N. Clapp Park, where it 

was stored. The flume, with a throat width of 2.5 feet, was designed 

to carry a maximum of 55.4 cubic feet per second at a depth of three 

feet. A Stevens' Type-FM float recorder was installed with the 

flume to give a continuous record of the outflow hydrograph. The 

Sigmamotor Model WM-2-24, sampler collected samples in the throat 

section of the flume at fifteen minute intervals. A maximum of 

twenty-four samples (six hours of operation) were collected in this 

manner. The samples were sealed and stored at approximately 4° C 

within three hours after collection to minimize bacteriological 

activity prior to analysis. Because of time requirements, the first 

four to eight samples taken were analyzed, then alternate samples 
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were analyzed. This procedure was justified by the fact that changes 

in quality consistently became more gradual after the first flush of 

water. 

At the beginning of the project, samples were analyzed for total 

and fecal coliform (membrane filter method), chemical oxygen demand, 

biochemical oxygen demand, total residue, volatile residue, total 

suspended solids, volatile suspended solids and pH. Upon review of 

the original storm quality data, tests for alkalinity, nitrate nitro

gen (brucine method) and ortho-phosphate (stannous chloride method) 

were added. Although the values of the BOD analyses were limited, 

the tests were continued for most storms. The BOD test was not con

sidered an accurate criteria for storm water quality because it was 

expected that the following limitation affected the results: 

1. A large portion of the matter in the water was either 

not biodegradable or the bacteria could not stabilize 

the waste within five days. 

2. It was difficult to maintain an adequate bacterial seed 

capable of stabilizing the organic matter present. 

A Beckman Century SS pH meter was used to obtain pH values of 

the samples. The other tests for the general constituents, previously 

named, were performed in general accordance with methods specified 

in the 13th Edition of Standard Methods for Examination of Water 

and Wastewater. (14) 
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In addition to the tests for the general constituents of 

urban runoff, described previously, a test was added to determine 

the effectiveness of plain sedimentation on the removal of COD and 

total suspended solids. The procedure chosen was an adaptation of 

a Class II clarification test. Figure 1 shows the five inch dia

meter, eight foot plastic settling column used. The column, as 

shown, has provision for taking samples at every foot of depth up 

to six feet. 

As shown in Figure 1, the column was initially filled to a 

depth of six and one-half feet. Samples were taken at; 0, 15, 30, 

60, 120, 180, and 300 minutes from each of the sampling cocks and 

analyzed for total suspended solids and chemical oxygen demand. 
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Air Sparger 

Fig. 1 Settling column used in treatability test. 



CHAPTER IV 

BASIN CHARACTERISTICS 

Description of Watershed 

The 223 acre watershed used in this study is essentially a 

well developed residential area with little or no changes from the 

watershed studied in Variation of Urban Runoff with Duration and 

Intensity of Rainfall, Phase I. (10) 

The watershed, located in south cehtral Lubbock, Texas, is 

shown in Figure 2. The study area drains into a playa lake which 

is surrounded by a 110 acre park. The study area is essentially 

residential with no industrial developments, although one commercial 

shopping center with accompanying parking lots and two schools are 

within the study area. The types of developments within the water~ 

shed are shown in Table 1. 

The basin's drainage system consists completely of overland 

flow with no storm sewer drainage within the watershed. All of the 

runoff from the basin is routed directly into the concrete channel 

on the west side of K. N. Clapp Park in which the Parshall flume, 

automatic raingage, and sampler described in Chapter III were located. 

Approximately 5.6 miles of streets and 3.1 miles of alleys carry 

runoff during precipitation events. The streets are all paved with 

asphaltic concrete and provided with concrete curbs and gutters. 

15 
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TABLE 1 .--SURVEY OF TYPES OF DEVELOPMENTS, K. N. CLAPP PARK DRAINAGE 
BASIN, LUBBOCK, TEXAS. 

Type of Development 

Single Family Units 
Duplex Apartments 
Schools 
Community Recreation 

Centers 

Number 

554 
77 

2 

Shopping Centers 1 
Vacant Lots 
Total 

4 

Equivalent 
Single Family Unit 

554 
154 

708 

Estimated 
Population 

1751 
486 

2237 

The alleys, which carry an undetermined portion of runoff and pollu

tants to the streets, are all unpaved. Figure 3 shows the approxi

mate boundaries of the watershed. The boundaries of the basin were 

determined by observation during periods of low runoff. They represent 

the approximate limits of the study area. Variation in the boundaries 

tend to occur depending upon the intensity and movement of the storm. 

Austin reported that the average slopes of the streets range from 

0.0012 percent to 0.0120 percent. (10) The flat slopes and low 

ridges which characterize the area permit overflows into and out of 

the study area during high flow periods. 

A survey of various types of developments within the study area 

was made by Austin. (10) Using aerial photographs obtained from the 

City of Lubbock's Planning Department, Tables 1 and 2 show the results 
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of the survey. The population density of the study area, determined 

by using the Lubbock Planning Department's population factor of 

3.16 persons per single-family residence, was found to be 10.03 

persons per acre. Impervious areas listed in Table 2 made up 66.13 

acres or approximately 30 percent of the total watershed. 

TABLE 2.--LAND USE SURVEY, K. N. CLAPP BASIN, LUBBOCK, TEXAS. 

Type Area Percent of Total Area 
(Acre) 

Streets 33.02 14.76 

Sidewalks and Driveways 4.44 1. 98 

Parking Lots 2.73 1.22 
Roofs 25.94 11 .59 

Grass (lawns) 149.92 67.01 
Vacant Lots 0.64 0.29 
Alleys 7.04 3.15 

Total 223.73 100.00 

Houses in the basin range in value from approximately $10,000 

in the eastern portion to more than $40,000 in the western portion. 

In addition, duplex and triplex apartments are located between 

Elgin Avenue and Boston Avenue, near the center of the study area, 

Figure 3. The general upkeep of the area is fair to good and streets 

are mechanically cleaned approximately twice each month. 

Climatic Conditions 

Lubbock and the High Plains of Texas generally have mild 
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temperatures, characterized by warm days and cool nights. The mean 

annual temperature is 59.7° F with about 83 days a year having 

minimum temperatures less than 32° F. 

The mean annual precipitation for Lubbock is 18.08 inches 

with about 80 percent of the precipitation occurring in a seven 

month period from April to October, Figure 4. In general, there 

are three types of precipitation, all of which are characteristic 

to some extent of rainfall on the Texas High Plains. (15) The 

first of these is the intermediate or continuous precipitation. 

These events are associated with the slow upward movement of large 

air masses resulting from colder air transported into the area by 

frontal activity. The second type is drizzle which is indicative 

of a stable air mass with little or no vertical motion, which allows 

small drops to fallout of clouds. The third type, which accounts 

for a large portion of Lubbock's precipitation, particularly in 

spring and summer, is showers or squalls of short duration which 

start and end suddenly. This type of preCipitation is indicative 

of instability and is caused by the rapid rising of small bodies of 

air through the atmosphere. Rainfall intensities range from less 

than 0.50 inches per hour to more than 3 inches per hour. The 

Lubbock weather station has recorded a~ much as 1.15 inches in a 

ten minute period. 
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Fig. 4 Monthly distribution of rainfall for Lubbock, Texas. 



Introduction 

CHAPTER V 

PRESENTATION OF DATA AND RESULTS 

The object of this study, as stated in Chapter I, was to 

further investigate the quality of urban storm water runoff and 

to attempt to identify the natural phenomena involved in causing 

variations in urban runoff quality. This portion of the report 

presents the data and results obtained from analyzing the runoff 

from the urban area studied under this project. 

As stated in Chapter III, the study area consisted of a 

223 acre urban watershed located in south central Lubbock, Texas. 

Samples were taken from a concrete channel which carried runoff 

from the study area to a playa lake on the east side of the water

shed. The monitoring station set up on the channel provided 

automatic sampling of runoff, automatic recording of flow rates 

and automatic recording of precipitation data. Since storms on 

the High Plains of Texas are generally characterized as being 

high-intensity, short-duration thunderstorms, rainfall intensities 

and durations are generally very erratic, even on this small 

watershed. For this reason, forty manually read raingages were 

installed in and around the watershed to obtain the average pre

cipitation occurring on the watershed. 

22 
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The Sigmamotor sampler used on this project utilized a 

positive displacement pump to draw samples from runoff and store 

them in a maximum of twenty-four, 500 ml, polyethylene bottles. 

The sample size as well as the available time, limited, to some 

degree, the number of analyses which could be performed on each 

sample. The sampler was set to start at the beginning of a pre

cipitation event and sample at fifteen minute intervals. It 

required 9.5 minutes to fill a 500 m1 sample bottle. After each 

sampling period, the pump purged the sampling line before the 

next sampling period started. This procedure helped to insure 

that representative samples were obtained. As stated in Chapter 

III, after the first hour of runoff, the sampling period was 

increased to thirty minlJtes and later to one hour for long-duration 

runoff events. During these events, the fifteen minute samples were 

combined to obtain fair representation of the total period being 

represented by the sample. 

By using the information obtained from analyses of the con

stituents and the information provided by the flume recorder, the 

contribution of pollutants, in pounds, was determined for each 

storm. Tables 8 through 33, in the appendix, list the results 

of the analyses of constituents in the 123 samples taken. In 

addition, the tables list the volumes of water and pounds of 

constituents contributed by each storm. 
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Constituent Concentration Data 

Table 3 shows the average concentration of the constituents 

in the runoff from each storm. It should be noted that the runoff 

event of February 11. 1972 was the result of a snow. It was not 

necessarily representative of a normal rainfall event. Examination 

of this table indicates several things. First, there seems to be 

no general relationship between COD and BOD, total solids and total 

volatile solids, or total suspended solids and suspended volatile 

solids. However, in general. the ratios of total to volatile solids 

were higher in summer months than in winter months. In addition, 

the ratio of total solids to suspended solids seems to decrease 

during summer months. It is expected that these phenomena can be 

explained by the fact that spring and summer storms are generally 

of higher intensity than storms in fall and winter. They, there

fore, produce higher flow rates. These higher flow rates have a 

greater capacity to scour and carry particulate matter, especially 

relatively heavy soil and road particles. Secondly, Table 3 

indicates a relationship between the season of the year and the 

concentration of pollutants. Specifically, data from storms 

occurring between May 3, 1972 and July 4, 1972 indicate that 

storms occurring in spring and early summer carry increased con

centrations of nitrate nitrogen and orthophosphate. The increase 

during these months may be explained by the fact that lawn ferti

lizers are used extensively during this period. Although the 



TABLE 3.--AVERAGE CONCENTRATIONS OF POLLUTANTS IN URBAN STORM WATER RUNOFF. 

Co 1 iform BOD COD Total pH N as P as T.R~ V.R~ T.S .S~ V.S.S~ 
Date Col/l00 ml mg/l mg/l A 1 k. as N03 P04 mg/l mg/l mg/l mg/l 

Total Fecal CaC03 mg/l mg/l 
mg/l 

8-23-71 746 7.44 587 206 228 50 
9-21-71 1 .3xl05 4.8xl03 9 277 8.17 0.52 0.17 604 128 385 144 

9-22-71 4.5x104 2.2xl03 5 230 8.27 0.41 0.21 306 72 214 18 

10-17-71 5.2xl06 6.1xl04 978 68 7.47 0.41 0.16 1291 380 903 190 
10-25-71 3.9xl04 1.4xl04 14 390 40.4 7.29 0.69 0.16 634 225 340 76 

2-11-72 87 1015 2275 600 975 175 
5- 3-72 1.2x102 1.3x103 83 498 64.4 7.62 3.82 0.46 5006 904 1743 125 
5- 4-72 273 36.6 7.62 1.03 0.53 2260 284 1752 126 
5- 5-72 7.4x105 3.9x104 33 285 42.7 7.77 1.06 0.47 2793 257 1846 117 

5- 6-72 3.9x105 2.8x104 215 36 7.66 0.61 602 98 439 33 
6-11-72 7.4x105 41 840 32.7 7.42 0.3 0.26 1382 154 555 50 

6-29-72 6.8xl06 -- 25 309 58.3 7.29 0.46 0.13 1735 280 1340 157 

6-30-72 7.1 xl 05 -- 15 105 43.6 7.56 0.79 0.43 825 86 657 32 

7- 3-72 6.9xl05 5.7xl04 140 36.6 7.80 0.71 0.31 1354 221 1252 118 

7- 4-72 2.0x105 1.3xl04 105 30.4 8.03 0.85 0.35 1611 164 1432 126 

*T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids N 

(J1 

V.S.S. - Volatile Suspended Solids 
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phosphate concentration seems to be inconsequential in comparison 

with sewage effluent, it should be noted that the concentration 

of nutrients may be enough to cause algal blooms in the proposed 

Canyon Lakes Project. As stated in Chapter I, the lakes will 

utilize, as make-up water, secondary sewage effluent which has 

been filtered through the soil. The percolation of the water 

removes phosphate but is ineffective in removing nitrate. For 

this reason, small amounts of phosphates carried by urban runoff 

could cause serious problems with excessive algal growth. Com

plicating the problem is the fact that peak phosphate concentra

tions occur in spring and Summer months when maximum amounts of 

sunlight are available and the mean daily temperature is at a 

maximum. 

Inspection of Table 3 also indicates that solids concen

trations in the forms of total solids, volatile solids, total 

suspended solids and volatile suspended solids were all consider

ably higher in spring and summer months than in fall and winter 

months. Even when storms occurred on consecutive days, the 

average concentrations of solids were higher in the spring and 

summer. This increase in solids concentrations may be attributed 

to greater intensities of outside activities such as yard mainte

nance during this period, as well as to higher intensity storms 

and subsequent higher flow rates as explained previously. 



Table 4 shows the overall averages of the constituent 

concentrations and comoares these values to the concentrations 

found in raw domestic sewage (16) and secondary effluent from 

the City of Lubbock, Texas. It can be seen from this table 
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that the quality of urban storm water lies somewhere between the 

quality of raw domestic sewage and the quality of secondary 

effluent released from Lubbock's reclamation plant. The concen

trations of all forms of solids in the runoff equaled or exceeded 

concentrations which would be expected from raw domestic sewage. 

The concentration of BOD from urban runoff was approximately 

ten times the average concentration of BOD released from Lubbock's 

treatment plant, and one-third the concentration expected from 

weak, raw domestic sewage. As stated in Chapter III, the concen

trations of COD found in urban runoff approximated concentrations 

expected to be found in raw sewage. Although the concentration 

of nitrate in runoff exceeded the concentration in raw wastes, 

the total nitrogen concentration in runoff would be expected to 

be considerably less than the concentration in sewage since most 

of the nitrogen ;n sewage is in the organic-and ammonia-nitrogen 

forms. As indicated previously, the concentration of soluble 

orthophosphate in storm water ;s inconsequential compared to the 

concentration in treated or raw domestic wastes, although it may 

be large enough to cause excessive algal growth in the proposed 

Canyon Lakes. 
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TABLE 4.--COMPARISON OF RUNOFF QUALITY TO RAW AND TREATED DOMESTIC 
SEWAGE. 

Runoff from Secondary 
Constituent Study ll.rea Raw Sewage Sewage 

No. of Average Strong Medium Weak Effluent 
~;amp 1 es Concen- from Lubbock 

tration Texas 

Total 
1.2 x106 Coliform/100 m1 93 

F(~ca 1 
2.2 xl04 Col iform/1 00 ml 67 

BOD (mg/l) 74 33 300 200 100 3.9 
COD (mg/l) 123 350 1000 500 250 90 
A1 ka1 inity 
as CaC03 (mg/1) 88 45 200 100 50 

pH 119 7.64 
N as N03 (mg/l) 95 4.3 0 a 0 .54 

Total N (mg/1) 85 40 20 
P as P04 (mg/l) 104 1.0 15 7 4 33.01 

Tota 1 P (mg/1) 20 10 6 

Total So 1 ids ( mg / 1) 123 1500 1200 700 350 
Total Volatile 

Solids (mg/l) 123 270 325 200 105 
Total Suspended 

Solids (mg/l) 123 860 350 200 100 20 

Volatile Suspended 
So 1 ids (mg/l) 123 150 275 150 70 
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Table 5 lists the total pounds of COO, total solids, total 

volatile solids, total suspended solids and volatile suspended 

solids contained in the runoff resulting from 9.02 inches of rain

fall. The second column adjusts the total pounds of constituents to 

a yearly basis, lB.OB inches. The annual per capita contribution was 

calculated from the estimated population and the contribution of pollu-

tants from the watershed on a yearly basis. Although the quantity of 

TABLE 5.--TOTAL CONTRIBUTION OF POLLUTANTS FROM THE URBAN STUDY 
AREA. 

Estimated Estimated 
Pounds from Pounds per Pounds per 
9.02 Inches Year Capita per 

of Rain Year 

COD 9208 lB,500 B.3 

Total Suspended Solids 42,900 B6,000 3B.5 

Tota 1 Vo 1 at i1 e So 1 ; d s 6400 12,BOO 5.7 

Total Suspended Solids 26,500 53,000 23.7 

Volatile Suspended 
Solids 2400 4,BOO 2.1 

pollutants contributed per capita per year seems insignificant 

compared to that contributed by domestic sewage, it must be realized 

that these pollutants are not released continuously. The major 

concern is that pollutants are released from the watershed in 

large quantities over a short duration. In addition, statistical 

analyses indicate that time since last event has less effect on 



30 

the response of the system than either time of the year, duration 

of rain, intensity of precipitation, or volume of storm. This 

fact indicates that increased yearly precipitation would not 

necessarily produce a significant decrease in pollutant concen

trations. 

Treatability Results 

In addition to tests run on a routine basis for the purpose 

of determining pollutant concentrations in urban runoff, a test 

was added to determine the general treatability of urban runoff 

by plain sedimentation. 

As discussed in Chapter II, several projects have investi

gated to varying degrees the treatability of storm water runoff. 

Evans found that an after growth of coliform occurred within 

several days despite high chlorine dosage and the presence of 

free chlorine residual after a twenty minute contact time. (13) 

Austin, et.al. concluded that effective suspended solids removal 

required dosages of chemical coagulants so large that it was 

impractical to use them to treat urban runoff. (10) 

The purpose of this treatability study was to determine the 

effectiveness of plain sedimentation on the removal of total sus

pended solids and chemical oxygen demand. The test utilized the 

sedimentation column shown in Figure 1 of Chapter III and allowed 

samples to be taken at every foot of depth at specified time 
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intervals. Table 6 shows the effectiveness of sedimentation on 

the removal of total suspended solids and Table 7 shows the 

effectiveness of sedimentation in the removal of COD. In general, 

the solids in the runoff exhibited a zone type settling and this 

led to somewhat erratic analytical results. The only concrete 

information obtainable from the test was that a five hour detention 

time was required to remove 50 percent of the total suspended 

solids and 33 percent of the chemical oxygen demand. This fact 

indicates two things; first, at least 50 percent of the suspended 

solids were colloidal particles which are not readily removable by 

plain sedimentation. Secondly, at the end of five hours, most 

readily removable solids had been removed from the water. It 

should be noted that the resulting turbidity, at the end of the 

five hour settling period was approximately 273 Jackson Turbidity 

Units. 
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TABLE 6.--EFFECT OF SEDIMENTATION TIME ON SUSPENDED SOLIDS 
CONCENTRATIONS {mg/1}. 

Time 
(min) 

0 15 30 60 120 180 240 300 
Depth 

(feet) 

0 392 366 
1 368 378 316 314 168 250 708 
2 440 436 390 370 310 264 202 224 
3 466 458 238 374 324 244 260 234 
4 500 474 334 384 434 296 268 210 
5 490 456 432 380 342 308 242 246 

TABLE 7.--EFFECT OF SEDIMENTATION TIME ON COO CONCENTRATIONS {mg/l) 

Time 
(min) 

0 15 30 60 120 180 240 500 
Depth 

(feet) 

0 199 188 
1 203 226 141 148 180 144 141 144 
2 210 188 164 152 156 148 156 148 

3 226 192 172 164 152 164 160 141 

4 218 176 156 156 137 128 144 148 
5 195 188 176 168 156 145 162 144 



Introduction 

CHAPTER VI 

STATISTICAL ANALYSIS OF DATA 

As stated previously, urban runoff has only recently been 

recognized as a significant source of pollutants. For this reason, 

the natural phenomena affecting the quality of runoff are not 

completely understood. One of the purposes of this project was 

to identify the variables which affect the quality of urban runoff 

and to develop a model capable of predicting the concentrations 

of pollutants in urban runoff at any specific time during a runoff 

event. 

The ultimate goal of developing a prediction model would be 

to develop a completely general model capable of being adapted to 

any system. Although this is an admirable goal that may come with 

additional data, the scope of this project was limited by the fact 

that only one residential watershed was studied. 

The simulation process attempts to model the essence of a 

system without attaining reality. It, therefore, requires the 

identity of the set of variables which have an effect on the 

response of the system. A review of various attempts to identify 

the critical factors affecting the quality of storm water runoff 

indicates that there is no general agreement regarding the 

33 
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factors that are significant in affecting runoff quality. Theo

retically, every parcel of land and every occupant of those 

parcels, as well as the function of the land, whether it be 

industrial, commercial or residential, has some effect upon the 

response of the system. Describing the type of watershed alone 

could generate an almost countless number of variables. Nonethe

less, five broad classifications of variables may be delineated. 

They are variables associated with the type of development, the 

storm and runoff regime characteristics, the antecedent conditions, 

and the time of year. 

Type of Development. Probably the single most important 

variable affecting runoff quality is the type of development. 

Totally different responses would be expected from commercial or 

industrial areas than would be expected from residential areas. 

In addition, each general type of development could be further 

broken down into type of industry, socioeconomic status of resi

dents, etc. Because this project studied a residential area, 

subsequent discussion of type of development will be limited to 

residential use. 

Residential areas may be subdivided according to their 

general sanitary conditions. Cleveland found that the socioeco

nomic status of the development was directly related to the 

environmental conditions of the basin. (12) For example, the 

presence of poorly maintained dwellings and lots, inadequate 
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handling of refuse and wastes, and other unsanitary conditions all 

have some effect on the quality of urban storm water runoff from 

the area. 

Storm and Runoff Regime Characteristics. Precipitation and 

subsequent runoff are necessary for the removal of pollutants from 

an urban area. Several basic precipitation and runoff variables 

are thought to influence the quality of the runoff produced. These 

variables include; storm intensity) duration, and volume, slope of 

the watershed, percentage of impervious surfaces, and flow rate of 

the runoff. These variables are not independent of each other; 

therefore, two variables were chosen to represent this portion of 

the system. 

The two variables used to describe the storm and runoff 

regime characteristics were flow rate and volume of runoff. In 

general, the total pollutant load carried by runoff would be 

expected to increase as the duration of the storm increases, 

although the concentration of pollutants would be expected to 

decrease with duration of the runoff event. The pollution concen

tration carried in runoff is dependent upon the amount of water 

having already passed the area, flushing large amounts of pollu

tants from the area and leaving less available for transport by 

subsequent runoff. In addition, the concentration of pollutants 

is dependent upon the velocity of the runoff; the greater the 
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velocity of the runoff, the greater the scouring capacity of the 

water, and the greater the capacity of the water to carry solids. 

Antecedent Conditions. In order for runoff to carry pollu

tants, a source must be available. Theoretically, immediately 

after a precipitation event, pollutants begin to accumulate on 

the watershed. This "recharging" effect makes pollutants available 

for transport by subsequent rains. In general, large volume rains 

of high intensity remove large amounts of pollutants leaving less 

pollutants available for the next rain unless sufficient "recharging" 

time is available. It would be expected that the concentration of 

pollutants in runoff would increase as the time since the last 

event increases, and as the volume of the last event decreases. 

In general, this is true. However, this phenomenon has its limits. 

After some period of time of "recharge", the amount of pollutants 

reaches a level where additional time between events results in an 

insignificant addition of pollutant concentrations. A similar 

argument is expected to hold true for the volume of the last event. 

After a large volume of water passes over the watershed, carrying 

large amounts of pollutants, little is left to be carried byaddi

tional volume. 

Time of Year. As shown in Chapter V, the time of year in 

which the runoff occurs has a definite effect on the quality of 

urban runoff. Inspection of Table 3 indicates that residential 

areas have varying degrees of polluting potential depending 
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upon the season of the year in which the runoff occurs. Storms 

occurring in spring and summer carry greater concentrations of 

all pollutants analyzed than do storms occurring in fall and 

winter months. This phenomenon is most probably attributed to 

the use of chemical fertilizers, increased outside activity and 

yard maintenance during spring and summer months. 

Method of Approach 

The method used approaches the problem by using multidimen-

sional stepwise linear regression, using a least square technique, 

to formulate a regression function capable of describing the 

responses and interactions between the variables. In this case, 

it was assumed that the physical process of storm water quality 

could be predicted as a linear function of several variables. 

This form may be expressed as 

where 

Y is the dependent variable 

C. is the regression coefficient for the 
J 

jth independent variable 

and Xj is the jth independent variable. 

Estimates of the regression coefficients may be made using 

available data. The method most widely used in determining the 

coefficients is the method of least squares. This method deter-

mines a set of regression coefficients to describe a line which 
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minimizes the sum of the squares of the deviations between the line 

and the observed values of the dependent variable. 

Stepwise regression is a technique of multiple regression 

analysis in which the independent variables are entered into the 

regression function in the order of their contribution to account 

for the variance of the dependent variable. In other words, the 

independent variable which accounts for the greatest percentage 

of the variation in the dependent variable is entered first. At 

the end of each step the remaining independent variables are evalu

ated to determine which one accounts for the greatest percentage 

of the remaining variance. It is entered at the next step. 

Several computer programs are available for performing these 

computations. The one chosen for this project was BMD02R, 

which will be discussed later in this chapter. 

Correlation analysis is used to measure the strength of the 

relationship among the dependent and independent variables. In 

multidimensional analysis, the multiple correlation coefficient, 

R, is used to define the strength of the linear relationship 

between the observed values of the dependent variables and the 

predicted values obtained from the multiple regression function. 

For perfect correlation (observed values equal to predicted 

values) the multiple correlation coefficient is unity. Conversely, 

for linearly unrelated variables, the multiple correlation coeffi

cient should be zero. 

] 
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The square of the multiple correlation coefficient (expressed 

in percent) is called the coefficient of determination. It gives 

the percentage of the variation of the dependent variable accounted 

for by the regression function. This statistic is important in 

determining the ability of the mode l to account for the variation 

in the dependent variable. 

As stated previously, the program used in this project was 

BMD02R. The program is one in a series of Biomedical Computer 

Programs developed by the University of California at Los Angeles 

for use in many types of research projects. (17) The program 

computes a sequence of multiple linear regression equations in 

a stepwise manner. At each step one variable i~ added to the 

regression equation. The variable which is added is the one which 

makes the greatest reduction in the error sum of squares. Equi

valently, it is the variable which has the highest partial corre

lation with the dependent variable partialed on the independent 

variables which have already been added. At each step, the 

multiple correlation coefficient and the coefficient of determi

nation are calculated and printed. The coefficients of determi-

nation for all steps form a non-decreasing series with the increase 

from step to step representing the addition of the variance in 

the dependent variable accounted for by the addition of each 

independent variable. This statistic gives the analyst some feel 

for the improvement of the regression function with the addition 
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of each independent variable. In addition, it provides a means 

of eliminating those variables whose contributions to the 

regression function are insignificant. 

It was assumed that the physical process of storm water 

quality could be predicted as a linear function of the indepen

dent variables. The problem with this assumption is that the 

independent variables must be linearly related to the dependent 

variable. The success of describing the dependent variable by 

this method is directly dependent upon the degree of linearity 

that independent variables have with the dependent variable. 
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Fortunately, transgenerations may be made to create new variables 

from the input variables in an attempt to make the new variables 

linearly related to the dependent variable, The term trans-

generation is used to include all transformations of the input 

variables prior to the normal computations performed by the 

multiple linear stepwise regression program. The transformations 

shown below are examples of transgenerations which may be per-

formed. 

10g,0 X4 -X4 

1 
222" 

(Xl + X2) - X5 

the 10g10 of X4 replaces X4 

the new variable, X5, is created 

by taking the square root of the 

sum of the squares of Xl and X2, 
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Results of Statistical Analysis 

The independent variables picked to describe the response 

of the urban watershed were, time since the runoff event began, 

flow rate at the sampling time, time since the last event, volume 

of last event, and time of the year in which the event occurred. 

The first computer run indicated that the independent variables, 

in their input form, were not linearly related to the dependent 

variable. For this reason, a series of transgenerations was 

performed to create new variables from the input independent 

variables. The procedure was adopted in an attempt to create 

new variables which would be linearly related to the dependent 

variable. The transgeneration process is a procedure in which 

many transformations of the input variables are tried to determine 

the best form of the independent variables, the form which most 

closely approximates a linear relationship between the independent 

variable and the dependent variable. Although the process is 

more or less a trial and error technique, the analyst's intuition 

should be used to cut down on the number of trials and to insure 

that the new variables have some physical meaning. For example, 

it was expected that the time since runoff began should be 

inversely proportional to the pollutant concentration. With this 

in mjnd, the input variable, time since runoff began, T, in minutes, 

was transformed to -+- After several trials at expanding this 
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idea, 1/(1og T) was determined to be the "best" transformation of 

the variable. Similar techniques were applied to each of the 

input variables, and the computer was allowed to choose the best 

forms. Approximately thirty-five transgenerations were performed 

in all. Most of these transgenerations were straightforward and 

self-explanatory from the "best form" regression function obtained. 

However, in the case of time of year, a slightly different approach 

was used which deserves some explanation. As indicated previously, 

spring and summer months seem to have the greatest polluting 

potential. In an attempt to have some type of index, the weeks 

were numbered from 1 to 52, starting with the week of January 1 

through January 7 equal to week 1. It was also felt, from exami

nation of Table 3, that week 26 (June 24 through June 30) had the 

greatest potential for producing pollutants. It was, therefore, 

desired to create a variable which described the potential of the 

week, where week 26 would have the maximum value and all other 

weeks would have some lesser values depending upon the period of 

time between the week and week 26. The transformation used was: 

x = Sin n (1 - wS2k) week 

This transformation gave week 26 the maximum value, 1, and gave 

weeks 1 and 52 the minimum values, O. 

The dependent variable chosen to be described by this 

method was total suspended solids. This variable was chosen 



randomly from the pollutants analyzed. It is expected that a 

similar technique of analysis could be used to obtain a similar 

regression function for the other constituents of storm water 

runoff. 
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The IIbest form ll regression function obtained for the total 

suspended solids concentration was: 

where 

TSS(mg/11 = -3552 + 6489 ~O~10T]+ 1121 [Sin _ (1 _ W;;k~ 

+ 1203 [In(TSLEI] 

+ 3,654,224 [ V~E ] 

TSS is the concentration of total suspended solids in 

mg/l at any time T 

T is time since the runoff began in minutes 

week is the week number from 1 to 52 

TSLE is the time since the last event in days 

VLE is the volume of the last event in cubic feet. 

The multiple correlation coefficient, R, was found to be 

0.78 and the coefficient of determination, R2, was found to be 
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60 percent. The value of each would have been one for a perfect 

model. 

Although this regression function may not be best for the 

set of data used, no better regression function could be found 

using the analyst's intuition to make logical transformations. 

Figures 5 through 14 show the predicted values and observed 

values of the total suspended solids concentration versus the 

time since runoff began. 

Several limitations are available to explain why a better 

regression function could not be found. They are: 

1. The standard deviation of the observed values of the 

total suspended solids concentration was so large that 

it was difficult to explain all the variance observed. 

2. It is possible that some variable or variables which 

were not readily apparent and were, therefore, not 

included, could be affecting the response of the system. 

3. The data used in the analyses were experimental in 

nature and, therefore, subject to error. 

4. The model attempts to predict the concentration of 

total suspended solids at a discrete time. However, 

as stated in Chapter III, the sampler collected the 

sample over a 9.5 minute interval in order to obtain 

a representative sample. Additional error may have 
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been obtained when 15 minute samples were mixed for 

increased sampling periods before analysis. 

5. It is possible that the response of ~he system 

cannot be described mathematically using a finite 

number of variables.~ 
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Regardless of the above limitations, this statistical approach 

is a first step in identifying the significant independent variables 

which are affecting the quality of storm water runoff. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Quality of Urban Runoff 

1. The average concentrations of COD, total solids, total 

volatile solids, total suspended solids, and volatile 

suspended solids in urban runoff equaled or exceeded 

concentrations expected to be found in raw domestic 

sewage. 

2. The average concentration of BOD in urban storm water 

runoff was approximately one-third the concentration 

expected to be found in raw domestic sewage and 

approximately ten times the average concentration of 

the secondary effluent from Lubbock, Texas. 

3. Although the average concentrations of nitrogen and 

soluble phosphorus were insignificant compared to 

secondary effluent, the concent~ation of phosphorus 

in,.urban runoff is large enough, especially in spring 

and summer, to cause excessive algal growth in the 

proposed Canyon Lakes. 

4. A direct relationship was found between the time of 

year in which the runoff event occurs and the concen

tration of constituents. Storms occurring in spring 
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and summer have a greater polluting potential than 

storms occurring in the fall and winter months. It 

is assumed that this phenomena is caused by the use 

of lawn fertilizer, increased outside activity, and 

yard maintenance during spring and summer months. 

Treatability 

5. The suspended solids which were readily settleable 

exhibited zone settling and at the end of five hours, 

50 percent of the total suspended solids and 33 per

cent of the COD concentration were completely removed 

from the water. 

6. At least 50 percent of the suspended solids were 

colloidal in nature and plain sedimentation proved 

to be ineffective in removing more than 50 percent of 

the total suspended solids and 33 percent of the COD. 

Five hours of settling resulted in a final turbidity 

of 273 Jackson Turbidity Units. 

Statistical Analysis 

7. The critical factors affecting the total suspended 

solids concentration of runoff, in the order of their 

effectiveness in accounting for the variance in the 

total suspended solids concentration were: 
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1) Elapsed time since the runoff ~rocess began. 

2) Time of the year in which the runoff event occurs. 

3) Antecedent Conditions - Time since the last event 

and the volume of the last event. 

Recommendations 

It is recommended that the scope of this project be expanded 

to include several watersheds. These watersheds should be chosen 

to include various types of developments. For example, residential 

areas of varying socioeconomic status, industrial areas, and 

commercial areas should be included in the expanded project. The 

information obtained from the watershed studied under this project 

would provide a basis of comparison for the different types of 

developments. In addition, the statistical methods of analysis 

used in this study should be applied to the expanded project to 

obtain a more general prediction model. 
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TABLE 8.--RECORDED CONSTITUENT CONCENTRATIONS. STORM 8-23-71. 

E. r~ Coliform BOD COD Total pH N as P as T.R~ V.R~ T.S.S~ V.S.S~ 

(min) Col/100 ml mg/1 mg/l Alk. as N03 P04 mg/l mg/l mg/l mg/l 
Total Fecal CaC03 mg/l mg/1 

mg/l 
75 2350 7.2 l300 620 400 210 

90 1750 7.2 1100 480 310 100 

105 1750 7.2 910 604 280 60 

120 1360 7.1 780 360 240 78 

180 1060 7. 1 480 120 100 48 

195 960 7.1 520 140 140 50 

210 460 7.4 690 70 390 60 

225 160 7.5 430 70 280 40 

240 230 7.7 330 40 300 4 

280 120 7.8 500 60 460 4 

300 40 7.6 160 10 40 8 

380 60 7.7 10 0 

345 150 7.8 240 30 120 40 

360 100 7.8 200 50 110 20 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids 0"1 

V.S.S. - Volatile Suspended Solids 0 



TABLE 9.--RECORDED POUNDS OF CONSTITUENTS, STORM 8-23-71. 

Elapsed Average Volume/ # COD/ # T.R~/ # V.R~/ # T.S.S~/ # V.S.S~I 
Time Q Interval Interval Interval Interval Interval Interval 
(min) (cfs) (cf) (lbs) (lbs) (lbs) (lbs) (lbs) 
75 6.67 30000 42100 2430 1160 750 400 
90 1.08 970 110 67 29 19 6 

105 0.41 370 40 21 14 7 1 
120 0.08 70 
180 1.09 990 
195 0.37 330 
210 0.91 820 
225 1. 78 1610 
240 2.75 2480 
280 3.08 3400 
300 2.49 2990 
330 1.42 2560 
345 0.73 650 
360 0.42 380 

*T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

6 

65 
20 
24 
16 
35 
57 
8 

10 
16 
12 

3 
29 
11 

36 
43 
51 

230 
29 

47 
5 

2 1 0 
7 6 3 
3 3 
4 20 3 
7 28 4 

7 46 0 
30 210 2 
2 8 2 

2 0 

6 5 2 
1 3 1 

.::1'1 



TABLE 10.--RECOROEO CONSTITUENT CONCENTRATIONS. STORM 9-21-71. 

E. T~ Coliform BOO COO Total pH N as 
(min) Col/l 00 ml mg/l mg/l A lk. as N03 Total Fecal CaC03 mg/l 

mg/l 

90 9xl04 5.8xl02 4 540 8.3 0.45 
105 1.9xl05 7xl02 11 220 8.2 0.65 
120 3.1xl05 1 . Oxl 04 9 39 8.2 0.55 
135 2xl04 3xl03 12 240 8.0 0.50 
150 3xl04 lxlO4 8 350 8.1 0.50 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

P as T.R~ V.R~ 
P04 mg/l mg/1 
mg/l 

0.54 1230 68 
0.07 150 52 
0.06 500 6 

0.17 520 250 
620 270 

T.S.S~ 
mg/l 

1100 
150 
470 
150 

50 

V.S.S~ 

mg/l 

4 
16 
44 

4 

4 

0'\ 
I"V 
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TABLE ll.--RECORDED CONSTITUENT CONCENTRATIONS, STORM 9-22-71. 

E.T~ Coliform BOD 
(min) Col/100 ml mg/l 

Total Fecal 

15 2xl04 7.4x103 

45 1 .8xl 03 

105 1.2x105 4.8xl03 

135 1.4x103 

165 lx104 2xl03 

195 2x104 1 . 2xl 03 

225 2xl02 

255 4xl02 

285 3x102 

315 2.3xl03 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

5 

7 

6 

8 

1 

3 

7 

7 

3 

5 

COD 
mg/l 

98 

200 

290 

430 

360 

230 

170 

200 

120 

210 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
Alk. as N03 CaC03 mg/l 
mg/l 

8.3 0.30 

8.1 0.40 

8.0 0.50 

8.2 0.70 

8.3 0.45 

8.3 0.40 

8.4 0.20 

8.4 0.45 

8.3 0.30 

8.5 0.40 

P as T.R~ V.R~ 
P04 mg/l mg/l 

mg/l 

0.34 340 190 

0.29 270 44 

0.24 370 150 

0.17 420 44 

0.20 380 92 

0.16 310 40 

0.13 220 36 

0.15 260 40 

0.21 210 24 

0.17 290 52 

T.S.S~ 
mg/l 

210 

130 

200 

360 

290 
240 

190 

190 

180 

1 '::0 

V.S.S~ 
mg/l 

12 

28 

20 

28 

8 

36 

32 

4 

0 

8 

0'1 
W 



TABLE 12.--RECORDED POUNDS OF CONSTITUENTS, STORM 9-22-71. 

Elapsed Average Vo1ume/ 
Time Q Interval 
(min} {efs} {en 

15 1.42 850 
45 0.78 1400 

105 0.25 1240 
135 0.35 430 
165 0.87 l300 
195 1.41 2120 
225 2.44 4380 
255 2.92 6120 
285 3.13 5640 
315 3.96 7120 

*T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

# COD/ # T.R~/ 
Interval Interval 

(1 bs} (1 bs} 

5 18 
17 24 
22 28 
12 11 

30 31 
30 41 
46 51 
75 98 
42 75 
92 128 

# V.R~/ # T.S.S~/ 
Interval Interval 

Pbs} (1 bs} 

10 11 

4 11 

12 15 
1 10 
8 23 
5 39 

10 53 
15 73 
9 63 

23 45 

# V.S.S~/ 
Interval 

{1 bs l 
11 

3 
2 
1 

5 
9 
2 

0 
4 

0\ 
.p.. 



TABLE 13.--RECOROEO CONSTITUENT CONCENTRATIONS! STORM 10-17-71. 

E.T~ Coliform BOO 
(min) Co1/100 m1 mg/l 

Total Fecal 

15 3.4xl06 1. 9xl 05 

30 5.6x106 5.4xl04 

60 5.2xl06 7.1x104 

90 8.1xl06 2.0xl04 

105 8.0xl06 2.2x104 

170 9.8xl05 5.1xl03 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

COO 
mg/l 

1220 
1070 
660 
880 
980 

1070 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
Alk. as N03 CaC03 mg/l 
mg/l 

72 7.3 0.5 
68 7.6 0.3 
56 7.6 0.5 
68 7.4 0.4 
72 7.5 0.7 
72 7.5 1.3 

P as T.R~ V.R* 
P04 mg/l mg/l 
mg/1 

0.05 1680 460 
0.04 1800 500 
0.12 1040 320 
0.32 1060 340 
0.24 1060 340 
0.17 1100 340 

T.S.S~ 
mg/l 

870 
1410 

380 
790 
740 
730 

V.S.S~ 
mg/l 

220 
360 
160 
100 
160 
130 

Q" 
(,J'l 



TABLE l4.--RECORDED POUNDS OF CONSTITUENTS, STORM 10-17-71. 

Elapsed Average 
Time Q 
{min} (efs} 

15 0.13 
30 0.39 
60 4.58 
90 3.82 

105 0.96 
120 0.22 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Volume/ 
Interval 
(ef} 

120 
350 

8240 
6880 
870 
200 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

W$Ili g PI! H it_ iiI ii& Wi 

# COD/ # T.R~/ 
Interval Interva 1 

(1 bs} {l bs} 

9 12 
23 39 

340 530 
380 460 

53 57 
13 14 

# V.R~/ # T.S .S~/ 
Interval Interval 

{1 bs} {1 bs} 

3 6 
11 34 

160 450 
140 340 

18 40 
4 9 

# V.S.S~/ 
Interval 

{1 bs} 

2 
8 

83 
43 

9 

2 

Ol 
Ol 



TABLE 15.--RECORDED CONSTITUENT CONCENTRATIONS I STORM 10-25-71. 

E. T~ Coliform BOD 
(min) Co1/100 ml mg/1 

Total Fecal 

15 1.Oxl04 3.2xl03 

30 6.0xl04 1.8xl04 

45 9.0x104 1.6xl03 

60 
90 1.0xl04 3.0x102 

105 3.0x104 3.0xl02 

120 6.0xl02 

150 1.0xl04 

180 9.0x104 3.6xl04 

210 1.0xl04 4.7x104 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

8 
28 
28 

6 
12 
4 

18 
10 
16 
10 

COD 
mg/1 

570 
540 
440 
240 
200 
300 
280 
570 
300 
460 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
Alk. as N03 CaC03 mg/l 
mg/l 

28 7.0 0.8 
28 7.1 0.5 
28 7.1 0.7 
32 7.5 0.4 
32 7.2 0.5 
44 7.3 0.7 
44 7.8 0.8 
56 7.3 0.09 
44 7.3 0.6 
68 7.3 1.0 

P as T.R~ V.R~ 
P04 mg/l mg/l 

mg/l 

0.06 1450 440 
0.01 1120 310 
0.06 820 380 
0.45 580 160 
0.20 360 130 
0.05 410 170 
0.08 360 130 
0.26 440 200 
0.15 380 140 
0.26 420 180 

T.S.S~ 
mg/l 

910 
1040 
270 
240 
220 
120 
140 
100 
210 
150 

V.S.S~ 
mg/l 

250 
230 
44 
46 
52 
20 
28 

28 

36 
28 

0'1 ......, 



TABLE 17.--RECORDED CONSTITUENT CONCENTRATIONS! STORM 2-11-72 (Snow). 

E. T! Coliform BOD 
(min) Col/100 ml mg/l 

Total Fecal 

30 
45 
60 
90 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

84 
84 
84 
96 

COD 
mg/l 

820 
1000 
1040 
1210 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as P as 
Al k. as N03 P04 CaC03 mg/l mg/l 
mg/l 

T.R~ V.R~ 
mg/l mg/l 

2600 500 
2800 600 
3000 600 
3400 700 

T.S.S! 
mg/l 

600 
600 

1300 
1400 

V.S.S~ 
mg!l 

100 
100 
200 
300 

0'1 
1.0 



TABLE 18.--RECORDED CONSTITUENT CONCENTRATIONS, STORM 5-3-72. 

E. T~ Coliform BOD 
(mi n) Col/100 ml mg/l 

Total Fecal 

30 1.6x106 6.0x102 

45 1.Ox105 8.6xl02 

60 4.0x105 5.2xl02 

90 2.0xl05 1.5x103 

120 6.5x105 4.2xl02 

150 2.2xl02 

180 3.6xl06 

210 1.9x106 8.0x102 

240 8.9x102 

270 5.9x103 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

130 
100 
40 
68 
60 
68 

76 
80 

130 
80 

COD 
mg/1 

950 
410 
270 
420 
420 
460 
600 
560 
510 
380 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
Alk. as N03 CaC03 mg/1 
mg/1 

72 7.8 1.7 
52 7.8 1.8 
44 7.5 1.6 
60 7.7 3.6 
56 7.6 3.5 
64 7.5 4.3 
68 7.5 4.9 
76 7.6 5.2 
76 7.7 6.0 
76 7.6 5.6 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/l 

0.05 21,670 2060 

0.11 11 ,160 1500 
0.29 3560 800 
0.60 2180 710 
1.50 2120 680 
0.41 1900 750 
0.31 1930 590 
0.20 1680 620 

0.61 1900 650 
0.51 1940 680 

T.S .S~ 
mg/l 

11,890 
1240 
1590 
630 
630 
430 
290 
340 
200 
200 

V.S.S~ 
mg/1 

590 
48 

96 
76 
84 
84 

100 
56 
52 
56 

n('ii<WSi,@)Ifftlf!tf:Jt~ 

...., 
o 



TABLE 19.--RECORDED POUNDS OF CONSTITUENTS a STORM 5-3-72. 

Elapsed Average Volume/ 
Time Q 
(min) (cfs) 

30 5.24 

45 5.94 

60 2.86 

90 0.79 
120 0.14 
150 0.08 
180 0.05 
210 0.04 
240 0.03 
270 0.02 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Interval 
(cf) 

9430 
5350 
2580 
1420 

220 
140 

99 
81 
63 
45 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

~It ,,&&JWJIJi&lkAt& & is 

# COOl # T.R~/ 
Interval Interval 

(1 bs) (1 bs) 

560 12760 
140 3720 

43 570 
37 190 
6 30 
4 17 
4 12 
3 9 
1 8 
1 5 

'''<o''1'HI''iWrgwl'''\;lffitSi'*~4;uml!ffiilYk'~ 

# V.R~/ # T.S.S~/ # V.S.S":/ 
Interva 1 Interval Interval 

(1 bs) (1 bs) ( 1 bs) 

1210 7000 350 
500 410 16 

130 260 15 

63 56 7 

10 9 

7 4 1 

4 2 1 

3 2 0 
3 0 
2 0 

'"'-J 



~ JiM 

TABLE 20.--RECORDED CONSTITUENT CONCENTRATIONS z STORM 5-4-72. 

E.T~ Coliform BOD 
(min) Col/lOO ml mg/l 

Total Fecal 

15 
30 
45 
60 
75 
90 

105 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

COD 
mg/1 

560 
340 
230 
270 
180 
150 
180 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
A 1k. as N03 CaC03 mg/1 
mg!1 

40 7.7 1.2 
40 7.8 1.2 
36 7.8 1.0 
32 7.6 1.1 
36 7.5 0.9 
36 7.5 0.8 
36 7.5 1.0 

P as T.R~ V.R~ 
P04 mg/l mg/1 
mg/1 

0.30 4350 670 

0.49 5160 450 

0.59 2990 300 
0.51 1890 200 

0.50 690 140 

0.71 390 110 

0.59 360 120 

T.S.S~ 
mg/l 

3650 
3160 
2860 
1570 

590 
280 
140 

V.S.S~ 
mg/l 

340 
220 
180 

92 
32 
12 
8 

ramus ."wereeere 
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TABLE 21.--RECORDED POUNDS OF CONSTITUENTS, STORM 5-4-72. 

Elapsed Average 
Time Q 
(min) (efs ) 

15 0.1 
30 0.30 
45 1.08 
60 1.90 
75 1.45 
90 0.51 

105 0.21 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Volume/ 
Interva 1 
(ef) 

90 
270 
970 

1710 
1310 
460 
180 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

# COD/ # T.R~/ 
Interval Interval 

(l bs) (l bs) 

3 24 
6 89 

14 180 
29 200 
14 56 
4 11 

2 4 

# V.R~/ # T.S.S~/ 
Interval Interval 

{1 bs) ( 1 bs) 

4 21 
8 54 

18 170 
21 170 
12 48 
3 8 
1 2 

# V.S.S~/ 
Interval 

(l bs) 

2 
4 

11 

10 
3 
0 
0 

'-J 
W 



TABLE 22.--RECORDED CONSTITUENT CONCENTRATIONS, STORM 5-5-72. 

E.T~ Coliform BOD COD Total pH N as 
(mi n) Col/100 ml mg/l mg/l Alk. as N03 Total Fecal CaC03 mg/l 

mg/1 

90 2.5xl05 5.0xl04 42 370 60 7.5 2.1 
120 5.0xl05 1.0x105 42 480 7.9 1.1 
150 3.0xl05 6.0x104 42 660 7.6 0.9 
180 2.1 xl 05 6.0xl03 30 190 40 7.7 0.9 
210 1. 2xl 05 1.0xl04 26 250 40 7.9 0.7 
240 5.6x105 1.0x104 34 130 36 8.0 1.0 
300 1.5x105 3.0xl03 22 100 40 7.7 0.8 
360 7.0xl04 4.0x103 22 100 40 7.6 1.0 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 
T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/1 

0.51 1500 320 
0.41 10000 750 
0.40 3980 380 

0.49 2090 240 
0.49 1800 76 

0.49 1310 72 

0.49 390 76 

0.49 1280 130 

~ 

T.S.S~ 
mg/l 

1160 
6900 
3290 
1370 
1400 
310 
240 
84 

V.S.S~ 
mg/l 

140 
340 
200 

92 
90 
50 
12 
8 

'""oJ 
~ 



TABLE 16.--RECORDED POUNDS OF CONSTITUENTS! STORM 10-25-71. 

Elapsed Average 
Time Q 
(min) (cfs) 

15 0.55 
30 4.58 
45 5.97 
60 5.73 
90 2.68 

105 0.41 
120 0.18 
150 0.11 
180 0.08 
210 0.07 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Volume/ 
Interval 
(cf) 

490 
4120 
5370 
5150 
4830 
370 
160 
190 
150 
120 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

~llllllll!llru"ii!\llilii\51.il.M&;W«O"","M'" 

# COOl # T.R~/ 
Interval Interval 

(1 bs) (1 bs) 

518 45 
140 290 
450 270 

78 190 
62 110 
7 9 
8 4 
7 5 
3 4 
4 3 

# V.R~/ # T. S. S~/ 
Interval Interval 

(1 bs) (1 bs) 

14 28 
80 266 

130 90 
53 79 
39 68 
4 3 

1 1 

2 
1 2 
1 1 

___ ...... _,=,·".=~""""WlW""""~. 

# V.S.S~/ 
Interval 

(1 bs) 

8 
59 
15 
16 

1 
0 
0 
0 
0 
0 

0'> 
c: 



TABLE 23.--RECORDED POUNDS OF CONSTITUENTS, STORM 5-5-72. 

Elapsed Average Volume/ 
Time Q 
(mi n) (efs ) 

90 0.20 
120 2.11 
150 6.93 
180 2.86 
210 0.64 
240 6.02 
300 2.93 
360 0.67 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Interval 
(ef) 

1050 
3790 

12480 
5150 
1150 

10850 
10550 

2410 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

_ .&iI%?lGll'JI'iw,t(4;t4MtA(1SA 

# COD/ # T.R~/ 
Interval Interval 

(1 bs) ( 1 bs) 

24 99 
110 2370 
510 3100 

62 670 
18 130 
87 890 
69 260 
16 190 

# V.R~/ # T.S.S~I 
Interva 1 Interval 

( 1 bs) ( 1 bs) 

21 1160 

180 6900 

300 3290 
78 1370 

6 1400 

49 310 

50 240 

19 84 

·\3Uif'Gm'3Xj·KlVi'3'·£-~g~ 

# V.S.S~/ 
Interval 

(1 bs) 

140 
340 
200 

92 
88 
52 
12 
8 

......., 
CJl 
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TABLE 24.--RECORDED CONSTITUENT CONCENTRATION~ STORM 5-6-72. 

E.T~ Coliform BOD 
(min) Col/100 ml mg/l 

Total Fecal 

45 4.7xl05 5.8xl04 

75 3.8x105 2.3xl04 

105 5.6xl05 2.6xl04 

135 4.8xl05 1.5xl04 

165 3.5xl05 1.2xl04 

195 8.5xl05 7.0x103 

225 3.1xl05 1 .8xl 04 

270 7.0xl04 2 .4xl 04 

300 2.5xl05 2.7x104 

330 2.0xl05 1 .8x1 04 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

COD 
mg/l 

880 
280 
190 
160 
180 
180 

96 
56 
56 
72 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
Al k. as N03 CaC03 mg/l 
mg/l 

52 7.6 
40 7.7 
40 7.7 
36 7.6 
32 7.7 
28 7.7 
28 7.6 
28 7.6 
36 7.8 
40 7.8 

P as T.R~ V.R~ 
P04 mg/1 mg/l 

mg/l 

0.30 2000 310 

0.51 1170 64 
0.51 380 
0.61 340 20 
0.59 440 48 
0.59 620 48 
0.61 480 
0.81 380 
0.99 92 

120 

T.S.S~ 
mg/l 

1520 
980 
290 
210 
370 
400 
460 

40 
24 
84 

V.S.S~ 
mg/l 

100 
40 
12 

16 
12 

16 

eU'w ... ·tfl~5'l'f9t'Wi'ff*"iN!!tf 
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TABLE 25.--RECORDED CONSTITUENT CONCENTRATIONS z STORM 6-11-72. 

E. T~ Coliform BOD 
(min) Co1/100 ml mg/l 

Total Fecal 

15 2.2xl06 

30 2.2x106 

45 1.2x106 

60 1.0x106 

90 4.6xl05 

120 3.0x104 

150 7.0xl04 

180 3.0x105 

240 2.0xl05 

300 3.6xl05 

360 1.5x105 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

68 
30 
24 
20 
20 
84 
50 
40 
40 
40 
32 

COD 
mg/1 

160 
110 

25 
44 
80 
40 
65 
55 
51 

170 
130 

T.S.S - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

Total pH N as 
A1k. as N03 CaC03 mg/1 
mg/l 

60 7.4 0.3 
48 7.4 0.4 
40 7.4 0.3 
20 7.4 0.2 
32 7.4 0.4 
36 7.4 0.4 
16 7.4 0.2 
20 7.3 0.2 

7.4 0.3 
52 7.6 0.2 
32 7.5 0.4 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/l 

1340 210 
0.05 1460 150 
0.11 2370 190 
0.12 750 92 
0.20 2600 230 
0.17 1460 120 
0.16 740 96 
0.15 1240 104 
0.16 800 92 
0.17 1270 230 
0.20 1140 170 

T.S.S~ 
mg/l 

440 
460 
890 
340 
590 
700 
600 
420 
530 
320 
320 

V.S.S~ 
mg/l 

60 

56 
32 
40 
60 
36 
32 

36 
96 

..., ..., 
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TABLE 26.--RECORDED CONSTITUENT CONCENTRATIONS, STORM 6-29-72. 

E. T~ Coliform BOD 
(min) Col/lOa ml mg/l 

Total Fecal 

45 1.9xl07 

60 7.1xl05 

75 6.9xl06 

90 4.3x106 

105 3.1xl06 

120 1.9x106 

135 5.3xl06 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

32 
24 
20 
22 
16 
34 
30 

COD 
mg!1 

570 
340 
340 
160 
210 
300 
330 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

------

Total pH N as 
A 1 k. as N03 CaC03 mg/1 
mg/l 

68 7.0 0.4 
48 7.2 0.5 
52 7.2 0.4 
48 7.1 0.4 
52 7.5 0.7 
70 7.6 0.3 
70 7.4 0.5 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/l 

0.11 3100 470 
0.10 2630 750 
0.18 2460 200 
0.10 790 110 
0.17 930 140 

0.20 820 120 
0.07 1420 170 

T.S.S~ 
mg/1 

2620 
1400 
1470 
890 
820 
820 

1370 

-----"',---,-----

V.S.S~ 
mg/l 

280 
220 
110 
100 
100 
102 
180 

....... 
co 



TABLE 27.--RECORDED POUNDS OF CONSTITUENTS,~?TORM 6-29-72. 

Elapsed Average 
Time Q 
(min} (efs} 

45 0.60 
60 4.25 
75 4.32 
90 3.25 

105 1. 73 
120 0.64 
135 0.30 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Volume/ 
Interval 
{ef} 

1630 
3820 
3890 
2930 
1550 
570 
180 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

~ 

# COD; # T.R~/ 
Interval Interval 

(1 bs} {1 bs} 

58 310 
81 630 
83 600 
29 140 
21 90 
7 29 
4 16 

# V.R~/ # T.S.S~/ 
Interval Interval 

Pbs} {1 bs 1 

47 270 
180 330 

46 360 
21 160 
13 80 

4 29 
2 15 

# V.S.S~I 
Interval 

{lbs 1 
29 
51 

27 

19 
10 

4 

2 

...., 
\0 

-' 



TABLE 28.--RECORDED CONSTITUENT CONCENTR~TIONS, STORM 6-30-72. --
E. T~ Coliform BOD 
(min) Col/100 ml mg/l 

Total Fecal 

30 3.8xl05 24 
45 1.4xl05 16 
60 3.1xl05 12 
90 2.1xl05 12 

120 9.0x105 12 
150 1 . 2xl 06 16 
180 1.7xl06 16 
240 7.0xl05 12 
270 9.0xl05 16 

*E.T. - Elapsed Time 
T. R. - Total Residue 
V.R. - Volatile Residue 

COD 
mg/l 

220 
180 
120 

95 
63 
60 
77 

60 

77 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

~1.'Iiiiii<iiS>ii>GI!_mo_"""""""",M!_Z::;;:;"W,"" ________ _ 

Total pH N as 
A 1 k. as N03 CaC03 mg/l 
mg/l 

44 7.8 0.8 
44 7.7 0.7 
44 7.7 0.8 
40 7.6 0.9 
36 7.6 0.7 
48 7.6 0.7 
44 7.7 0.9 
40 7.6 0.9 
52 7.7 0.8 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/l 

0.62 2580 170 
0.35 1800 140 

0.72 880 82 
0.49 560 110 

0.31 430 60 
0.39 310 58 
0.39 370 54 

0.22 210 46 

0.34 300 58 

T. S. S~ 
mg/l 

1990 
1880 

630 
500 
330 
170 
140 

92 

200 

V.S.S~ 
mg/l 

110 

64 
22 
38 
9 

1 1 

10 

10 

6 

co 
o 



TABLE 29. --RECORQ~Q_POU_NDS OF CONSTITUENTS L STORM 6-30-72. 

Elapsed Average Volume/ 
Time Q 
{min} {efs} 

30 1.72 
45 3.72 
60 3.19 
90 1.49 

120 0.96 
150 0.72 
180 0.29 
240 0.35 
270 0.37 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Interval 
{en 

3090 
3350 
2870 
2680 
1920 
l300 
520 

1480 
450 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

# COD/ # T.R~/ 
Interval Interval 

{l bs) {l bs} 

43 500 
37 380 
21 160 
16 93 
7 46 
5 25 
3 12 
6 19 
2 83 

# V.R~/ # T. S.S~I # V.S.S~/ 
Interval Interval Interval 

{l bs) {1 bs) {1 bs l 
32 380 22 
29 390 13 
15 110 4 
18 84 6 

6 35 1 

5 14 1 

2 5 0 

4 9 1 

2 6 0 

cc 
-.I 



TABLE 30.--RECORDEO CONSTITUENT CONCENTRATIONS, STORM 7-3-7Z. 

~.T~ Col Horm BOD 
I • ) ";-11 1 n Col/100 ml mg/l 

Total Fecal 

30 8.0xl05 1 . Oxl aS 
60 6.9x104 6.ClxlO 4 

90 3.0x104 1 . Oxl 0 3 

'; 20 2.6x106 1.OxlO5 

-: 50 5.4x105 8 .5xl04 

180 3.Oxl04 5. 0x l03 

210 1.6xl05 4.9.-.: 104 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

COD 
mg/l 

82 
170 

36 
24 
52 
55 
23 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

l!I!lI!iiJiJiii_il--..... ---"'''' .... .,--_ ............. _--

Total pH N as-
A1k. as N03 CaC03 mg/l 
mg/l 

40 7.9 0.7 
32 7.6 0.6 
48 7.7 0.7 
16 8.0 0.7 
36 7.8 0.6 
40 7.7 1.1 
44 7.8 0.7 

P as T.R~ 

P04 mg/1 
mg/1 

0.51 2980 
0.24 1240 
0.31 290 
0.28 2070 
0.25 1240 
0.24 760 
0.33 890 

V.R~ T.S.S~ 
mg/l mg/l 

420 2980 
160 1070 
82 220 

220 1970 
480 980 
120 670 

74 860 

V.S.S~ 
mg/l 

240 
100 

34 
220 

90 
72 

68 

CD 
N 



TABLE 31.--RECORDED PO~NQS_OF CO~STITUENTS, STORM 7-3-72. 

Elapsed Average Volumel # COOl # T.R~I # V.R~I # T.S.S~I # V.S.S~I 
Time Q Interval Interval Interval Interval Interval Interval 
(min) (cfs) (cf) (lbs) (lbs) (lbs) (lbs) (lbs) 

30 2.71 
60 13.97 
90 5.87 

120 1.05 
150 3.86 
180 4.87 
210 1.62 

*T.R. - Total Residue 
V.R. - Volatile Residue 

4890 
25140 
10570 
1900 
6940 
8770 
2910 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

82 
170 
36 
24 
52 
55 
23 

910 130 910 74 
1950 250 1690 160 
190 54 140 22 
250 27 230 26 
540 210 420 39 
410 63 370 39 
160 13 160 12 

00 
w 



TABLE 32.--RECORDED CONSTITUENT CONCENTRATIONS, STORM 7-4- 7.1. .. 

E. T~ Coliform BOD 
(min) Co1/100 ml mg/1 

Total Fecal 

15 8.7xl05 2.2xl04 

45 6.0x104 5.0xl03 

75 4.0xl04 1.2x104 

105 1.0x104 

135 1.Ox104 1.2xl04 

*E.T. - Elapsed Time 
T.R. - Total Residue 
V.R. - Volatile Residue 

COD 
mg/l 

370 
110 

45 
21 
34 

T.S.S - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

~I~-= 

Total pH N as 
A1k . as N03 CaC03 mg/l 
mg/1 

24 8.1 1.2 
32 8.5 1.1 
32 8.0 0.9 
36 7.8 0.6 
28 7.7 0.5 

P as T.R~ V.R~ 
P04 mg/l mg/l 
mg/l 

0.24 5780 510 

0.22 1380 170 
0.45 490 46 
0.49 220 52 
0.38 190 48 

T.S.S~ 
mg/l 

5210 
1330 

420 
140 

76 

V . S.S~ 
mg/l 

450 
130 

30 
18 
6 

r=I:!bI"tt"#f§)~~ 
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TABLE 33.--RECORDED POUNDS OF CONSTITUENTS. STORM 7-4-72. 

Elapsed Average Volume/ 
Time Q 
{mi n} {cfs} 

15 4.04 

45 13.43 
75 11.65 

105 2.78 
135 0.20 

*T.R. - Total Residue 
V.R. - Volatile Residue 

Interval 
{cf} 

3640 
28210 
17470 
4160 

360 

T.S.S. - Total Suspended Solids 
V.S.S. - Volatile Suspended Solids 

# CODI # 1.R~1 
Interval Interval 

(1 bs} {l bs 1 
73 1310 

190 2440 
49 540 

6 57 
4 

# V.R~I # 1.S .S~I 
Interval Interval 

{1 bs l {l bs} 

110 1180 

300 2330 
50 450 
14 35 
1 2 

# V.S.S!! 
Interval 

{l bS) 

100 
230 

33 
5 
0 

OJ 
tTl 
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CHAPTER I 

INTRODUCTION 

The history of man's attempt to utilize the water in the Rio 

Grande River for agricultural and other purposes must begin with the 

Pueblo Indian civilization that predated the Spanish settlements of 

the Southwest by many hundreds of years. [17J The Catholic Mission 

founded in 1659, near what is now Cuidad Juarez, Mexico, is usually 

considered one of the first attempts by European settlers to sustain 

a community on the banks of the river in the arid region of the 

Southwestern United States. This attempt was successful mainly 

because an irrigated economy could be supported by the rich alluvial 

soil of the river flood plain, and the erratic but adequate natural 

flows in the Rio Grande River. [14J A number of events combined to 

increase the amount of irrigated agriculture, such as the resettle

ment of settlers driven out of Northern New Mexico by Indian uprisings 

and the construction of railroads into the region. The net result 

was a series of early studies and plans to stabilize the flow in the 

river by providing upstream storage that would store the spring snow 

melt for irrigation later in the summer. [14] 

The Rio Grande Project was authorized in 1905 by Congress and 

is shown on the location map, Figure 1.1. Construction was initiated 

in 1906. [17] The Treaty with Mexico, completed in 1906, was a 

necessary prerequisite to the construction of the Rio Grande Project. 

1 
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The use and apportionment of the flow in the Rio Grande was defined 

by the Rio Grande Compact drafted between the states of Colorado, New 

Mexico, and Texas in 1929 and signed in 1938. [14J Preliminary con

struction was begun on Elephant Butte Dam in 1908, and storage was 

initiated in 1915. [17J Caballo Dam was completed in 1938 to provide 

flood protection and storage of irrigation water, thus permitting 

continuous power generation at Elephant Butte. 

A major study of the Upper Rio Grande Basin was prepared by the 

National Resources Committee in 1938. [14J This significant document 

was the principal basis for the Rio Grande Compact. A comparable or 

updated document has not been attempted since its completion. 

Purpose 

Although the overall importance of the project to the regional 

economy of southern New Mexico and the El Paso metropolitan area has 

decreased in relation to other factors such as military installations 

and manufacturing, the gross regional income attributable to the Rio 

Grande Project has remained relatively stable and constant. In 1968 

there were 4430 farms and homes in the project boundaries, 

and irrigated acreage totaled 138,863. [17J The yearly irrigated 

acreage fluctuates with the available water supply and reached a 

maximum of 159,768 acres in 1953. Gross crop value reached a maximum 

in 1952 with an estimated value of $59,074,212, and the total value 

of all crops since storage was initiated in 1915 exceeds one billion 

dollars. 
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Cotton is the principal crop in terms of gross value, but it 

has declined in recent years in terms of overall income as well as the 

total acreage. Until recently alfalfa has been second in terms of 

crop value, but it has been replaced by lettuce. Pecans have increased 

since 1962 to rank third in terms of crop value to the project. [17J 

The economy of the community of Truth or Consequences, New 

Mexico, has developed a dependence upon the recreational activities 

connected with Elephant Butte Reservoir and to a lesser extent on 

Caballo Reservoir. Minimal inflow in the spring of 1971 and heavy 

irrigation drafts during the summer of 1971 combined to reduce the 

reservoir to one of its lowest elevations since storage was begun in 

1915. Legal action initiated by concerned citizens and recreationists 

resulted in a temporary agreement to maintain a minimal recreational 

pool until the necessary studies and investigations could be completed 

to effect a decision concerning a permanent recreational pool in 

Elephant Butte Reservoir. It is hoped this study may furnish some of 

the methodology and data necessary to the decision-making process that 

will occur before a final agreement is reached. Although this was the 

immediate purpose of this study, it is hoped it can be used as the 

beginning of a simulation model of the entire Upper Rio Grande Basin. 

Scope 

The regulatory process of the system of reservoirs and the power 

plant was digitally simulated using the physical characteristics of 

each facility and, as far as possible, the operational procedures of 

the United States Bureau of Reclamation, which operates the Rio Grande 



Project, of which the system is the principal feature. The primary 

effort has been the development of a model capable of accurately 

reproducing reality found in the historic inflows and reservoir ele

vations. The model was also given the flexibility of generating and 

using synthetic hydrologic data. 

The advent of the digital computer and advances in the fields 
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of operations research and systems analysis have combined to revitalize 

the art of simulation. It is now even more effective in dealing with 

complex water resource systems. Simulation has in the past most often 

taken the form of physical models or electrical analogs. 

Simulation is generally defined as a process which essentially 

duplicates the essential components of a system without actually 

achieving reality. [7,9J In water resource systems the complex rela

tionships of structures and the associated hydrology defy most analyti

cal solutions; thus hydrologic engineers have welcomed the development 

of the new simulation tools and techniques to help solve old and new 

problems. Digital simulation accounts for inflows and outflows from 

proposed or existing systems during a specified time increment. In 

the case of floods the time increment will necessarily be short, but 

in some cases it may be acceptable to use years or seasons as the 

increment of time. 

The simulation tools developed in this study are capable of 

measuring the system's output under long hydrologic sequences, either 

from the synthetic hydrology generator or from the actual historic 

record. The hydrological inputs produce outputs of power and 



irrigation releases and flood management data. This output is then 

evaluated for direct economic benefits. 
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Historically, digital simulation of water resource systems was 

pioneered by the Harvard Water Program and by the United States Corps 

of Engineers. [11] However, possibly one of the earliest efforts 

was a simplified digital simulation of the Nile River Valley. [11] 

Early simulation efforts were made on the Missouri River in 1953, by 

the Corps of Engineers. [11] The International Boundary and Water 

Commission has simulated a two reservoir system on the Rio Grande. [11] 

The Harvard Water Program extensively modeled and documented the 

Lehigh and Delaware River Basins. [9] A schematic diagram of the 

general steps and procedure of water resource simulation is shown on 

Figure 1.2. 

Simulation Procedure 

The model begins a simulation run by reading the hydrological 

sequence of data, the physical parameters of the system and the 

initial conditions of the reservoirs. An initial check is made of 

Elephant Butte Reservoir to determine if the monthly inflow could 

possibly create a potential flooding condition. If there is insuffi

cient storage to accommodate the flow for the month, control is trans

ferred to a flood routine which routes the flood through the reservoir. 

If no threat exists at Elephant Butte, conditions are checked at 

Caballo Reservoir for potential flooding. If the capability of flood

ing exists, the flow for the month is routed through Caballo Reservoir, 

and control is then passed back to the beginning of the cycle. If no 

flood threat exists at either Elephant Butte or Caballo Reservoirs, 



the control is passed downstream to Caballo, and the continuity 

equation is solved for that month's flow. Once the end of the month 

conditions at Caballo Reservoir are known, the control is passed to 

Elephant Butte Reservoir and the continuity equation is solved for 
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this reservoir. The monthly data are printed and the economic benefits 

evaluated; and the cycle is ready to start again with the next monthly 

flow. Generally the cycle can be summarized by saying that if a flood 

occurs or a flood potential exists, then the program proceeds in a 

downstream direction, and if there is no flood threat in either 

reservoir, the program proceeds from the outlet of Caballo Reservoir 

upstream to Elephant Butte Reservoir. 

A simplified schematic diagram of the system is presented in 

Figure 1.3. The inflow at the gauging station at San Marcial is the 

main inflow to Elephant Butte Reservoir. The ungauged inflow includes 

local inflow, and precipitation on the reservoir surface. Outflow 

from Elephant Butte includes flow through the power plant, flow over 

the spillway and under the cylinder gates, and evaporation from the 

surface of the reservoir. Although there are twenty-two miles of river 

channel between Elephant Butte and Caballo, the model does not make any 

spatial accommodation for this distance since the travel time is less 

than twelve hours. Flow through the power plant and over the spillways 

at Elephant Butte become part of the inflow into Caballo Reservoir. 

The other sources of inflow to Caballo are ungauged local inflow and 

precipitation on the reservoir surface. The model makes no accommoda

tion for the outflow of groundwater from the system. 
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In the remaining chapters, the following topics are discussed. 

Chapter 2 discusses the procedure of collecting and coding the hydro

logic data as well as a description of the sources of the data. In 

addition the procedure adopted when portions of the historic record 

were missing will be detailed. The first part of Chapter 3 presents 

the mathematical and statistical theories required for the development 

of the synthetic hydrology generator. The second part of Chapter 3 

describes the programs and logic of the synthetic hydrology generators. 

Chapter 4 describes the steps and logic of the model. Included in this 

is the description of the criteria of the flood routine and a descrip

tion of the use and logic of the auxillary functions and subroutines. 

Chapter 5 describes the verification of the model and the criteria of 

the verification tests. It also documents the results of the model 

and shows the runs made with both synthetic and historical hydrology. 

Finally, Chapter 6 presents the conclusions of this study and recom

mendations for future research that would be beneficial for the southern 

New Mexico-El Paso region. 



CHAPTER 2 

HISTORIC HYDROLOGY 

The Upper Rio Grande Basin above Elephant Butte Reservoir 

contains approximately 27,700 square miles including the 2,940 square 

miles of the closed basin in Colorado. The hydrology was extensively 

studied and documented in the Rio Grande Joint investigation in the 

Upper Rio Grande Basin, in Colorado, New Mexico, and Texas. [14J 

The percentage of runoff measured at San Marcial is approximately 

evenly divided between the states of Colorado and New Mexico. 

Stream Flow 

The United States Geological Survey established the stream-flow 

measurement station at San Marcial in 1895. This was probably the 

result of early controversies over upstream diversions of Rio Grande 

waters. Stream-flow records for San Marcial are published in Water 

Supply Paper No. 358 and Water Resources Data for New Mexico, Part 1, 

Surface Water Records. Since 1950 when a conveyance channel was built, 

the flow at San Marcial has been a composite of flow in the channel 

and the flow in the floodway. The daily stream flow at San Marcial is 

available on magnetic tape from the Geological Survey Automatic Data 

Processing Unit, Water Resources Division, Washington, D. C. This type 

of record is available only from October 1949 to September 1970. The 

Geological Survey rates the record of the San Marcial stream flow 

11 
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gauge as "fair." This rating can be expected to be within a 15 percent 

range of accuracy of the true flow. 

During the verification of the model an attempt was made to 

check continuity of Elephant Butte from the published inflow and out

flow data and calculated evaporation and local inflow figures. This 

proved to be impossible as either monthly inflow or outflow appeared to 

be in serious disagreement with the calculated data and historic reser

voir elevations. No further attempt was made to correct the San Marcial 

inflow record as the source of the discrepancy could not be pinpointed. 

Since the principal concern was defining the probability density func

tion for San Marcial, it was felt that defining the parameters with 

unadjusted data would define synthetic data with similar statistical 

characteristics. 

The other problem concerning the San Marcial record was the 

determination of the effect of upstream development on past and future 

records. Jemez Canyon Dam was built in 1953 on the Jemez River, and 

Abiquiu Dam was built in 1963 on the Rio Chama. A double-mass analysis 

was used to determine the effects of these dams upon monthly records 

at San Marcial. The double-mass analysis indicated that the current 

operating rules of these reservoirs did not affect monthly stream-flow 

values at San Marcial. 

The other investigation completed to determine the effect of 

upstream flood control regulation on San Marcial monthly inflows was a 

study of the soon-to-be-completed Cochiti Reservoir located about 40 

miles above Albuquerque. The legislation authorizing Cochiti Reservoir 

also specified the operating rules. [15J These rules are quite 
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flexible and private communication with the United States Army Corps 

of Engineers. Albuquerque District Office, indicated that 5000 cfs is 

the projected release rate that will not damage downstream levees and 

protective works in the channel of the Rio Grande. It is projected 

that moderate damage would occur at a release rate of 7500 cfs. The 

combined operation of Jemez Canyon Dam, Abiquiu Dam, Galisteo Dam, 

and Cochiti Dam shall be regulated to produce an approximate maximum 

flow of 10,000 cfs at Albuquerque. [15J 

The three flow rates mentioned above were applied by a computer 

program utilizing the data available on magnetic tape. The daily flows 

at Albuquerque are available on magnetic tapes from December 1942 to 

October 1965 for a total of 283 months. A computer program was 

written to provide daily simulation of the operation of Cochiti Reser

voir. Operating rules of maximum flow at Albuquerque of 5,000, 7,500, 

and 10,000 cfs were tested. The end-of-the-month storage which would 

have occurred in Cochiti Reservoir for each operating rule is shown 

in Table 2.1. 

An analysis of the results of the Cochiti Reservoir regulation 

study indicates that there will be some regulation by Cochiti Reservoir 

approximately one year out of four. If the maximum flow at Albuquerque 

is restricted to 5,000 cfs there would have been only eight months out 

of 283 months of record in which there would have been a significant 

holdover storage in Cochiti Reservoir. If the maximum flow at Albu

querque is maintained at 7,500 cfs then the number of months will hold

over storage is reduced to four out of 283. Finally when the maximum 



TABLE 2. 1 

RESULTS OF COCHITI RESERVOIR REGULATION STUDY--1943-1965 
(The reservo; r is "empty" for a 11 other months) 

Maximum Cochiti Outflow 

EOM W/Storage 5000 cfs 7500 cfs 10,000 cfs 

EOM Storage EOM Storage EOM Storage 
in acre feet in acre feet in acre feet 

May 1944 151,379 
June 1944 151,689 

May 1945 147,282 13,438 

May 1948 65,528 27,817 
June 1948 131,974 

June 1949 84,760 23,743 

June 1957 447 
Aug. 1957 268 

Apri 1 1958 41,573 
May 1958 277 ,314 94,224 11 ,404 
June 1958 267,477 

Aori 1 1962 15,595 
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rate of 10,000 cfs is specified at Albuquerque there was only one month 

when there was holdover storage in Cochiti Reservoir. 

The results of the analysis of the Cochiti regulation study led 

to the conclusion that the effect of Cochiti Reservoir would not 

significantly affect the monthly inflow distribution at Elephant Butte 

Reservoir. This could not be claimed if the flows under consideration 

had been daily flows because it appears that peak daily flows in the 
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months of May and June will be significantly altered and the probability 

density function for daily flows will likewise be significantly altered. 

Local Inflow 

The problem of local inflow into Elephant Butte and Caballo Reser

voirs is not as critical as it is in more humid regions with more run

off. The watershed to the east of the reservoirs is very narrow. The 

watershed surface results from former volcanic activity and produces 

very little runoff. The watershed to the west is bounded by the con

tinental divide. The ungauged area contributing to Elephant Butte is 

approximately 730 square miles, while the ungauged contributing area 

to Caballo Reservoir is approximately 1,300 square miles. 

The available runoff data for this area is very sparse. The 

Alamosa River, shown in Figure 1.1 (p. 2), is the only stream with any 

relevant records. The United States Geological Survey gauged the 

Alamosa River at a point approximately fifteen miles northwest of 

Monticello, New Mexico from October 1961 to September 1969. The 

entire flow of the river above this gauge is diverted. Assuming that 

the data from the Alamosa River are representative of the runoff 

potential of the remaining watershed, a regression analysis using the 

University of California Biomedical Computer Program BMD02R was per

formed using the following as a model. [22J 

The A's are the regression coefficients and are shown in Table 2.2. 

The monthly local runoff is denoted by QL' and the monthly precipitation 

at each station as noted below: 



TABLE 2.2 

LOCAL RUNOFF REGRESSION COEFFICIENTS 

Month AO A1 A2 A3 A4 A5 A6 

Jan 448.627 48.111 0.0 20.318 - 74.452 0.0 50.092 

Feb 427.556 -106.349 0.0 37.103 34.894 0.0 29.796 

Mar 439.942 - 7.942 11 .946 - 45.719 60.073 4.446 - 13.537 

Apr 433.460 - 12.598 - 75.423 60.667 53.226 - 26.948 - 34.944 

May 371 .372 31. 539 - 52.392 - 37.902 73.863 - 4.716 34.458 

Jun 442. 112 53.507 - 44.883 - 18.949 53.995 - 75.561 0.0 

Ju1 400.795 0.0 -123.977 202.674 - 64.508 0.0 6.212 

Aug 411.372 0.0 - 65.059 545.878 - 13.436 -256.566 - 36.491 

Sep 382.398 -111. 155 79. 161 - 94.160 - 7.596 213.159 69.428 

Oct 281.411 205.518 -161. 362 - 36.599 71.767 5.394 101.911 

Nov 763.207 - 63.319 91. 160 - 64.058 148.427 - 32.645 - 75.284 

Dec 431.981 0.0 - 69.521 18.025 73.911 42.732 0.0 

--.-... --.-.... ~- .. -----.--- .. --
0'1 
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Pl Precipitation at Elephant Butte Dam Sta. No. 1 

P2 Precipitation at Caballo Dam Sta. No.2 

P3 Precipitation at Hillsboro Sta. No.3 

P4 Precipitation at Winston Sta. No.4 

P5 Precipitation at Augustine Sta. No. 5 

P6 Precipitation at Bosque del Apache Sta. No.6 

The model computes the monthly local runoff as calculated by 

equation 2.1. The local runoff into Elephant Butte is computed by 

applying an area factor, as the contributory watershed for local 

runoff into Elephant Butte is approximately 1.5 times as large as the 

contributory area above the gauge on the Alamosa River. The model 

sets the local runoff to zero whenever there is no precipitation at 

any of the six stations. 

The local runoff into Caballo is computed in a similar manner 

except that the area factor is 2.9. 

Precipitation 

The eight precipitation stations selected for use in this study 

are indicated on the location map of Figure 1.1 (p. 2). The average 

annual precipitation of the stations is approximately seven to ten 

inches per year, with the exception of the stations located at higher 

elevations along the continental divide. The selected stations are 

all located on the Rio Grande watershed, with Hillsboro, Winston, and 

Augustine located on the ungauged watershed of Elephant Butte and 

Caballo Reservoirs. Most of the precipitation is the result of 
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convective thunderstorms and more than half of the total average 

precipitation occurs during the months of July, August, and September. 

The historic precipitation was obtained from the New Mexico 

climatological data published by the Environmental Science Service 

Administration and its predecessors. [19J The monthly totals for 

each station were punched and verified on data cards. The yearly 

record for each station is contained on one card, and each card is 

identified as to station, type of data, and year. 

Missing Data 

It is only natural that some of the stations would contain gaps 

in the record since some of these stations were operated by volunteers. 

A list of the missing data at each station is shown in Table 2.3. 

Analysis of the missing data indicate that most of the missing months 

occurred before 1950. The longest continuous span of missing data 

occurred at Caballo Dam from January 1931 to November 1936; the 

station was not established until the dam was completed in 1937. A 

data base was constructed for the years of 1931 through 1970. The 

method used to fill in the missing data was correlation. 

The missing bit of data is here noted by Xi and the Als are the 

correlation coefficients and the XiS are the corresponding monthly 

precipitation from the selected stations. A computed program based 

on linear regression analysis was utilized to fill in the missing 

precipitation data in the data base. 



TABLE 2.3 

SUMMARY OF MISSING PRECIPITATION DATA 

Elephant Butte Dam 
(No missing data) 

Caballo Dam 
Jan 1931 - Nov 1936 
Total months missing = 71 

Hillsboro 

Jan - Sep 1934; May - July 1934; Oct - Dec 1934 
May - July 1937; Oct - Dec 1937; Apr 1945; Oct 1946 
Total months missing = 24 

Winston 

May 1949 
Total months missing = 

Augustine 

March - Apr 1931; Jan - Apr 1932; Mar - July 1933; 
Sep - Nov 1933, Mar - Apr 1934, Aug - Dec 1934; Jan 1935; 
Jun 1935; Aug - Nov 1935; Feb - Sep 1944; Apr 1946; July 1947; 
Feb - Mar 1948; Sep - Oct 1950 
Total months missing = 41 

Bosque del Apache 
Dec 1936; May 1940; June 1941; Dec 1942; Nov 1943; 
Ju1 - Oct 1945; Ju1 1947 
Total months missing = 10 

Pan Evaporation and Coefficients 

The pan evaporation data for the station at Elephant Butte Dam 

are available from May 1961 to the present. [19J The record of pan 

evaporation at Caballo Dam begins in January of 1942. [19J These 

data were used in verifying the model and also in developing the 
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parameters used in the synthetic evaporation generator. These data 

were punched and verified as described for the precipitation data. 

There has been considerable previous research into the problem 

of evaporation from the surface of reservoirs. [20, 21J This is a 

particularly acute problem for the system under study. The average 

annual evaporation at Elephant Butte and Caballo is approximately 

ten times the amount of precipitation. This puts the problem of 

evaporation in an already water-short region into its proper 

perspective. 

Since the available data is the evaooration from a class A 
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evaporation pan, some type of evaporation coefficient must be applied 

to the pan evaporation before an accurate prediction can be made of 

the actual lake evaporation. The research by the United States 

Geo1ogica1 Survey conducted at Lake Hefner and Lake Mead concluded 

that the annual ratio of lake evaporation to pan evaporation was 

approximat~ly 0.7. [20, 21J 

Total Annual Lake Evap = 
Total Annual Pan Evap 0.7 ............... 2.3 

The monthly pan coefficients vary considerably from the annual 

coefficient. This variation is primarily due to the different heat 

capacities of the two bodies. The evaporation pan shows a high 

degree of correlation with daily meteorological events while the lake 

evaporation reacts very slowly to daily events. 

A study of monthly evaporation rates by Kane (11) for the State 

of Texas utilized the data for the period 1940-1965.and the results 
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of the Lake Hefner, Oklahoma, studies by the U. S. Geological Survey. 

Kane's results are reported in the form of monthly gross lake 

evaporation for each one-degree quadrangle in Texas. Measured pan 

evaporation from El Paso for the period 1948 - 1965 was compared to 

Kane's gross lake evaporation on a monthly basis to define an average 

monthly pan coefficient for the El Paso area. These are shown in 

Figure 2.1. Table 2.4 gives statistics for the monthly values. The 

rather wide variation in monthly pan coefficients led to the consider-

ation of temperature as a possible factor. A linear regression of the 

form 

c. = A + B * MMT. 
1 1 

2.4 

where A and B are regression constants 

Ci is the pan coefficient for ith month, and 

MMT . t' t'l t t f the l·
th month . 1S ne mean mon n y empera ure or 

1 

was also tried. Values of A, S, and the simple linear correlation 

coefficient are also given in Table 2.4. The values of the correla-

ti on coeffi ci ent are not stati sti ca lly si gnifi cant at the fi ve percent 

level, and this model was not used. The gross lake evaporation is 

calculated as the product of the pan evaporation factor at El Paso 

times the pan evaporation at the reservoir site. 
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TABLE 2.4 

STATISTICS OF EVAPORATION STUDY 

Average Variance 
Month Pan Factor of Pan Factor A 

Jan 0.849 0.026 1.496 

Feb 0.722 0.015 1.094 

Mar 0.655 0.004 1.130 

Apr 0.623 0.004 0.377 

May 0.656 0.005 0.486 

Jun 0.687 0.007 0.933 

Jul 0.768 0.004 0.618 

Aug 0.827 0.004 1.538 

Sep 0.887 0.003 1.654 

Oct 0.927 0.011 1.330 

Nov 0.986 0.026 1.314 

Dec 0.926 0.007 -.926 

1948 - 1965 

Pan Factor = A + B * MMT 

B Correlation Coeff. 

-0.0146 0.402 

-0.0076 0.245 

-0.0087 0.393 

0.0038 O. 141 

0.0023 0.062 

-0.0030 0.069 

0.0018 0.051 

-0.0087 0.201 

-0.0101 0.286 

-0.0062 0.139 

-0.0063 0.114 

0 0.025 

N 
W 
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Irrigation Demand 

As noted earlier, irrigation was the economic justification for 

the construction of Elephant Butte Reservoir. Total project irrigable 

acreage is 178,000 acres, of which 159,650 possess water rights. The 

actual number of acres irrigated in anyone year is influenced only 

slightly by the available water supply. Linear regression analysis 

showed the available water supply accounted for about three percent of 

the variance in acreage. During the period 1951 - 1952, the acreage 

varied from a low of 125,776 to a high of 159,768. 

Current operation by the U. S. Bureau of Reclamation Project 

Office in E1 Paso consis~of two allotments of water. The first is made 

about February 1 and the second about May 1. The allotments are 

cons i dered II fi rm" by the Bureau. The February a 11 ocati on seems to be 

based on the water available in Elephant Butte. Storage accounts for 

89 percent of the variance in the February allotment. Apparently, the 

purpose of this early allotment is to allow planning on the part of 

the farmer. The May allotment is based on the water in storage and the 

water content of the snow pack in the upper basin. 

Actual releases from Caballo Reservoir include the allotted 

irrigation water, treaty water for the Republic of Mexico, and river 

losses. The volume of release is somewhat complicated by the return 

flows from the Rincon and Mesilla Valley units of the Project (Figure 

1.1). Project spill occurs when summer rains negate the need for the 

water after it has been released from Caballo. Such spills as well as 

return flows from the E1 Paso irrigation unit are utilized by Hudspeth 

County Conservation and Reclamation District No.1. No cognizance of 

this unit has been made in this study. 



CHAPTER 3 

SYNTHETIC HYDROLOGY 

Predicting future hydrological events can be a risky and hazard

ous profession. Hydrologists share much the same criticism as is 

received by meteorologists from individuals and groups endowed with 

excellent hindsight. Engineers and hydrologists have frequently 

turned to the theories of probability and statistics to assist them 

in approximating future hydrologic events. Thus when the quest to 

understand the deterministic laws of hydrology are frustrated because 

of the complex phenomena generating the real processes, other techniques 

and methods must be found that solve the problems facing the engineers 

and hydrologists. Increasingly a probabjlistic approach to approxi~ 

mating hydrologic events has been used. 

A random process has been defined as a process that changes with 

time in such a manner that it can be described by the laws of 

probability. [5, 2J This is greatly in contrast to deterministic 

hydrologic processes which are described by the laws of fluid mechanics 

and thermodynamics. If one can accept the view that hydrologic events 

are random processes, then an approximation can be made concerning the 

form or rule that describes the probability of occurrence of any 

particular process. 
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Mathematically a random variable is defined as a real valued 

function defined on a sample space. [5, 8J 
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a ~ p [X S xJ < . . . . . . . . . . . . . . . . . . . . . 3.1 

Examples of hydrologic and physical processes that may be treated as 

random variables include stream flow, evaporation, precipitation, 

B.O.O., concentration of solids and others. Any quantity X is a 

random variable if for a given real number x, a probability P exists 

that X is equal to or less than x. This implies that a sequence of 

observations taken from the general population of events is governed 

by the laws of probability. 

Univariate Statistics 

If the probability of a random process can be defined by a single 

variable, the process may be classified as univariate. When the random 

variable X can take on only discrete values of x, it is defined as a 

discrete random variable. [8J There are many examples in hydrology 

where the data are discrete, but the actual physical process is continuous. 

A random variable X is continuous if its value x has a probability den

sity function that permits only a finite interval of x to have a finite 

probability. [24J Most hydrologic problems involve continuous random 

variables and are either positive valued only or may range from positive 

to negative values. Often it is necessary to estimate the form or shape 

of the probability density function from the shape of the histogram. 

If the units are chosen so that the area under the histogram is equal 

to one and the number of events is increased indefinitely while the 
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intervals on the X axis are made as small as desired, then the 

histogram can be expected to approach the density function of a 

continuous random variable. 

Common Probability Density Functions 

The following paragraphs describe the continuous density func-

tions that are most commonly used as models for hydrological processes 

investigated in this study. 

Tfle hormal or Gaussian density function (Fig. 3.1) occupies a 

position of preeminence in tile fields of statistics and probability. 

Tne function is defined as 

f(x) =--1 
2 2 -(X-ll) /20 e 3.2 

where the mean (ll) and the variance (02) are the two parameters required 

to define the function. The parameters are usually estimated from the 

characteristics of the sample. Many other density functions converge 

to the normal under special conditions, and this function serves 

numerous purposes in the application of statistics to hydrology. 

A hydrologic process can usually be described by a normal density 

function if the following four conditions exist: 

1. A large number of causative factors are responsible for the 

value of the variable. 

2. No one factor explains a large part of the value of the 

variable. Each factor has relatively little effect if 

analyzed separately. 
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3. The effect of each causative factor is additive to the value 

of the variable. 

4. Each factor is independent of all other factors. 

Examples of the application of the normal density function in 

hydrology are numerous, but some of the more important uses are listed 

below. 

1. Fitting symmetrical empirical distributions to hydrologic 

random processes; 

2. Analysis of random errors; 

3. Comparison with other distributions; 

4. Application of the mean value theorem to other statistical 

parameters; 

5. Data generation using Monte Carlo techniques. 

An important limitation of the normal density function is that 

most hydrological variables are positive valued and very rarely take 

on negative values. If, however, the mean is as large as 3o or 4o, the 

probability that a value of X will be negative is very small. 

The parameter that describes the central tendency of the normal 

density function is the mean,~. Centrally located values about which 

other values cluster is the measure of this central tendency. The 

mathematical definition of this parameter is 

~ = f x f(x) dx . 3.3 
_00 

The variance, o2, is a measure of dispersion. The dispersion 

is the measure of how the values of the variable are dispersed 
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about the central value or mean. The definition of the variance 

is 

2 
o = J (x-lJ)2 f(x) dx .................. 3.4 

-00 

The uniform density function is perhaps the simplest of the 

continuous functions but has many uses in hydrology. 

b-a 

f(x) 

-+----~------~~----> 

a b 

f(x) = _1_ 
b-a a <;: x < b 

= 0 el sewhere 3.5 

The lognormal density function is a very useful density function 

that has many uses in hydrology. When the logarithms (In x) are normally 

distributed, then the distribution is said to be a logarithmic-normal 

distribution. Some representative shapes are given in Eigure 3.2. 

The hydrologic phenomena that tend to have a lognormal distribution 

are usually those where the causative factors contributing to the 

event have a multiplicative effect rather than simply an additive 

effect. [2, 24J 
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f(x) 
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x 

4 

Figure 3.2. Examples of Lognormal Density Functions. 

The lognormal density function fits many hydrologic distributions well 

because a large number of the events are asymmetrical. It can be 

assumed that many of the physical causative factors of a hydrologic 

process are interdependent, with their effects multiplicative. The 

mean (~) and the variance (02) are calculated from the logarithmic 

transformation of the original variables. 

Gamma density function is defined by 

f(x) = --'--
Sa r(a) 

a-l -xiS x e O<x<co 3.6 
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which is the two parameter gama function. The integral which defines 

the incomplete gamma function is 

00 

f X
a-l x r (a) = e dx 3.7 

o 

2 2 The mean is defined as V = as, and the variance is 0 = as. The 

gamma density function has much the same use as the lognormal; 

however, it is not as easy to transform the coordinate scales for 

plotting. 

The beta density function is related to the gamma distribution. 

f(x) O<x<l 3.8 

The beta function is defined as 

1 
B (a,S) = f xa- l (l_x)S-l dx O<x<l 3.9 

o 

The usual need in hydrology is for limits other than the restrictive 

(0,1), and in this case the range of the variable from a to b 

generalizes to 

f(x) = 1 (x_a)a-l 
B(b_a)S-a-l 

a<x<b 3.10 

Least Squares Regression 

The method of least squares minimizes the sum of the squares 

of the errors between a prediction line and a set of sample points. 

If the prediction line is expressed as follows 
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Y = a + b (x - x) 3.11 

where b is its slope and a is the intercept on the line x = X, the 

sum of the squares may be expressed as 

n 
I 

i = 1 3. 12 

If the value of Y is placed in this expression, it can be shown that 

the above sum is a function of a and b only. [8] 

n 
G (a, b) = L 

i=l 

- 2 [V. - a - b (x. - x)] 
1 1 

3. 13 

Therefore, for this expression to be a minimum the partial derivatives 

must vanish. 

n 
-= aa 
aG L 2[Y i - a - b (xi - x)] [-1] = a ...... . 

i=l 

aG _ n 
8b - L 2[Y i - a - b (xi - x)] [-(xi - x)] = a 

;=1 

It can be shown that 

n 

a = Vand 
L (xi - x)Y 

b = _",-i =-..:.1 ___ _ 
n 
L 

i = 1 
( -)2 x. - X 

1 

3.14 

3.15 

3.16 
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hence the regression line may be expressed as 

Y - V = b (x - x) 3.16 

Multiple Linear Regression 

In hydrology it is often assumed that a physical process may be 

predicted as a linear function of several variables. This form may 

be expressed as 

3.17 

Since these variables have been selected on some basis other than 

being random the XiS are not random in the sense previously defined. 

Again the problem is to find a set of constants that will minimize 

the sum 

n 

I 
i =1 

I 2 
(Y. - Y.) 

1 1 
3.18 

which may be written 

Taking the partial derivatives of this equation with respect to each 

of the constants produces the following equations which are called 

the normal equati ons of 1 east squares. [8J 



These equations are usually solved by the digital computer. There 

are several programs capable of effecting a solution, but one of the 

most useful is the stepwise regression program, an example of which 

is described in Chapter 4 of this study. 

Polynomial Regression 
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Another type of regression used several places in the simulation 

model is that of polynomial regression. If linear functions fail to 

achieve acceptable prediction equations, the investigator may desire 

to attempt some type of polynomial expression. Estimates of the 

lowest degree of polynomial can be made from the scatter diagram of 

plotted points. If the degree of the polynomial is estimated as k, 

the expression for predicting the value of the dependent variable can 

be written 

The normal equation will be similar to equation 3.20 and can be 
i obtained by letting xi = x , 



n n k 
aOn + a1 L x + .... + ak L x = 

i=l i=l 

n 

n 
L y 

i=l 

n n k+1 
aO L x + .... + ak L x 

i=l i=l 
= L xy 

i=l 
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n k n k+l n 2k 
ao L x + al L x + .... + ak L x 3.22 

;=1 ;=1 i=l 

This regression function is also solved on the digital computer. 

There are programs available that will increment the degree of the 

specified polynomial until a predetermined value of the desired 

degree is reached. In this manner the investigator is able to evaluate 

the prediction expression as the degree of the polynomial increases. 

The selection of degree can then be made on the basis of the lowest 

degree that gives acceptable results. 

Monte Carlo Method 

Current simulation techniques utilize the Monte Carlo method 

extensively. This method is generally described as a technique of 

analyzing a process by randomly sampling from the cumulative probability. 

[1, 7J This method implicitly assumes that the underlying cumulative 

probability distribution function is known or that accurate estimates 

of this function can be made. This technique is used when a closed-

form analysis of a process is impossible or impractical. The response 

of the process is simulated by randomly sampling from the cumulative 

probability distribution function. The accuracy of the solution is 

dependent upon the sample size and the ability of the cumulative 

distribution to describe the process accurately. 



The procedure for applying the Monte Carlo method consists of 

the fo 11 owi ng : 
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1. Defining or estimating the underlying cumulative distribution 

function which describes the behavior of the process to be 

analyzed. 

2. Generating a random number between the limits of 0 and 1 that 

represents the probability of occurrence of an event. In 

most instances this step is a subroutine of a digital computer 

program, but other sources such as random number tables exist 

and can be used. 

3. Entering the random number as the ordinate on the cumulative 

distribution curve. 

4. Determining the response by calculating the associated 

value of the random variable for this particular value of the 

cumulative distribution function. 

Random Numbers 

In several instances throughout this study reference is made to 

random numbers. Random numbers occur in nature as the result of any 

random process. [5J Examples such as emission of particles from a 

radioactive material or a well-balanced roulette wheel could be used 

as sources of random numbers, but the digital computer is the source 

of random numbers forthis study. The IBM scientific subroutine contains 

the algorithm selected as a source. [10J Computers cannot generate 

true random numbers as computers are deterministic machines and produce 

deterministic output. Any sequence generated in a finite machine by a 
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deterministic algorithm must repeat. As a practical matter the number 

of II random" numbers genera ted before there is repetiti on is exceedi ngly 

large for most machines and usually relegates this question to the 

realm of "nice to know about" facts. 

The subroutine RANDU generates uniformly di stri buted random 

numbers that meet tests of randomness. Generally humans do not have 

the ability to detect randomness and most sets of random numbers do 

not appear to be random. 

The need of normally distributed random numbers occurs several 

times during the course of this study and the subroutine GAUSS is 

utilized for this purpose. [lOJ The central limit theorem is the basis 

of the generation of random numbers distributed normally. Essentially 

this very important theorem states that numbers formed by taking sums 

of random numbers from the uniform or any other distribution are 

approximately normal if enough numbers are included in the sum. 

Therefore if ul ' u2' u3 ' . . . is a sequance of uniformly d i stri buted 

random numbers, 

tl = ul + u2 + u3 + .... + u12 - 6 

t2 = u13 + u14 + .... + u24 - 6 

will be approximately normally distributed with mean 0 and standard 

deviation of 1. [4,5J 

Multivariate Statistics 

In many instances, processes cannot be explained by the behavior 

of a single variable. This requires the application of multivariate 
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statistics to better describe the behavior of the process. Two or more 

variables are statistically dependent if the probability of occurrence 

of a value of one variable is dependent on the value of some or all 

of the associated variables. 

The correlation coefficient, p, measures the association of a 

linear relationship between two variables. [8J The sample estimate 

of this parameter helps to ascertain whether it is reasonable to assume 

that p is zero. If the value of p is one, then it can be assumed that 

the two variables have perfect correlation. The correlation coefficient 

may be defined by 

The parameter Wll is the product moment of the two variables, and 

Ox and 0y are the standard deviations of the respective variables. 

3.23 

A nonzero value of p does not assure a practical relationship as two 

variables may increase and decrease in a similar manner and imply 

mathematically that there is interdependence, but a practical analysis 

will indicate whether both variables are influenced by broader and 

underlying trends. 

Principal Component Analysis 

The synthetic precipitation generator presented a special problem 

in the generation of the synthetic hydrology to be utilized in the 

model. The problems encountered were: (1) the difficulty of maintain

ing the relevant moments at each station, and (2) maintaining serial 

correlation at each station. Essentially the choice of methods was 



narrowed down to two methods. The two methods considered were the 

"base station" method and the one finally chosen that utilized 

"principal component analysis." 
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The base station method was considered because of its simplicity 

and ease of computation. Essentially this method selects or identifies 

a key station. This station is usually selected because of the length 

and accuracy of its record and it should be strongly correlated with 

the other observations. The record at this station is then extended 

by means of serial correlation, and the precipitation at all other 

stations is extended by cross correlation. It can be demonstrated 

that the marginal distributions are maintained, but the base station 

method fails to maintain the serial correlation coefficients at each 

station. [9J The following discussion will indicate the usefulness 

of principal component analysis in the multi site generation of synthetic 

precipitation at the six stations used to predict local inflow for this 

study. 

Assume for the purpose of this study that a hydrologic process 

can be defined by n random variables, and from this population k 

independent observations have been drawn. If these are monthly 

observations they can then be written in the form of a cubic k x n x 12 

data matrix. The following discussion will be applicable to a single 

matrix of monthly observations. 

[xJ = 

3.24 



These random variables have a certain multivariate distribution, and 

each matrix of monthly observations has a mean vector and covariance 

matrix which has sample parameter estimates described mathematically 

as follows: 

[x] = [lKI ,I X1'l -k
l

, I X12 .... -k
l I x. ] 

1=1 1=1 i=l 1n 
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3.25 

°11 °12 0 1n 

°21 °22 0 2n 
[S] ~ 

1 

° " = [-kl I (kh, - x,) (Xh ' _ X,)]2 
1J h=l 1 1 J J 

3.26 

i=l, 2, n 

j=l, 2, n 

The first principal component Yl of the data matrix [x] is a linear 

combination of the first observations. 

It can be shown that the sample variance of the responses is 

n n T 
= I I a'l a'l S,' = Cal] [S] Cal] , 1 ' 1 1 J 1J 1 = J= 

3.27 

3.28 
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greatest for all coefficient vectors normalized so that a~al = 1. [13J 

Determination of the coefficients, aij , is accomplished by introducing 

the normalization constraint and by means of the Lagrange multiplier 

Ll and differentiated with respect to [alJ: 

a[;]l [s~] + L] (] - [a]lT[a]l)] = 

2([SJ - Ll[IJ)[alJ ................... 3.29 

Morrison shows that the coefficients must satisfy tile n simultaneously 

linear equations, and if the solution is to be other than the null 

vector, the value of Ll must be chosen so that 

I [SJ - Ll [I] I = 0 3.30 

It can be shown that Ll is the characteristic root of the sample 

covariance matrix [SJ and [alJ is the corresponding characteristic 

vector. [13J The remaining principal components are found in turn 

from the other characteristic vectors. 

3.31 

The coefficients are the elements of the characteristic vector of the 

sample covariance matrix [SJ corresponding to the kth largest 

characteristic root Lk. 

Principal component analysis was utilized in this study during 

the process of generating the synthetic precipitation for the six 

selected stations on the ungauged watershed surrounding Elephant Butte 
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and Caballo Reservoirs. As defined in equation 3.30 the principal 

components are calculated as the product of the observation data 

matrix and the matrix of the eigenvectors of the covariance matrix. 

xll x12 xln all a12 aln 

[YJ 
x2l x22 x2n a2l a22 a2n 

= 
. . . . 

xkl xk2 .... xkn anl an2 ann . . . . . 3.32 

The principal components have the property of linear independence. 

The important characteristic is that each can be idealized as an arti

ficial station that is numerically and causally unrelated to any other 

station. This very important characteristic allows the principal 

components to be indefenitely extended by serial correlation. There 

is no necessity for considering cross-correlation between stations 

because, by definition, each of the artificial stations is independent 

of all others. The model used in this study to extend the principal 

components at each artificial station is as follows: 

'f ik = Yk + ti ok 3.33 

The model for serially extending the principal components is the sum 

of the mean of the historical components and the product of a normally 

distributed random number with a mean of zero and a variance of one 

and the standard deviation of the historical principal components at 

each artificial station. Normality is implied by the use of this 

model. When the principal components have been extended to the 
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desired length, it is only necessary to utilize the inverse transform 

of the coefficient matrix to produce the synthesized hydrological 

observations. 

[XJ = [YJ [AJ- l 3.34 

Summarizing, the steps followed in utilizing the principal component 

technique in generating synthetic hydrologic records are as follows: 

1. Compote the covariance matrix from the data matrix of the 

monthly historical observations. 

2. Compute the normalized eigenvectors from the covariance 

matrix. 

3. Calculate the historical principal components as the product 

of the data matrix and the matrix of the normalized eigen

vectors. 

4. Analyze the historical principal components of each artificial 

station for the serial correlation coefficients. 

5. Extend the principal components at each artificial station 

by serial correlation to the desired length. 

6. Calculate the inverse of the eigenvector matrix and 

reconstitute or synthesize the hydrologic record. 

The inverse transform preserves all the original moments of the 

historic data, the several serial correlations, and all of the cross 

correlations. The synthetic hydrological data are samples from the 

same parent distribution as the original hydrologic observations and 

the synthetic record is statistically indistinguishable from the 

observed flows. [9J 



Synthetic Stream Flow and 

Evaporation Generator 
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The generation of monthly stream flow values at San Marcial and 

pan evaporation values at Elephant Butte and Caballo Reservoirs was 

accomplished by the method of residuals. [23J t1ultisite hydrologic 

data are operated on using a scheme of Yevdjevich. [24J The residuals 

are represented using a matrix scheme attributable to Matalas. [12J 

The generation of the artificial residuals presumes an underlying 

Markovian structure in the hydrologic process under consideration. 

The steps to be followed in this procedure are listed below. 

1. Compute the residual matrix. 

k r .. = 

k X .. - nlk . 
1J J 

1J Skj 

Here i denotes the year; j represents the month and k denotes the 

3.35 

site. X denotes the hydrologic observation; m is the average of the 

monthly averages; and s is the corresponding standard deviation. The 

residuals are tested for a normal distribution, If the data do not 

conform to a normal, it is suggested that a logarithmic transformation 

or square root transformation be taken of the original observations 

and an attempt be made to fit these residuals to a normal distribution. 

2. The matrix of the residuals is then modeled by the following 

equation: 

3.36 



The A and B coefficient matrices are defined and described by Young 

and Pisano. [23J The L subscript refers to time and e = n x 

vector of normal (0, 1) sampling deviates; n is the number of sites. 

3. Generate the synthetic residuals from equation 3.36 

recursively. 

4. Revert to the original observation matrix by the following 

equation: 
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k x .. 
lJ 

3.37 

Finally use the inverse of any transformation used on the original 

observations. 

Synthetic Irrigation Demand 

Historically, the system has not been operated with a firm irrigation 

demand. Rather, it has varied with the anticipated volume of available 

water, as described in Chapter 2. It was necessary, therefore, to 

generate synthetic sequences of demand data containing the same degree 

of uncertainty as the historical data. Deliveries less than these 

target values are irrigation shortages. 

Tne generation of the allotments follows very closely the process 

described in Chapter 2. The February allotment is a linear function 

of the Elephant Butte Storage: 

FEBALT = 0.80 + 0.0037 EOMEB4 

where EOMEB is the storage in Elephant Butte Reservoir 
(in 1000's of acre ft.) at the end of January 

3.38 
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The May allotment is a function of both the storage in Elephant Butte 

and the snow forecasts from the upper watershed. The particular 

snow courses used by the Bureau of Reclamation are not known. For this 

study seven snow courses on the upper basin, as shown in Figure 3.3, 

were chosen because of length of record and areal coverage. The 

historical May allocation was treated as the dependent variable in a 

stepwise linear regression procedure. There is, of course, strong 

correlation between the water content of the snow courses and the 

ensuing spring runoff. This correlation had to be taken into account 

when generating the water content of the snow. Consequently, the water 

content of the snow courses was regressed on the historical May-July 

runoff volume at San Marcial to give 

10 
SNOVJAT = 29.1 + 0.77 I QSM. 

J=8 J 
3.39 

A stochastic component was added, so that the synthetic snmv forelZast 

was given by 

SNOWAT 
10 r-

= 29.1 + 0.77 I QSM. + so/1-p2 3.40 
J=8 J 

where s is a normally distributed random number with zero mean 
and unit variance 

cr is the standard deviation of the historical water content 
of the snow pack, and 

p is the correlation coefficient between the water content 
and the May-July runoff. 

The May allocation is based on the snow surveys and the current supply 

in the two reservoirs. 
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Figure 3.3. Snow Courses Used to Predict Runoff Volume. 
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MAYALT = -0.16539 + 0.01445 SNOWAT + 0.0031 EOMEB 7 

+ O. 0071 EO~iCAB7 3.41 

which is the form used by the program to arrive at the May allocation. 

It may seem that the model is using information from the future, 

i.e., the May-July runoff, to arrive at the May allocation. Such an 

algorithm could not be operational since it would not be possible to 

make the May allocation until August 1 when the May-July runoff 

volume is known. The determination of the water content of the snow 

from the runoff volume was expedient in the model in order to preserve 

the correlation between these two variables. The addition of the 

stochastic component prevents "perfect" knowledge on the part of the 

program. The same purposes could have been obtained by including 

the water content of the snow courses and the May-July runoff in a 

principal component analysis. It would then have been necessary to 

break the May-July total into monthly volumes, perhaps using the 

method of Valencia and Schaake (24). In fact, values of the "independent" 

variables of Equation 3.41 are all available on May 1, so that an 

allocation can be made. 

Equations 3.38 and 3.41 give the "headgate" allocation for the 

February-April, and the May-December periods. The model assumes no 

January irrigation demand, in conformance with historical operation. 

These totals were broken into monthly amounts using the historical 

monthly percentage of the period total. These percentages are given 

in Table 3. 
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TABLE 3. 1 

MONTHLY IRRIGATION DEMAND AS PERCENT OF ANNUAL DEMAND 

Month Percent of 
Period 

Month Percent of 
Period 

Month Percent of 
Period 

Feb 

Mar 

Apr 

2.5 

5.5 

8.7 

May 

June 

July 

Aug 

9.4 

13.4 

18.5 

17.8 

Sep 

Oct 

Nov 

Dec 

11.9 

6.5 

3.6 

2.2 

Total 100.0 

Demand at Caballo consists of the irrigation allotment plus the operation 

losses. These were determined by the analysis of the historical data. 

Synthetic Data t and F Tests 

When the synthetic data sets had been generated for determination 

of effects of maintaining a minimum recreation pool in Elephant Butte 

and Caballo Reservoirs, the basic question of whether there was any 

statistical difference between the synthetic data and the historic 

data had to be answered. A computer program to calculate the sample t 

and F values was prepared and all synthetic data used was subjected 

to the tests described below. 

Student's t Test 

This standard statistical test is commonly used to test the difference 

of two means of a small sample. The common defrnmition of a random 

variable with a Student's t distribution is 



The 

mean 

must 

T = urv 
-V-

variable U in the numerator must 

and unit variance and v degrees 

be normally 

of freedom. 

have a X2 distribution. The variables U and 
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3.42 

distributed with zero 

The variable V2 

V must also be 

independently distributed. The symbols denote the following sample 

parameters and constants: 

n fJumber of years of historic data x 
n Number of years of synthetic data y 
X Sample means of historic data 

V Sample means of synthetic data 

S2 Sample x va ri ance of historic data 

S2 Sample variance of synthetic data y 
v Number of degrees of freedom 

The following variable T will have the Student~s t distribution with 

nx + ny - 2 degrees of freedom. [8J 

(X - V) - (]J -]J) / n n (n + n 2) T = x 1 _ x Y x y-

v = n + n - 2 x y 3.43 

The hypotheses to be tested is 
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The null hypothesis is accepted if the sample T value is less than 

the critical T value found in standard statistical texts. [8J 

F Test 

The primary reason for the development of the F test is to test 

the assumption of the equality of the variances. If U and V possess 

independent X2 distributions with vl and v2 degrees of freedom, then the 

following variable is said to have the F distribution. 

3.44 

Since the t test assumes that the variances are equal, the F test was 

derived to test this assumption. Assuming that x and yare normally 

distributed, the hypothesis to be tested is 

Since nxS~/0~ and nyS~/0~ possess independent X2 distributions the 

F distribution can be denoted as 

3.41 

The same computer program that computed the sample t values also calcu-

lated the sample F values for all sets of synthetic hydrology used in 

answering the basic questions of this study. 



CHAPTER 4 

MODEL DESCRIPTION 

The ultimate in water resource system simulation would be the 

development of a completely general program capable of being adapted 

to any system. This is an admirable objective for hydrologic engineers 

that will come with improved machines and software. This study had 

such an objective, but fell somewhat short of the generality desired. 

The complexity of even the simplest system presents coding problems 

that, under present state of the art, defy the quest for generality. 

The operating rules for Elephant Butte Reservoir and Caballo Reservoir 

are unique to that system. The coding of the flood routines are 

intimately interwoven into the main program. Other features such as 

evaporation are embedded in the program so as to be practically 

inseparable from the cycle of the program. 

The digital computer program that simulates the system was 

written in FORTRAN IV, and consists of a main program with assorted 

subprograms. The program proceeds through a monthly cycle, utilizing 

the functions and subroutines for calculating values that are used 

repetitively throughout the program. This enables a considerable con

servation of coding effort and more importantly, storage capacity of 

the computer. The entire program required lllK bytes of memory in 

the core of the IBM 370/145 currently operating in the Texas Tech 

53 
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University Computer Center. Under present computer center operating 

procedures, this amount of core requires the l40K partition. 

Main Program Cycle 

A run is started by reading into memory the monthly stream flow 

values representative of the record at the gauging station at San 

Marcial. These values may be either historical flows at San Marcial 

or synthetic values generated by the synthetic stream flow generator. 

This is followed by reading monthly values of pan evaporation in inches, 

which may be either synthetic or historical values. The last of the 

hydrologic values read is the monthly precipitation for each of the 

eight precipitation stations previously described in Chapter 2. The 

flow diagram showing the major steps taken in the monthly flow cycle 

is shown in Figure 4.1. Before the cycle starts, the hydrologic data 

must be complete and the initial elevations and minimum pool restric

tions on the reservoir must be specified. Upon entering the cycle, 

a counter is set to zero, and the monthly evaporation is calculated as 

previously described. At this point the program checks explicitly for 

potential flooding in Elephant Butte Reservoir, by calculating the 

quanti ty 

MAX POTENTIAL STORAGE = INITIAL STORAGE + INFLOW 

+ PRECIP 4.1 

The elevation of the maximum potential storage is then computed by the 

function ELEBST and this elevation is compared with the spillway crest. 

If the computed potential elevation is greater than the elevation of 



READ HYDROLOGIC DATA, SYSTEM 
INVARIANTS, IN IT IAL CONDITIONS 

---... 

SOLVE CONTINUITY EQN. IN CAB. 
RES ERVOI R FOR E.O. M CONDITIONS 

KK=KK+I 

INTEGRATE CABALLO 

FLOOD HYDROGRAPH 

SOLVE CONTINUITY EQN. IN ELEPHANT 
BUTTE RESE~VOIR FOR E.O.M. CONDITIONS 

CALL SUBROUTINE POWE R AND CALC 
MONTHLY POWER PRODUCTION 

SUM QUANTITIES, AND CALCULATE 
MONTHLY BENEFITS 

PRINT MONTHLY SUMMARY AND 
REINITIALIZE STARTING VALUES 

NO YES 
>-----.-j END PROGRAM 

Figure 4.1 Simplified Model Flow Chart 
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the crest, the control shifts to the Elephant Butte flood routine. If 

maximum monthly potential elevation is less than the spillway crest the 

normal cycle proceeds to check for a potential flooding condition in 

Caballo Reservoir. As indicated in the introduction, one of the justi-

fications for constructing Caballo Dam was to provide 100,000 acre-feet 

of flood control volume that must be made available on June 1st of each 

year. [16] This gives a degree of protection to the downstream metro-

po1itan areas, mainly Las Cruces, and E1 Paso. The flood-control volume 

may be utilized for conservation purposes the remainder of the year. 

During the months of June, July, and August, the maximum potential 

storage is compared to a maximum volume of 244,000 acre-feet, and 

the remainder of the year the elevation is computed and compared to the 

elevation of the top of the radial gates controlling the emergency 

spillway. If one of these criteria is exceeded, the control of the 

program is relinquished to the Caballo Reservoir flood routine; otherwise, 

the program continues in its normal cycle by proceeding to the Caballo 

Reservoir continuity routine to solve explicitly for the end of month 

conditions in the reservoir. The continuity equation for Caballo Reser-

voir for the month is 

- QI - QD2 = S2 - Sl . 

QPOW . 

QDl 

QD2 

Monthly flow through Elephant Butte power plant 

Spill for month over Elephant Butte spillway 

Spill for month over Caballo spillway 

4.2 



Local ungauged inflow to Caballo Reservoir 

Precipitation at Caballo Dam in inches 

Pan evaporation at Caballo Dam in inches 

Calculated pan evaporation coefficient 

Area of Caballo water surface at the beginning 
of the month 

Area of Caballo water surface at the end of 
the month 
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Monthly irrigation release from Caballo Reservoir 

Beginning of the month storage in Caballo Reservoir 

End of the month storage in Caballo Reservoir 

Rearranging the equation with the unknown monthly variables on the left 

hand side, the equation may be written: 

4.3 

The constants Kl and K2 are defined as follows: 

4.4 

4.5 

Utilizing the area-volume relationships developed later in this chapter 

4.6 

B y2 B y3 

VOLUME = B1Y + ~ + -1-- + B4 4.7 

Equation 4.3 may be written 
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4.8 

Defining new constants as follows: 

Equation 4.8 may be rewritten as 

4.9 

which is a cubic equation in Y. 

The program calculates the constants and calls the subroutine 

CROOT, which solves the cubic equation and returns to the main program 

with the end of the month reservoir elevation. The storage-elevation 

function STOCAB then calculates the end of month storage. 

After the end of month elevation and storage in Caballo Reservoir 

have been evaluated, the program goes through a series of checks. 

1. Is the calculated elevation less than the minimum pool eleva-

tion set for this run? If this is true, the program attempts 

to meet the irrigation release and maintain minimum pool 

requirements by increasing the inflow from Elephant Butte 

Reservoir. 
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2. Is the average monthly head on the irrigation outlet 

sufficient to meet the monthly irrigation release? If this 

is not the case then more demand is placed on Elephant Butte 

to increase the head in Caballo until it is adequate to meet 

the irrigation demands. 

3. Is the end of the month elevation above that allowed by the 

operating rules? If so, a flood has occurred, and control 

transfers to the Caballo Reservoir flood routine. 

If Elephant Butte Reservoir is unable to meet the demands of 

Caballo Reservoir, then the program reverts back to the continuity 

equation in Caballo Reservoir and re-calculates the irrigation release 

and also the shortage; that is, the difference between the demand and 

the output capability of the system. 

In general the monthly routine for Caballo Reservoir is operated 

with respect to the following criteria: 

1. The maximum allowable water surface elevation is 4186.5. [16] 

2. The uppermost 100,000 acre-feet of storage in the reservoir 

must be reserved for flood control during the months of June, 

July, and August. 

3. Sufficient head must be maintained on the irrigation outlet 

to meet the irrigation demands. 

4. The minimum pool set as an operating variable for each run 

must be maintained. 

After all monthly checks are completed in the Caballo continuity 

routine, and final determination of the demands on Elephant Butte Reservoir 

have been calculated, the program checks to determine whether or not the 
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program cycle has gone through the Elephant Butte flood routine. If it 

has, the program cycle goes directly to the power subroutine as all end 

of the month conditions have been determined. If the program cycle has 

not gone through the Elephant Butte flood routine it enters the normal 

cycle to solve the continuity equation for Elephant Butte for the month. 

The continuity equation for Elephant Butte Reservoir is 

QSM 

QPOW 

QDl 

- QPOW - QDl = S2 - Sl 4.10 

Rio Grande River inflow measured at the San Marcial 
gauging station, or synthetically generated value 

Ungauged local inflow to the reservoir 

Precipitation on Elephant Butte Reservoir (historic 
or synthetic) 

Pan evaporation at Elephant Butte Weather Station 
(historic or synthetic) 

Monthly flow through Elephant Butte power plant 

Spillover Elephant Butte spillway 

Performing the same algebraic manipulations as was done on the 

Caballo continuity equation, the continuity equation for Elephant Butte 

Reservoir can be written 

4.11 

The constants are defined as 



K8 = S1 - QSM - QLl - K7Al + QPOW + Q01' 

C2 
Kg = 2. 
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This quadratic equation is solved by the subroutine EROOT and the 

end of the month storage and the end of the month conditions are known 

for both reservoirs and control of the program passes to the subroutine 

POWER, and then back to the main program to print out the monthly values. 

Flood Routine 

As previously discussed, one of the first checks made by the main 

program is the potential for flooding in each of the reservoirs. The 

flood hydrograph as idealized for this simulation program is shown in 

Figure 4.2. Upon entering the Elephant Butte flood routine the basic 

geometry of the hydrograph is calculated. The base flow is the average 

of the preceding month and the month following the month in which the 

flood occurs. The volume of the flood is the triangular area under the 

hydrograph, and it is computed as the difference between the monthly 

flow and the base flow. The peak flow is calculated by the following 

linear relationship: 

QPEAK = 628.5 + 0.0515 (QSM) . . . . . . . 4.12 

This relationship was determined by regressing the peak daily flow on 

the total monthly flow. A computer program was written that tested 
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ELEPHANT BUTTE FLOOD HYDROGRAPH 

TIME TO END OF SPILL 

Q PEAK 
TIME OF SPILL 
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0 

0: 
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>
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l
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I 

u 
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TIME TO END OF SPILL 

Figure 4.2 Geometry of Flood Hydrographs 
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each daily flow value during a month and the maximum was punched on 

cards along with total monthly flow. These values were then used as 

input data for the University of California Biomedical Computer Program 

BMD01R which is part of the Texas Tech University Computer Center 

statistical package. [22J A total of 252 months were used in the 

regression analysis with the first month beginning in October 1949, 

and concluding with September 1970. The data were furnished by the 

United States Geological Survey Automatic Data Section in Washington, 

D. C. on magnetic tape. 

The time of occurrence of the peak flow is randomly chosen by 

securing a uniformly distributed random number from the random number 

subroutine RANDU. The length of time of the rising limb of the flood 

hydrograph was arbitrarily chosen as one third the total time of the 

flood, and the recession limb as two-thirds of the length of the 

flood. The time of the peak is adjusted if the randomly chosen time 

does not allow the flood to fit into the span of a month's time. With 

the geometry of the hydrograph fixed, the program calls the subroutine 

CONTU which numerically integrates each limb of the hydrograph. During 

this procedure, the time of initial and final spillover the spillway 

crest is saved for later use in the Caballo flood routine. The total 

volume of the spill from Elephant Butte in combination with the local 

runoff becomes the volume of the flood for the Caballo Reservoir flood 

routine. 

The geometry of the Caballo Reservoir hydrograph is largely 

determined by the integration of the Elephant Butte hydrograph. The 

base flow for the Caballo hydrograph is taken as the controlled releases 



64 

from Elephant Butte flood routine. The volume of the flood is the sum 

of the uncontrolled releases from Elephant Butte and the local inflow. 

It is assumed that a flood due to local runoff can occur anytime during 

the month and is complete within a twenty-four hour time period. The 

amount of local runoff is calculated in the main program and is used 

initially to determine if a potential flood exists. The Caballo flood 

routine calls CONTU2, which integrates each limb of the Caballo hydro-

graph. The timing of the local runoff is determined by using a random 

number. The limb or section of the hydrograph on which the local 

runoff occurs is divided into three segments: (1) the time until the 

beginning of the local runoff; (2) the twenty-four hour period of 

local runoff; and (3) the remainder of the limb upon which the local 

runoff occurs. These three segments are integrated separately after 

the timing of the local runoff is determined. 

Area and Volume Functions 

The purpose of the area and volume functions is to calculate the 

surface area and the capacity of the reservoirs when given an elevation. 

The area equations were obtained by regressing the area over a range of 

elevations. The form of these equations is 

+ C yn-1 n . 4.13 

The equations for Elephant Butte Reservoir were developed by the United 

States Bureau of Reclamation in the office of the Chief Engineer in 

Denver, Colorado. [18] The respective capacity equations were then 

obtained by integrating the area equations, Figure 4.3. 
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Area 

dY 

Y 

Volume j 

Figure 4.3 Descriptive Sketch Showing Integration Limits for Capacity 
Equations 

Ady 4.14 

C yn 
+ + _n_ . • . . n 4.15 

The capacity equations were tested over successive intervals to check 

the fit of this equation against an allowable limit of error, 

e = measured cap. -ca 1 c. cap. [. 
measured cap. 

The capacity equations become a series of curves or splines fitting a 

range of elevations. The equation constants for Elephant Butte Reser

voir are listed in Table 4.1. The equation for the area is linear and 



Equation Elevation 
Number Base 

1 42S0.00 

2 4260.00 
3 4270.00 

4 4280.00 

5 4290.00 

6 4300.00 

7 4310.00 

8 4320.00 

9 4330.00 

10 4340.00 

11 4360.00 

12 4370.00 

13 4380.00 

14 4390.00 

15 4400.00 

TABLE 4.1 

ELEPHANT BUTTE RESERVOIR CAPACITY CONSTANTS 

Capacity C, c,) 
Base c.. 

0 0.0000 369,0000 

9395 9395.0000 1510.0000 

27930 27930.0000 2197.0000 

54160 54165.0000 3050.0000 

92810 92810.0000 4679.0000 

147560 147560.0000 6271.0000 

220120 220120.0000 8241.0000 

311375 311375.0000 10010.0000 

422235 422235.0000 12162.0000 

552040 522040.8926 13821.1608 

874395 87439S.9994 18400.0003 

1073035 1073034,9996 21328.0003 

1305960 1305960.9996 25257.0002 

lS75965 1575964.9996 28744.0003 

1890005 1890005.0003 34063.9999 

C3 

57.0500 

34.3500 

42.6500 

81 .4500 

79.6000 

98.5000 

88.4500 

107.6000 

81.8500 

115.0250 

146.4000 

196.4500 

174.3500 

266.0000 

178.9000 

Q) 
Q) 
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the capacity equation is quadratic. The elevations listed in Table 4.1 

are project datum. MSL elevations can be obtained by adding 43.4 feet 

to project datum. [18J 

The area-capaci~y curves and relationships for Caballo Reservoir, 

Table 4.2, were similarly developed for this study using the University 

of California Biomedical Computer Program BMD02R. [22J BMD02R is a 

regression program that utilizes the tecnnique of bringing individually 

into tile regression function tile independent variables 011 the basis of 

their contribution to the variation of the dependent variable. In this 

manner it is possible to evaluate the number of terms to retain in the 

area equations. On the basis of these runs, the equation selected to 

best describe the area of Caballo Reservoir as a function of elevation 

was 

4.16 

The total depth of the reservoir was divided into intervals of five 

feet beginning with project datum 4115.0 and ending with 4185.0. 

In contrast to the equations for Elephant Butte Reservoir, the 

area equation for Caballo Reservoir is a quadratic equation and the 

capacity equation is cubic. 

El 
V = f 2 (A + A2Y + A3y2)dY 

E1 1 
1 

4.17 



TABLE 4.2 

CABALLO RESERVOIR CAPACITY CONSTANTS 

Equation Base B1 B2 
Number Elevation 

1 4115 2.39063 75.258 

2 4120 694.71191 55.445 

3 4125 1254.53491 67.350 

4 4130 1965.99609 63.973 

5 4135 2539.64307 71.902 

6 4140 3200.61304 77.637 

7 4145 4046.25586 85.689 

8 4150 4917.96875 100.614 

9 4155 6137.14844 129.512 

10 4160 7159.14063 70.907 

11 4165 7823.60156 100.102 

12 4170 8877.78516 113.088 

13 4175 10027.46094 119.509 

14 4180 11189.99609 109.248 

B3 

-0.8035 
0.0716 
0.5062 

-0.8811 

-0.7740 
0.9236 
0.1977 

2.8405 

-3.6417 
-0.5948 

0.7089 

0.2506 

-0.4341 
-1.1661 

B4 
------

5.6 

1 ,796 
6,677 

14,687 

26,006 

40,405 

58,465 

80,863 
108,323 

141,791 

179,285 

220,992 

268,240 
321 ,311 

0'\ 
co 
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4.18 

The constant B4 is tbe capacity corresponding to each base 

elevation. The program utilizes these functions whenever an elevation 

is known and either the area or capacity of one of the reservoirs 

corresponding to this elevation is desired. The elevation is the argu-

ment for each function and the proper set of equations is selected and 

the desired area or capacity is calculated and returned to the calling 

statement in the main program or subroutine. 

Subroutine Power 

The construction of Elephant Butte Power Plant was initiated 

in 1938. The plant has three similar units, each having a nameplate 

capacity of 9,000 kva. This gives each unit the capability of producing 

8,100 kilowatts at 0.9 power factor. [17J The United States Bureau 

of Reclamation sells this power to rural electric cooperatives, private 

utilities, a municipal system, and defense installations in New Mexico. 

The production of year around power in years of normal water supply was 

made possible by the construction of Caballo Dam. Caballo regulates 

the flow so that releases from Elephant Butte may be stored to meet 

spring and summer irrigation demands. The methodology of simulating 

the power facilities of this system is given in the following paragraphs. 

The equation for power can be expressed as follows: 

P=KQHe 4.19 



K A constant (.084637) 

P Power in kilowatts 

Q Flow rate in cubic feet per second 

H Total dynamic head on the turbines 

e Combined efficiency of the turbine and the generator 

Let e* be the maximum efficiency for a particular head H, and let 

p* be the corresponding power generated at maximum efficiency as 

indicated in Figure 4.4. Assuming the efficiency-power curve is 

approximately parabolic in shape, the relationship can be expressed 

as follows, 

70 

p2 + ae + bp = a 4.20 

which is the general expression for a parabola. Imposing the condi-

tions (P*, e*) and (2P*, 0) to evaluate the constants yields 

P
2 p*2 

+ - e - 2P*P = a e* 

Solution for e yields 

4.21 

4.22 

A plot of e* and H shown in Figure 4.5 suggests a parabolic relationship 

and the plot of p* and H in Figure 4.6 indicates that the relationship 

between these variables is linear in the region of interest for this 

study. The data shown in Table 4.3 are the average of the three units, 

taken from curves furnished by the Rio Grande Project Office of the 

USBR. Mathematically, the relations are 



Q) 

>, 
() 

c: 
Q) .-
() 

.... .... 
Q) 

<II .... 
() 

o 

71 

e* rna x. efficiency 

... 
Q) 

3: 
0 
a. 

>< 
0 
E 

* a. 

Power kw 

Power kw 

Figure 4.4. Power Definition Sketch 
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e* = A (H - H*)2 + B 4.23 

p* = C + DH 4.24 

H* is the head at maximum efficiency, and A and B are constants. The 

data points shown in Table 4.3 were used as input to the previously 

described stepwise regression program. 

TABLE 4.3 

AVERAGE TURBINE VALUBS 

H e* p* 

74.7 63.9 2350 
77 .1 66.5 2470 
83.1 71. 1 3000 
89.8 74.2 3500 
94.4 76.7 3830 
98.8 78.0 4080 

103.0 79.2 4300 
108.4 79.7 4550 

The constants in Table 4.4 are read into the program at the 

beginning of each run. These values are transferred through the argument 

list into the subroutine POWER. The subroutine calculates the average 

head for the month 

H = 4.25 

where Hl and H2 are the heads at the beginning of the month and the 

end of the month respectively. The parameters e* and p* are calculated, 

and the power in kilowatt hours is calculated for the month and returned 

to the mai n program through the argument 1 i st. The flow Chart for the 
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subroutine is shown in Figure 4.7, with the major steps and calculations 

indicated in the logic. 

TABLE 4.4 

POWER EQUATION CONSTANTS 

Constant 

Functions ELEBST and ELCBST 

A 
B 
C 
o 
H* 

Value 

-.01 
79.69 

-2634.00 
67.42 

110.40 

These two functions serve the purpose of computing the elevation 

of the water surfaces in Elephant Butte and Caballo Reservoirs for 

any given volume. The flow chart shown in Figure 4.8 represents the 

major steps and logic used to calculate the elevation from a given 

value of storage. The argument of the functions is the storage for 

which the elevation is desired, and this value is taken into the 

function. The function then begins a search to locate the corresponding 

interval that will contain the appropriate area-volume constants. 

The search brackets the correct interval by the process of interval 

halving, continually narrowing the bracket until the storage is located 

within the correct interval. When this is completed the function 

proceeds to solve for the elevation within the isolated interval 

corresponding to the given sotrage. The equations of each function 

differ in degree. The function ELCBST uses Newton's first order 



SUBROUTINE 

POWER 

H=(ELEBl+ELEB)*.5-ELTAIL 

ESTAR=A*H*H-2*A*H*HSTAR*HSTAR+B 

PSTAR=C+D*H 

.::. 0 • 

> O. 

RETURN 

POWPOT=PSTAR*(2.-PSTAR/(.084637l*QSTAR*H*ESTAR 

PKWH=POWPOT*UNITHR*POWFAC 

RETURN 

Figure 4.7. Flow Chart for Subroutine Power 
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I SMALL= 1 4 

FUNCTION ELCBST(STORE) 
(CALCULATE A WATER 
SURFACE ELEVATION, 

GIVEN A STORAGE VALUE) 

C ••... FIND THE PROPER EQUATION 

EQ 0 

ISMALL=l 
ILARGE=14 
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ELCBST=BASECB(14) 

~-------r~~ ITRY=(ISMALL+ILARGE)/2 

RETURN 

EQ 0 
ILARGE=ITRY I+\---C:: 

ISMALL=ITRY 

RETURN 

Figure 4.8. Flow Chart of Function ELCBST 
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<1 
THE VALUE OF STORE IS NOW BRACKETED 
BETWEEN ISMALL AND ILARGE, WITH 
ISMALL THE BASE OF THE INTERVAL AND 
ILARGE THE TOP OF THE INTERVAL 

• 
AT THIS POINT ELEBST & ELCBST DIFFER IN THAT 
IN ELCBST A CUBIC EQN. MUST BE SOLVED AND IN 
ELEBST A QUADRATIC EQN. IS SOLVED. THE 
FOLLOWING DEMONSTRATES ELCBST METHOD OF SOLUTION 

~ 

Y = (BASECB (ISMALL) + BASECB (ILARGE))/2 
~ 

~ STOREY = STOCAB (Y) I , 
f DELTA = (STOREY-STORE)/AREACB(Y) 1 

i 

I Y= Y-DELTA 1 Nt) IF(ABS(DELTA)·LE··05) ::::::-

I ELCBST=Y I 

f RETURN I 

Figure 4.8---Continued 
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technique for locating and solving for the roots of the cubic equation, 

and ELEBST solves the quadratic equation by solving for the constants 

in the quadratic equation. 

Subroutine EROOT and CROOT 

The purpose of these two subroutines is to solve for the roots 

of the polynomials developed in the main program that define expli

citly the end of month elevation in each of the reservoirs. In the 

case of EROOT, the constants necessary to solve the equation are cal

culated at the beginning of each month from known conditions and 

brought into the subroutine by the argument list. Figure 4.9 shows 

the logic of the EROOT subroutine. The subroutine CROOT calculates 

the first two constants in the main program and three additional 

constants in the subroutine. The flow chart for subroutine CROOT is 

shown in Figure 4.10. The remaining value brought into the subrou

tines by the argument list is the beginning of the month elevation of 

the water surfaces. The area-volume constants for each reservoir are 

transferred into the subroutine by way of a block common statement. 

The first operation is to identify the interval that contains the 

beginning of the month elevation, and then in the case of CROOT the 

remaining constants are calculated, and the roots are obtained by 

Newton1s method. The subroutine EROOT solves for the roots by using 

the quadratic equation. When the equations have been solved the 

control returns to the main program. 



SUBROUTINE 
EROOT(EBK1,EBK2,ELEB1, 

ELEB2 ) 

1= (ELEBl-4250) /10+1 ...... -------. 

THE ELEPHANT BUTTE CONTINUITY 
EQUATION IS OF THE QUADRATIC FORM 

Ay 2+BY+C=0 

ELEB2=BASEEB(1) 

B=AEB(I,1)-EBK1*AEB(1,2) 

RETURN 

C=AEB(I,3)-EBK1*AEB(I,1)-EBK2 

LT 0 

EQ 0 

Y=(-B+SQRT(B*B-4*A*C))/(2.*A) 

ELEB2=BASEEB(I)+Y 

RETURN 

Figure 4.9. Flow Chart for Subroutine EROOT 
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SUBROUTINE 
CROOT(CKl,CK2,ELCBl,ELCB2) 

COMMENT 

EQN. TO BE SOLVED: y 3+CK3(y2 )+CK4(Y)+CK5=O 

1= (ELCBl-4ll5) 5+1 

~~CK3+3./ACB(I,3)*(ACB(I,2)*.5-CKl*ACB(I,3» 

CK4=3/ACB(I,3)*(ACB(I,1)-CKl*ACB(I,2» 

CK5=(ACB(I,4)-CKl*ACB(I,1)-CK2)*3./ACB(I,3) 

SOLVE USING NEWTON'S FIRST ORDER METHOD 

Y=ELCBl-BASECB(I) 

DELTA=(Y*Y*Y+CK3*Y*Y+CK4*Y+CK5)/(3.*Y*Y+2.*CK3*Y+CK4) 

Figure 4.10. Flow Chart for Subroutine CROOT 
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GT 0 

ELCB2=BASECB(I)+Y 

RETURN 

Figure 4.10 --Continued 



CHAPTER 5 

MODEL VERIFICATION AND RESULTS 

Model Verification 

When the basic coding of the model had been completed and several 

short runs of approximately five years each had been made to check the 

model for errors in logic and programming blunders, it was decided to 

verify the response of the model when subjected to an extended period 

of historic hydrologic data. The period selected was from October 1943 

to September 1970. The reason for selecting this particular period was 

rather simple: (1) the historical evaporation data at Caballo Dam was 

initiated a year earlier; (2) it was desirable that the test period 

contain no uncontrolled flows over the spillways; (3) a wide range of 

historic reservoir elevations was desired to be contained within the 

test period. 

The selected test period met all of the above desirable criteria, 

and the data were assembled and prepared for the verification test. 

There are two sets of outflow data for Caballo Reservoir; a choice was 

made to use the United States Geological Survey stream flow data. The 

total outflow became the sum of the gauging station and the irrigation 

releases to Bonita Ditch. The Bureau of Reclamation has a meter in 

the irrigation outlet works at Caballo Dam, but since the source of 

the inflow data was from the Geological Survey it was decided that 

82 



83 

continuity of the system would be better served if the sources of the 

historical data were consistent. 

The inflow data used was the historical inflows to the system at 

San Marcial gauging station. The model calculated the local runoff 

into the reservoirs as previously described in Chapter 2. The histori

cal pan evaporation data at Elephant Butte Dam and Caballo Dam was 

used to calculate the monthly evaporation. The monthly demand down

stream from Caballo was the historic outflow indicated above. This 

then was the source of the test period data and the boundary conditions 

imposed upon the system for the verification test run. 

The results of the test are plotted in Figure 5.1. The dashed 

line indicates the combined historical volumes in both Elephant Butte 

and Caballo Reservoirs. The dotted line denotes the combined volume as 

calculated by the model. The initial reservoir capacities were the 

historical end of month capacity as of September 1942. This made the 

initial volume for both reservoirs over 2,000,000 acre-feet. 

The model begins to deviate from the historical record during the 

first year of simulation. These deviations continue through the year 

1951, with the maximum occurring in October of 1950. The differences 

close rapidly and by the start of water year 1952 the model and the 

historical record are very close. The model goes below the record 

during 1952 and 1953, and again during the rising limb of 1958. This 

occurs again in 1964. 

In evaluating the results of the test, the following comments are 

offered: 

1. The magnitude of the deviations between 1944 and 1952 require 
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an explanation. During the time of this maximum deviation 

the amplitude and the frequency of the undulations of the 

hydrograph were very well simulated. The conveyance channel 

at San Marcial was constructed in 1950, and this stabiliza

tion of the river channel produced records of greater accu

racy. Since 1950 only the larger flows utilize the combined 

capacity of the floodway and the conveyance channel. 

2. The response of the model during the period of 1952 to 1970 

is more than adequate. 

Overall, it was decided that the results of the verification test 

were sufficiently acceptable to conclude that the model would adequately 

simulate the response of the Elephant Butte-Caballo system. 

Model Results 

When the synthetic hydrology generators had been coded and 

debugged, ten sets of synthetic hydrology data each of 100 years length 

were generated and punched on data cards. These data were then tested 

as explained in Chapter 3. Examination of the t and F test results 

indicated that the F values were above the critical F values for the 

95 percent level for the precipitation in data sets numbers four and six. 

(This does not indicate that the synthetic data generating process is 

incorrect. Rather, the probability of the statistics of the synthetic 

set deviating from the values of the historic set by chance variation 

was unacceptable in sets four and six). Therefore these sets of precip

itation were not used in obtaining the following results of the response 

of the model to an extended period of data. 



~ 

The sample output of the model is shown in Figure 5.2. Monthly 

accounting is given for the end of the month elevation in each reservoir; 

the end of month storage for each reservoir; the monthly power generated 

at Elephant Butte, in magawatt hours; the monthly inflow at San Marcial 

in acre-feet; the controlled monthly outflow; and the monthly uncon

trolled outflow across the spillway of each dam. At the bottom of the 

monthly accounting summary the annual summary lists the sum of the 

monthly irrigation and the power benefits and also the present worth of 

those benefits and the running sum of the present worth of the irrigation 

and power benefits combined. [6J 

An inspection of the historical end of month capacities for the 

month of September indicated that an initial starting capacity of 40,000 

acre-feet for Caballo and 200,000 acre-feet for Elephant Butte would 

approximate the historic conditions. 

A run is defined for the remainder of this discussion as eight sets 

of hydrologic data, and each of the eight sets contains 100 years of 

data. The average set value is the average of the eight sets and is 

the run value. Run number one was selected to serve as a bench for the 

other runs. The initial conditions for this run were those described 

above and the minimum pool capacity was set at 9389 acre-feet which 

corresponds to project datum elevation of 4260. The minimum pool con

dition set for Caballo was 1796 acre-feet which corresponds to project 

datum of 4120. This minimum pool restriction for Caballo was not 

changed for the remaining runs. 

Run number two was simulated by the model with a minimum pool 

capacity in Elephant Butte of 50,000 acre-feet, which corresponds to 
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elevation 4278.51. The minimum pool capacity in Elephant Butte for run 

number three was set at 100,000 acre-feet, which corresponds to elevation 

4291.50. The minimum pool restriction for the model does not mean that 

the model cannot go below that elevation, but it does indicate the 

minimum elevation below which no further withdrawals are allowed other 

than evaporation. 

The summary of the quantitative run averages are shown in Table 

5.1. This is the average for each run made under the conditions as 

noted on the previous page. 

Minimum 
Run Pool 
No. acre-feet 

9,395 

4 30,000 

2 50,000 

5 60,000 

3 100,000 

Economic Considerations 

TABLE 5.1 

SUMMARY OF SET AVERAGES 

Average Annual 
Irrig. Release 

acre-feet 

651,200 

649,600 

648,200 

647,200 

644,700 

Average Annual 
Power 

MWH 

160,600 

161,400 

162,300 

162,500 

163,400 

The average present worth of the benefits per 100 year period is 

shown in Table 5.2. These data are the benefits for the five runs using 

three unit prices on the value of irrigation water and two unit prices 

on the value of power. The selected unit prices for irrigation are 



TABLE 5.2 

AVERAGE PRESENT WORTH SET VALUE 

P.W. Average Value x 106 P.W. Average Value x 106 

Run Minimum 100 Years Irrig. Water 100 Years of Power 
No. Pool 

$0.101 $1.001 $10 .001 $0.60/MWH 1.20/MWH Ac-ft Ac-ft Ac-ft Ac-ft 

9,389 1.748 17.48 174.8 2.553 5.105 

4 30,000 1.742 17.42 174.2 2.567 5.134 

2 50,000 1. 738 17.38 173.8 2.584 5.168 

5 60,000 1. 734 17.34 173.4 2.587 5. 173 

3 100,000 1.725 17.25 172.5 2.605 5.210 

~ 
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10 cents per acre-foot, one dollar per acre-foot, and ten dollars per 

acre-foot. At the present the unit price paid to the Bureau of Recla

mation for irrigation releases is ten cents per acre-foot. [17J The 

other unit prices of irrigation releases were selected to demonstrate 

the range of the system response to economic variations of the unit 

prices. The existing unit price of power is six mills per kilowatt hour. 

The other comparison was selected as double the existing value on the 

assumption that future operation of the power facilities could be uti-

lized as a peaking facility for the regional power distribution system. 

The average present worth of the system for all six combinations 

of unit prices for irrigation and power is shown in Table 5.3. Although 

TABLE 5.3 

AVERAGE PRESENT WORTH OF SYSTEM AT 3.5 PERCENT INTEREST FOR 
VARIOUS IRRIGATION AND POWER VALUES - $ X 10-6 

Value of Irrigation Power @ 0.60 $/MWHR Power @ 1.20 $/MWHR 
Water - $/Acre-Ft 0.10 1.00 10.00 0.10 1.00 10.00 

Minimum Pool-Acre Ft 

9,400 4.301 20.033 177 . 35 6.853 22.585 179.91 

30,000 4.309 19.987 176.77 6.876 22.554 179.83 

50,000 4.322 19.964 176.38 6.906 22.548 178.97 

60,000 4.321 19.927 175.99 6.907 22.813 178.57 

100,000 4.330 19.855 175.10 6.935 22.460 177.71 

the power benefits increase with increasing minimum pool, these are 

insufficient to offset the declining irrigation benefits at all price 

levels considered except at the storage charge of $0.10 per acre-foot. 
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Figure 3 presents the basic data of Table 5.3. The decrease in 

present worth for irrigation with increasing pool is linear over the 

range studied. However, there is a strong suggestion that the present 

worth of power may reach a peak at about 80,000 acre-feet minimum pool. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The present worth values given in Table 5.3 indicate the gain 

in power revenue which accompanies a higher operating head will not 

compensate for the value loss due to the decreased irrigation water. 

Figure 6.1 shows the approximate present worth value required for 

economic justification of a minimum pool of various levels. This 

figure is based on the more realistic irrigation water value of 

$35/acre-feet at the dam. The 9,400 acre-feet storage has been used 

as an operational minimum. Since these values represent "in perpe

tuity" values, the equivalent annual series can be obtained by 

multiplying by 3.5 percent. Hence, a recreational pool of 40,000 

acre-feet must provide annual economic benefits of $96,950. Figure 

6.3 shows the range of such values. 

The effects of the minimum pool on the variability of the system 

is shown in Figure 6.2. As might be expected, the available water 

for irrigation decreases with increasing minimum pool volume as seen 

in (a). For this figure, full supply was assumed to be 4.0 acre-

feet per acre at the dam. The decrease is not large -- the "natural 

state" shows a mean delivery of approximately 94.4 percent of full 

supply while the 100,000 minimum pool has an average delivery of 

93.5 percent. However, the standard deviation (a measure of the 

96 
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variability of the supply) has increased from 13.67 percent to 14.94 

percent. As expected, the larger minimum pool volume causes the 

system to be less dependable from an irrigator's point of view. 

100 

An analysis of the ratio of water diverted to water allocated 

shows the same trends. The average value of the ratio without minimum 

pool is 97.2 percent, while at a minimum pool of 100,000 acre-feet, 

the mean value is 97.09 percent. Variability has also increased 

slightly. 

Based on the results of this study, the water in a minimum pool 

must have a value of approximately $2.42 per acre-foot annually at 

40,000 acre-feet and $2.84 at 100,000 acre-feet. Such values may not 

be outside the range of realistic recreational values. 

The justification for Caballo Dam was partly based on its re

regulating ability for waters from the Elephant Butte power plant. 

However, the power plant is functioning as a base load plant rather 

than a peak load source. An extension of the present study should be 

made to determine the month by month peak (demand) power available. 

Contracts could then be negotiated for the sale of peak power at 

considerable benefit to the U.S. Government. 

In conjunction with the power study, the operating rules for 

Caballo pertaining to flood control should be reevaluated. Quite 

possibly, the 100,000 acre-feet flood storage should be reduced to 

provide more re-regulating capacity. Such a study will require an 

assessment of potential flood damages downstream from Caballo Reser

voir. These potential damages may be less than the value of the peak 

power which can be generated if additional re-regulation were available. 
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Elephant Butte Reservoir is among the oldest of the Reclamation 

Projects. The absolute rights of the irrigators to the waters have 

been challenged by other interests. This study has focused on one 

particular challenge and suggests that the entire project should be 

re-examined as to scope and purpose. Such a re-examination may call 

for changes in the legal as well as the operational structure of the 

system. 
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